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Abstract

Environmental pollution, including air, water, and soil contamination, represents a critical
challenge to public health and ecological balance. This thesis investigates the development of bio-
polymeric devices for pollutant removal across these three environmental media, employing
biodegradable polymers such as PLA and Mater-Bi®, enriched with vegetal and animal waste fillers.
Through advanced fabrication techniques, including electrospinning, solution blow spinning, and 3D
printing, bio-composite membranes and 3D devices were engineered to remove specific pollutants.
Air pollution was addressed by developing fibrous composites membranes, enriched with vegetal or
animal derived fillers, for particulate matter filtration, achieving high efficiency. For water
remediation, porous membranes and 3D fibrous structures demonstrated the capability to adsorb dyes,
oils, and greases, offering sustainable solutions for wastewater treatment. Soil pollution was mitigated
through green composites designed to absorb heavy metals while promoting soil fertility via
controlled fertilizer release. Comprehensive material characterization, pollutant removal performance
evaluation, and reusability tests underscored the effectiveness of these bio-composites. This research
not only contributes to sustainable environmental remediation but also exemplifies the integration of
biodegradable materials and biomass into advanced engineering applications, aligning with circular

economy principles.
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Introduction

3.1 Environmental Contamination

Air, water, and soil are the fundamental sources of life, sustaining all living beings on Earth
and forming the essential element upon which ecosystems and civilizations thrive. For this reason,
environmental pollution has become one of the most pressing global concerns of the 21 century,
threatening the balance of natural systems and the well-being of all species. As industrialization and
urbanization continually expand, the impact of pollutants on air, water, and soil grows more severe.
Environmental contamination and pollution arise when toxic substances and pollutants are introduced

into the air, water and soil leading to serious harm to ecosystems and posing risks to human health.

Air

The subsequent text and images have been fully extracted from the published article authored by the candidate
“R. Scaffaro, M. C. Citarrella, Nanofibrous Polymeric Membranes for Air Filtration Application: A Review of Progress
after the COVID-19 Pandemic. Macromol. Mater. Eng. 2023, 308, 2300072. https.//doi.org/10.1002/mame.202300072”
[1] and are reproduced here with the necessary permissions.

Air pollution is currently one of the major global problem. The World Health Organization

(WHO) estimated that around seven million people per year die because of different medical diseases
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caused by air pollution [2], including the increase of the incidence of cardiovascular and respiratory
diseases and some types of cancer [3—5]. Moreover, recently, several studies confirmed a connection
between infectious diseases transmission, including COVID-19, and air pollution [6—11]. According
to these studies, COVID-19 consequences on human health were more severe in areas in which the

presence of high levels of particulate matter (PM) was recorded [8,12—15].

Air pollution can be described as a mixture of solid particles, gases and biological pollutants
such as bacteria and viruses [16,17]. In general, air pollutants are mainly derived from fossil fuels
combustion processes, vehicles emission, power generation, agriculture or waste incineration [2].
Among gases, volatile organic compounds (VOCs), carbon dioxide (CO2), carbon monoxide (CO),
oxides of nitrogen (NOx), are some of the most dangerous pollutant for human health [4]. The solid
particles, instead, are mainly composed by sulfates, nitrates, sodium chloride, ammonia, black carbon,
mineral dust, and water [18]. These particles are commonly labelled as particulate matter (PM) and
classified according to their size: PMo identifies particles with a diameter under 10 um, PM2 s ones
under 2.5 um, while particles with a diameter under 0.1 um (PMy.1) are considered ultrafine particles
(UFPs). Their hazardousness for human health, is strongly related to their dimensions. In fact, while
PM;o are partially blocked by nasal cavities [2], long-term exposure to PM,s and ultrafine dust
particles provokes more adverse effects on human health causing serious respiratory diseases due to
their rapid deposition in human lungs [3,4]. Therefore, the production of air filtration devices
characterized by high filtration efficiency and ultrafine PM removal ability, has gained significant
attention among researchers worldwide, especially after COVID-19 pandemic. In Figure 1.1 it is
reported the number of published papers present in Scopus database over the years using “air
filtration” as keyword. As it is possible to notice from the graph, the interest of the scientific

community has progressively increased over the years especially after pandemic period.
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Figure 1.1 Number of documents find in Scopus database over the years using “air filtration” as keyword.

Based on these data, the published paper after COVID-19 pandemic (2020-2023) were

analyzed using VOSViewer software and results are reported in Figure 1.2.

high filtration efficiency
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Figure 1.2 VOSViewer map obtained by analyzing data extracted from papers present in Scopus database
from 2020 to 2023 using “air filtration” as keyword. Terms have been extracted by papers titles and abstract using a
binary counting. Only terms with a minimum of 10 occurrence and 60% of relevance score were taken into account.

Outcomes reviled that three clusters could be identify. The blue cluster include all terms

related to human health and COVID pandemic, confirming the importance of the development of
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efficient air filtration device in order to reduce the incidence of disease connected to air pollution.
The green cluster include all those goals that need to be archived in air filtrations i.e. high filtration
efficiency and low pressure drop. Moreover, this cluster highlight the important role of the device
“structure” in reaching these goals. The analysis of the data also suggest that mats composed by
“fibers” could succeed in it. The red cluster unquestionably highlights the predominance of porous
nanofibrous membranes obtained by electrospinning among all the devices recently proposed for air
filtration applications. Moreover, could be noted that polyacrylonitrile (PAN) is one of the most used

polymers for the production of air filtration devices.

Water

Water is one of the most vital components for living organisms and for this reason its pollution
remains one of the most pressing environmental challenges of the modern world, posing severe risks
to both ecological systems and human health. Defined as the contamination of water - such as rivers,
lakes, oceans, and groundwater - by harmful substances, water pollution disrupts the delicate balance
of aquatic ecosystems and diminishes water quality for human consumption, agriculture, and

recreation.

A wide range of pollutants contribute to water pollution, including industrial, agricultural and
kitchen wastewater or untreated sewage. Industrial activities often release heavy metals ions, toxic
chemicals, and harmful organic compounds directly into nearby water sources, compromises the
availability of clean water for human populations. Additionally, agricultural wastewater carries
excessive amounts of fertilizers, pesticides and animal waste, leading to nutrient pollution that

promote eutrophication, causing marine ecosystems collapse.
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Water pollution caused by fats, oils, and greases (FOQG) is a growing concern, especially in
urban areas and regions with significant food production and processing activities. FOG, typically
produced by kitchens, restaurants, and food industries, enters the wastewater system through
improper disposal of cooking oils, dairy products, and other food residues. Once in the water systems,
FOG solidifies and creates blockages in sewage pipes, leading to overflow and contamination of
natural water bodies. Additionally, FOG can form a floating layer on the surface of water, disrupting
the exchange of oxygen and leading to anaerobic conditions that harm aquatic life. In terms of
environmental impact, FOG pollutants present a unique challenge as they do not dissolve easily in
water, making their removal from polluted water systems particularly difficult. The accumulation of
fats, oils, and greases can also promote the growth of harmful bacteria and contribute to the
development of rancid, oxygen-depleted zones in water bodies. Conventional methods for removing
FOG often involve costly and difficult processes, highlighting the need for more efficient and

sustainable solutions.

Soil

Soil pollution is also a growing environmental concern, arising from the accumulation of
harmful substances such as heavy metals, pesticides, hydrocarbons, and industrial chemicals in the
soil. These pollutants not only degrade the quality of the soil, but they also disrupt natural ecosystems
and pose significant risks to both human health and biodiversity. Contaminants can enter the soil
through various sources, including agricultural and industrial wastewater, and improper disposal of
hazardous substances. Heavy metals, for instance, can accumulate over time and become persistent
environmental pollutants due to their inability to degrade, ultimately entering the food chain and
causing long-term ecological damage. Pesticides, frequently based on heavy metals such as Copper

(Cu) ions, can also accumulate into the soil, negatively impacting soil microorganisms and
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contributing to the loss of soil fertility. Moreover, soil pollution can lead to the contamination of
groundwater, affect food security and reduce agricultural productivity, posing additional risks to
human populations dependent on these sources for eating, drinking and irrigation. Given the
multifaceted impact of soil pollution, the development of effective, sustainable technologies to

remediate polluted soils is of fundamental importance.

3.2 Biodegradable Polymers in Environmental

Remediation

In recent years, the development of eco-friendly materials has emerged as a key strategy in
environmental remediation applications. Among these, biodegradable polymers stand out due to their
potential to provide effective, non-toxic, and sustainable solutions. Traditional remediation
technologies, such as chemical treatments and synthetic filtration membranes, often suffer from
drawbacks such as non-degradability, secondary pollution, microplastic generation and high
operational costs. In contrast, biodegradable polymers, derived from renewable resources, offer the

promise of reducing pollution while minimizing environmental impact [19].

Biodegradable polymers, such as polylactic acid (PLA) and Mater-Bi® (MB), have gained
considerable attention in the fields of materials science and environmental engineering. PLA can also
derive from renewable resources like corn starch and sugarcane, while Mater-Bi is a blend of
biodegradable polyesters which composition is proprietary. Both materials decompose naturally,
avoiding the accumulation of plastic waste in the environment [20]. These properties make them
suitable candidates for creating bio-composite membranes or 3D devices designed to capture and

remove pollutants from various environmental media.
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3.3 Vegetal and animal waste as functional fillers

By incorporating waste materials from vegetable and animal sources - such as weeds,
agricultural residues, animal or food waste - into biodegradable polymers, it is possible to enhance
the mechanical and/or the functional properties of these composites. The combination of bio-
polymers with organic waste results in the formation of bio-composites that can remove specific
pollutants while maintaining sustainability. These bio-composite materials not only reduce
environmental secondary pollution but also contribute to the circular economy by upcycling waste

materials [19].

3.4 Innovative production techniques for

biopolymeric devices

3.4.1 Electrospinning

Electrospinning (ES) is one the most frequently reported technique to prepare nanofibrous

mats and its set-up is shown in Figure 1.3.
grounded collector

polymeric solution

high voltage power supply

Figure 1.3 Schematic representation of electrospinning set-up.
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The ES setup primarily consists of a collector, a spinneret, a high-voltage power supply, and
a syringe pump. The polymer solution is placed in the syringe pump, which is equipped with a needle
tip (the spinneret), and the solution becomes electrically charged due to the applied high voltage.
When the voltage overcome the surface tension of the solution, a Taylor cone forms, allowing

polymer fibers to deposit on the grounded metal collector [21].

The spinneret can be composed by a single needle or by two concentric needles connected
separate syringe pumps. In this latter case the technique is referred to as coaxial electrospinning,
which is used to fabricate nanofibers with core—shell structure. Additionally, by appropriately
choosing the polymeric solutions, it is possible to obtain nanofiber with innovative structures,

including hollow fibers.

The traditional solid collector can be replaced with a liquid one, enabling the production of
three-dimensional fibrous structures. This approach can also help functionalize or crosslink

nanofibers or allow hollow fibers to be formed by removing the core material.

3.4.2 Solution blow spinning

Solution blow spinning (SBS) is an emerging technique for producing polymer fibers, offering
a simple and cost-efficient setup, as illustrated in Figure 1.4. In SBS, pressurized air is utilized to
stretch the polymer solution and disperse the solvent, resulting in the formation of fibers. Unlike
electrospinning, SBS does not require high-voltage power, making it a safer option for operators and
more environmentally friendly. Additionally, it allows for the processing of polymer solutions with

low conductivity, expanding its range of applications [22].

Similar to electrospinning, the solid collector in SBS can be replaced by a liquid one to achieve

the same objectives discussed earlier for electrospinning.
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polymeric solution

i

pressurized air

Figure 1.4 Schematic representation of solution blow spinning set-up.

3.4.3 3D-printing

3D printing, also known as additive manufacturing technique, is a transformative technology
that constructs objects layer by layer from digital models. The core structure of a 3D printer consists
of a framework supporting the movement of a extrusion system connected to a nozzle, which deposits
material on a heated plate, according to pre-programmed instructions from a computer-aided design
(CAD) file. The type of 3D printing technology employed in this thesis was Fused Deposition

Modeling (FDM) [23].

The use of biopolymers has gained significant attention in 3D printing due to their
biodegradability and reduced environmental impact. These sustainable materials enable the
production of environmentally friendly devices that can be utilized in applications such as pollutant
filtration, medical implants, and packaging solutions. 3D printing's integration with biopolymers

offers immense potential for customized, low-waste manufacturing. The capacity to print complex
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geometries with biodegradable materials has spurred innovation in the creation of specialized devices
for environmental remediation, including filters and absorbent structures that remove contaminants
from air, water, and soil. This approach aligns with sustainable engineering practices, promoting a

circular economy through the use of renewable resources and the reduction of plastic waste [24].

3.5 Aim of the Thesis

The aim of this thesis is to investigate and develop bio-polymeric devices for the removal of
pollutants from air, water, and soil. Specifically, biodegradable polymers such as PLA and Mater-
Bi®, also mixed with vegetal or animal waste, will be used to fabricate bio-composite membranes and
3D devices capable of capturing a range of contaminants. The focus is on evaluating the removal

efficiency of these materials in different environmental media: air, water, and soil.

This research is divided into three main sections, each corresponding to the remediation of
pollutants in air, water, and soil. The study begins with air pollution, where bio-composite membranes
will be evaluated for their ability to remove particulate matter. The next section focuses on water
pollution, exploring how bio-polymeric membranes and 3D fibrous structures can filter and adsorb
dye and oil-based contaminants. Finally, the thesis will address soil remediation by investigating how
bio-composites devices can capture and stabilize heavy metals within the soil, while fertilized the

Crops.

By addressing pollution in these three environmental compartments, this research contributes
to the broader goal of developing sustainable materials for environmental remediation, while
demonstrating the potential of biodegradable polymers as a viable alternative to conventional

technologies.
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Chapter 2

Literature review

The growing concern over environmental pollution has led to an increase in the researches
focused on the development of materials and technologies to mitigate the harmful effects of pollutants
on air, water, and soil. Environmental contamination has reached alarming levels due to
industrialization, urbanization, and the overuse of chemical substances in agriculture, which has
compromised the quality of natural resources essential for life. In response, scientists have explored
various approaches to address these challenges, with particular attention to materials that can
efficiently remove pollutants from the environment. The use of advanced polymeric materials and
nanotechnologies has gained significant traction as they offer promising solutions for the detection,
capture, and degradation of a wide array of contaminants. This chapter provides an in-depth review
of the existing literature concerning the state-of-the-art technologies for air, water, and soil
remediation, highlighting recent advancements, challenges, and emerging trends in environmental
pollution management. By evaluating the effectiveness of these approaches, it was possible to identify
gaps in the current research and propose new directions for the development of more sustainable and

efficient materials and technologies.
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4.1 Air

The subsequent text and images have been fully extracted from the published article authored by the candidate
“R. Scaffaro, M. C. Citarrella, Nanofibrous Polymeric Membranes for Air Filtration Application: A Review of Progress
after the COVID-19 Pandemic. Macromol. Mater. Eng. 2023, 308, 2300072. https.//doi.org/10.1002/mame.202300072”

[1] and are reproduced here with the necessary permissions.

4.1.1 Mechanism and key parameter of nanofibers filtration

Air filtration theory has been developed for a long time, therefore the investigations in this
area are mature enough to be linked to industrial and technological developments. Before going deep
into the discussion of recent progresses in nanofibrous polymeric membranes for air pollutant
capturing, it is useful to briefly report filtration theory and its mechanism. According to the theory,
air filtration process can be divided into two states: the steady-state and unsteady-state. In the steady-
state, filtration efficiency and pressure drop are constant over the time only depending on the air filter
media, particle nature and dimension and airflow velocity. On the contrary, in the unsteady-state
filtration efficiency and pressure drop change over time due to particles accumulation on the filter.
About this latter, there is still a lack in theoretical description because of its complexity [25]. Air
filtration of nanofibrous polymeric membranes is usually considered as a steady-state process. In fact,
when the concentration of PM in air is moderate, particles accumulation on the filter is minimal and
does not leads to any variation in membranes thickness [26]. A schematic representation of the

structure of a nanofibrous membrane and its PM filtering process is reported in Figure 2.1.

The filtration theory affirms that in nanofibrous membranes particles trapping can occur
following different type of mechanism: interception, inertial impaction, sieving, Brownian diffusion

and electrostatic effect [27,28].
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Figure 2.1 Graphical depiction of a typical nanofibrous membrane for air filtration application. Colored
spheres represent PM of different dimensions.

Typically, particles tend to follow air streamlines and do not deviate from them unless there
is another external force that force them. Particles interception occurs when they get in contact with
the surface of nanofibers due to the effect of van der Waals force as shown in Figure 2.2a [29,30].
Interception is recognized as primary filtration mechanism, is not affected by air flowrate and it is

efficient for capturing particles with size ranged from 0.5 to 1 um [31,32].

UFPs, being usually smaller than the pore of the filtering mat, follow air streamlines across
the nanofibrous membranes. In filtration, air streamlines are commonly tortuous due to the random
orientation of the nanofibers that created extremely complex arrangement of them in the membrane.
However, due to inertia force, particles can deviate from air streamlines and impact on nanofibers
surface leading to an effective filtration for inertial impaction as illustrated in Figure 2.2b [33]. The
efficiency of filtration for inertial impaction increases on increasing the air velocity and the particle
size. This filtration mechanism, in fact, is more efficient in the capture of particles larger than 0.3—1

um [31,32].

When the particles are larger than the pores created by fibers entanglements, a sieving

mechanism occurs. In this case, nanofibers prevent particulate from passing through the membrane
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blocking them as soon as the particles come in contact with fibers surface. However, after a long-
term usage, particles accumulation on the filter leads to a decrease in filtration efficiency but, above
all, a strong increase in pressure drop. This behaviour makes it challenging to recover the filter,
removing the particles trapped in the filter, without destroying it, in order to reuse the same membrane

as many as possible [31,34].

Particles could also deviate from the original streamline starting to make irregular movements
due to the so-called Brownian motion. Under the action of Brownian diffusion, particles could deviate
from their original air streamlines, clashing with fibers and depositing on their surface as graphically
described in Figure 2.2¢ [29]. Brownian diffusion typically occurs for particles smaller than 1 pum,

however the effect is more significant when they are smaller than 0.1 um in size [31].

The force between charged bodies is conventionally called electrostatic force or Coulomb
force. If the PM and/or the fiber are charged, particles could deviate from their original air
streamlines, due to the electrostatic interaction (Coulombic attraction) with the fibers and deposit
onto them surfaces (Figure 2.2d). If compared with the other forces involved in air filtration, the
presence of electrostatic interaction lead to a remarkable increase in removal efficiency due to its
capacity to strong attract particles also at distance. Moreover, electrostatic adsorption allows particles
to adhere more firmly to the surface of the fibers [35]. Electrostatic attraction can be effectively used

to capture ultrafine particles such as dust and smoke [31].

Usually, interception, inertial impaction, sieving and Brownian diffusion always occur during
air filtration [36—40]. However, to archive high filtration performance it is necessary to combine all

the different filtration mechanisms also exploiting electrostatic attraction [35,41-45].

24



a b

INTERCEPTION NERTIAL IMPACTION

air streamlines air streamlines

c
nanofiber nanofiber
c d
BROWNIAN DIFFUSION ELECTROSTATIC ATTRACTION
air streamlines air streamlines (- 8
L €
6‘ . 0 i + +
y Rt polymeric polymeric
nanofiber + nanofiber
+ +
+

Figure 2.2 Graphical depiction of air filtration mechanisms of nanofibers membranes: (a) interception, (b)

inertial impaction, (c) Brownian diffusion, (d) electrostatic attraction.

4.1.2 Parameters of air filtration performance

The key parameters of filter performance include filtration efficiency, pressure drop, and the
quality factor. Air filtration efficiency of nanofibrous membranes, usually represented as 7, can be

predicted by the Kuwabara model, as follows (2.1):

—1 —4nsal 21
1= TP g - (21)

where 7, is the filtration efficiency of a singular fiber, a represents the fiber volume fraction,
ds represents the average fiber diameter and L represents the membranes thickness [46,47]. This
model highlights the strong dependence between filtration efficiency of the membranes and its

structural and morphological properties. In detail, filtration performance decrease on increasing
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nanofiber diameter and is directly proportional to membranes thickness. However, this model does

not consider the contribution of electrostatic effect [48].

4.1.3 Materials for polymeric air filtration devices

Air filtration devices appeared for the first time in 1940 and were based on glass fibers
membranes [49]. Subsequently, in 1970, also activated carbon fibers were used for filter membranes
production. The firsts polymeric based air filter membranes were developed in 1990s and rapidly
become the most used in air purification industry thanks to their higher filtration efficiency, lower
pressure drops and better durability if compared to the previous ones [49]. Polymeric fibrous
membranes, in fact, are characterized by large specific surface area, small fiber diameter and high
porosity. Furthermore, they are lightweight, easy to produce, cost-effective and their fibers can be

easily decorated with different type of micro- and nanoparticles [S0-54].

Nowadays, air filtration membranes available on the market consist of micro-sized fibers.
However, they are not efficient enough in PMz s and PMy filtration and are characterize by high
pressure drops, bad mechanical strength and poor thermal stability [2,50]. Therefore, is urgent to
develop air filtration devices with the ability to remove also ultrafine dust from the air and
contextually with low pressure drops, good mechanical properties, reusability and durability.
Polymeric nanofibrous membranes have recently attracted more and more attention for the production
of air filtration devices since they could allow to achieve ultrafine filtration thanks to their high
porosity with interconnected pore structure, high functional surface area and customizable fiber
diameter [53,55-57]. Moreover, polymeric materials have great potential for the fabrication of sensor,
in fact, they have been already successfully used in different application fields [58—63]. Over the last
years, also some examples of polymeric devices for air, water and soil pollution sensing have been

reported [64—68]. The development of nanofibrous devices that can contextually ensure efficient air

26



filtration and air pollution sensing is a current challenge [66]. Moreover, also the production of air

filtration devices with antibacterial ability is of great interest [69].

Polymeric materials are actually the most used for the production of air purification device
thanks to their superior filtration performances [49]. Synthetic polymers (non-biodegradable), in
particular, are widely used for the fabrication of air filtration devices. Thanks to their property, in
fact, they can ensure good reusability, durability, appropriate mechanical properties and thermal
stability to the filter membrane. In detail, as already shown in Figure 1.2, polyacrylonitrile (PAN) is
the most reported polymeric material for “air filtration™ topic after COVID-19 pandemic period.
However, recently, due to the current need of solve environmental pollution and resources shortage
issues, the development of filtration devices based on biodegradable polymeric material has become
an attractive topic [18,70]. Moreover, always more often, composites polymeric membranes were
proposed for air filtration application. In fact, when nanoparticles are successfully imbedded into
polymeric nanofibers, they could enhance membrane filtration efficiency and contextually improve

its mechanical and thermal stability [71].

4.1.4 Non-biodegradable polymers for air filtration applications

Among the wide range of non-biodegradable existing polymers, polyacrylonitrile (PAN),
polyvinylidene fluoride (PVDF), polypropylene (PP), polyamide (PA) and polyvinyl pyrrolidone
(PVP) are some of the most recently used ones for the production of air filtration devices, as listed in

Table 2.1.

Table 2.1 Non-biodegradable polymers recently used for the production of nanofibrous filter membranes.

Polymer

Polymers conc Filler Filler conc. Year Ref.
(Wt%) (Wt%)

PAN 12 - - 2020 [72]

PAN 12 - - 2022 [73]

PAN 18 - - 2019 [74]
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PAN, CS 12,1 Fe;04 5 2020 [53]

PAN 10 Zn, Ag NPs 0.5,0.5 2021 [75]
PAN, PI 10, 6 GO 0.05 2021 [50]
PAN 14 g-C3Ny 3 2021 [76]
PAN, PCL 12, 11 B-CD, ZnO NPs 50, 27 2021 [77]
PAN, PVDF/PDMS  10,2.5/2.5 - - 2023 [78]
PVDF 16 ; - 2020 [79]
PVDF 10 ; ; 2022 [80]
PVDF 16.5 Fes04 1 2020 [41]
PP (melt) ] ; 2019 [81]
PP (melt) ; ; 2022 [82]
Nylon-6/PEO 10/0.2-0.4 - - 2023 [83]

Could be easily noted that polyacrylonitrile (PAN), as already seen in VOSViewer map
(Figure 1.2), is the most reported polymeric material for air filtration device production. PAN
nanofibers, in fact, due to the presence of polar chemical group on their surface, induced dipole-
dipole intermolecular attraction forces with PM ensuring high capture efficiency [72,73,84].
Moreover, PAN is characterized by adequate mechanical and thermal properties [85]. However, it is
possible to increase the number of functional groups on PAN fibers surface and therefore improving
filtration efficiency, by combining PAN with other polymers or by adding appropriate additive of
functional nanoparticles (NPs). Lv et al. [53], for example, presented a PAN based multifunctional
nanofibrous membrane, reporting that the addition of chitosan (CS) to PAN provide more functional
groups to nanofibers ensuring a robust interaction with pollutants. Moreover, iron oxide nanoparticles
(Fe3sO4 NPs) agglomerate (Figure 2.3) promoted the formation of a 3D porous structure improving
Fe;04@PAN/CS membrane filtration efficiency and also allowing antibiotic absorption. Thermal

stability was also increased after the incorporation of Fe3O4 NPs.
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Figure 2.3 Transmission electron microscopy (TEM) images (a), scanning electron micrographs (SEM) image
after PM filtration (b) and pictorial description of PMs filtration mechanism of Fe;O4@PAN/CS membrane (c).
Reprinted (adapted) with permission from [53], Copyright (2020), American Chemical Society.

Multifunctional PAN based nanofibrous membrane have been also prepared by adding Zinc
oxide nanoparticles (ZnO NPs) on one side of the mat and silver nanoparticles (Ag NPs) on the other
side. The addition of the two NPs allowed obtaining a Janus membrane with improved filtration
efficiency (if compared to neat PAN one prepared with the same procedure), organic contaminant

removal ability and antibacterial properties [75].

Daietal. [50], in 2021, prepared nanofibrous polymeric filter membranes by adding polyimide
(PI) and graphene oxide (GO) into a solution containing PAN aiming to obtain a mask can be used
for avoiding COVID-19 infection. If compared to neat PAN nanofibrous membranes obtain with the
same procedure, PAN/GO/PI mat showed higher efficiency in capturing PMaz s pollutants, lower
pressure drop, improved thermal stability and mechanical properties. PAN/GO/PI nanofibers could
adsorb PM2 s more uniformly and in spherical (rather than elliptical) shape if compared to neat PAN

ones, as shown in Figure 2.4. According to the authors, this behaviour can be reasonably ascribed to
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the abundant hydrophilic functional groups on the PAN/GO/PI nanofibers introduced due to GO and

PI addition.
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Figure 2.4 SEM images and illustration of PAN (a — ¢), PAN/GO (d — f), and PAN/GO/PI-6 (g — i) nanofibers
after PM>s adsorption. Reprinted (adapted) from [50], Copyright (2021), with permission from Elsevier.

In the same year, Cui et al. [76], added graphite carbon nitride (g-C3Na4), a photocatalytic
degradation material, to PAN solution obtaining a composite nanofibrous membranes. Air pollutant
capture ability of PAN@g-C3Ny4 filter membrane was investigated and outcomes reviled that the
addition g-C3Ng4 effectively improved filtration efficiency of PMzs. This behaviour has been
explained by the authors considering that the addition of g-C3;N4 lead to an increase in nanofibers
surface roughness and therefore to an increase in the chance of collision between the fibers and the
intercepted contaminant. Moreover, g-C3Na4 is also a good electret which allow nanofibers charging
and therefore particles electrostatic attraction, further improving filtration efficiency. Furthermore, g-
C3N4 dispersed on nanofibers surface, under light irradiation, could oxidizes and degrades
formaldehyde molecules to achieve catalytic degradation of the pollutant, making the membrane

multifunctional.

Xu et al. [77] prepared multifunctional Janus membranes that can filter particulate matter (PM)
and volatile organic compounds (VOCs) simultaneously. One side (the hydrophilic one) was prepared

by adding B-cyclodextrin to PAN, while, in the other side, zinc oxide (ZnO) was embedded in
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polycaprolactone (PCL) nanofibers in order to increase their roughness and enhance membrane
hydrophobicity. The multifunctional Janus nanofibrous membrane achieved higher PM removal
efficiency, lower airflow resistance and effective VOCs adsorption if compared to single side neat

PAN ones.

Polymeric microbeads have been used for obtaining hydrophobic layers on filter membranes.
Kim et al. [78], for example, coated PAN nanofibrous membranes (Figure 2.5a) with polymeric
microbeads based on a polyvinylidene fluoride (PVDF) and polydimethylsiloxane (PDMS) 50:50
solution (Figure 2.5b). Outcomes revealed that the decorated membrane showed high filtration
efficiency. Moreover, the PVDF/PDMS coating effectively created a hydrophobic layer conferring

water droplet cleaning ability to the membrane.
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Figure 2.5 SEM images of PAN nanofibrous membrane before (a) and after the PVDF/PDMS microbeads
coating, pictorial description of filter and water droplet cleaning mechanism (c); filtration efficiency and pressure drop
of PAN/PVDF/PDMS membrane during repetitive filtering and cleaning stages (e). Reprinted (adapted) from [78],
Copyright (2023), with permission from Elsevier.

When water droplets roll off membrane surface, they carry captured dust particles with them,

see Figure 2.5c and d. This behaviour allowed to renew membrane filtration performance multiple
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times, as it is possible to notice in Figure 2.5e. After three filtering stages, filtration efficiency
remained stable, while the pressure drop gradually increased. However, after the cleaning stage, the
pressure drop was almost completely restored. The reusability and durability of this membrane leads

to clears economic and environmental advantages reducing maintenance cost and waste production.

Polyvinylidene fluoride (PVDF) is the second most reported polymer for the production of air
filtration device. PVDF is characterized by unique properties such as good flexibility, good chemical
resistance and high thermal stability [86,87]. Moreover, PVDF nanofibrous membranes have
demonstrated excellent air filtration performance thanks to their electret effect that lead to a more
effectively and firmly attachment of PM on fibers [79,80]. Liu et al. [41], prepared a composite filter
membrane by adding Fe3Os NPs to PVDF solution aiming to exploiting the electret effect (given by
PVDF) and the magnetic effect (given by metallic NPs) for obtaining high filtration efficiency.
Thanks to the synergy of the two effects, in fact, PVDF/Fe304 showed higher filtration performance

if compare to neat PVDF ones.

Polypropylene (PP) based materials have been also reported for the fabrication of air purifiers.
In detail, PP is commonly used for the production of nanofibrous mat to be employed for the
production of surgical face mask used for preventing COVID-19 infection. PP membranes, in fact,

are characterized by high filtration efficiency and low pressure drop [81,82].

Among the non-biodegradable polymers also Nylon-6 was investigated for the production of
devices for the filtration of UFPs. Zhang et al. [83], prepared a multilayer nanofibrous membrane
based on a blend of Nylon-6 and polyethylene oxide (PEO) in different concentration. The obtained
filter, due to chemical functional groups of Nylon-6 molecules, exhibited extremely high filtration
performance and overall optimal filtering performance. The membrane was also characterized by
relatively high mechanical performance. Moreover, these membranes provided users more

comfortable wearing experience and stable protection performance against COVID-19.
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Combining two or more polymers with different properties has been reported as a successful
strategy for the obtainment of nanofibrous membranes with high filtration performance due to the
possibility of combine the respective strengths [88]. Wang et al. [89], for example, fabricated porous
nanofibers using a PVP/PTFE blend in which PVP was used as a sacrificial phase. Thanks to the
extremely porous nanofibrous membrane high filtration efficacy and ultralow pressure drop were

achieved.

4.1.5 Biodegradable polymers for air filtration applications

The fabrication of environmentally friendly air filtration membranes with high filtration
performance is still a big challenge. Most of the polymers mentioned above, in fact, need to be
dissolved in toxic or, otherwise, harmful solvents and could not be biodegraded after their use.
Therefore, solvents evaporation during nanofibers formation and the final disposal of the devices
could induce second pollution [18,70]. Moreover, environmental impact of COVID-19 was very
significant also due to the tons of raw materials exploited and plastic waste produced due to mask
and indoor air filter extensive consumption [90]. The develop of air filtration devices based on bio-
based and (or) biodegradable polymers would contribute to reduce these environmental issues.
Although, biodegradable filters cannot ensure extensive durability or reusability they can be widely
used for replacing traditional ones in all those applications in which single use only is mandatory
[91]. Stimulated by these environmental needs, different nanofibrous devices based on green solvents

and/or biodegradable polymers have been recently reported, as listed in Table 2.2.

Table 2.2 Biodegradable polymers recently used for the production of nanofibrous filter membranes.

Polymers Solvents Polymer conc.  Filler, additive Filler, additive conc. Year Ref.
(Wt%) (Wt%)

PVA water 7 - - 2021  [92]

PVA water 10 zein 0-70 2020  [38]
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PVA/CS water / acetic acid 10/2 - - 2020  [55]
PVA/CS water / acetic acid 10/3 Si0,, Ag NPs 4 2019  [93]
PVA/KGM water 10/1 ZnO NPs 1 2019  [94]
PLA EA/DMF 10 - - 2022 [95]
PLLA DCM/DMF 10 DC 2.5 2023 [96]

Polyvinyl alcohol (PVA) is one of the most reported biodegradable polymers used for the
production of nanofibrous filter membrane. Therefore, PVA is a water-soluble polymer characterize
by excellent mechanical property, thermostability and biocompatibility. Kim et al. [92], for example,
fabricated a double layer device (PVA nanofibers/PP-based non-woven fabric) exploiting PVA water
solubility to produce a nanofiber filter membrane that could be environmentally friendly disposed. In
detail, as shown in Figure 2.6, after the filtration process, the devices could be immersed in water in
order remove the PVA layer saturated with filtered particles. Subsequently, the non-woven fabric

could be dried and a new PV A filtering layer could be added.

As-prepared PVA NF-based filter After PM capture Nonwoven fabric after washing Remade PVA NF-based filter

Figure 2.6 Removal of PVA layer in water after filtration (a) and SEM images of the surface of the device
during the restoring process (b). Reprinted (adapted) from [92].

In order to expand its application, it is possible to stabilize PVA membranes through a thermal
or chemical induced crosslinking. Glutaraldehyde [55] and citric acid [94] are commonly used as
green additive for stabilizing PVA nanofibers. Li et al. [38], add up to 70 wt% of zein (denatured in
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acetic acid/water solution) to PVA solution in order to prepare nanofibrous membrane for air
filtration. Water Contact Angle (WCA) test reviled that on increasing zein amount the hydrophobicity
of PVA membranes increase. Moreover, zein containing membranes showed higher air pollutant
removal efficiency if compare to neat PVA ones. According to the authors, this behaviour could be
reasonably ascribed to zein higher interaction with pollutants if compared with PVA. After the
denaturation in acetic acid, in fact, zein exposed active group increased guaranteeing an effective
interaction with pollutant of different nature. Furthermore, zein addition, leading to a decrease in
solution viscosity, provoked a decrease in nanofibers diameters, resulting in an increase of their

specific surface that positively contributing to membranes filtration performance.

In 2020, Zhang et al. [55] fabricated a multilayer structured membrane with excellent
mechanical properties, air filtration performance and antibacterial ability by assembly PVA/CS
nanofibrous membranes onto both sides of a N-halamine biopolymer fibrous mat. Zhu et al [93],
similarly, exploited antibacterial activity of CS to produce PV A based filter membrane. Moreover, in
this study, Ag and SiO2 NPs were added to the nanofibrous membrane with the aim of enhance

antibacterial ability and filtration performance, respectively.

Lv et al [94], successfully encapsulated ZnO NPs into PVA/konjac glucomannan (KGM, a
natural polymer) nanofiber. Outcomes revealed that the presence of ZnO NPs into PVA nanofibers
allow to enhance filtration performance (as shown in Figure 2.7) of the device, conferring also

antibacterial and photocatalytic ability to the composite membranes.

Polylactic acid (PLA), is another biodegradable polymer widely used for the production of
environmentally friendly air filtration device [36,97-99]. However, PLA is commonly dissolved
using harmful organic solvents such as dichloromethane (DCM), chloroform, 1,1,1,3,3,3-hexafluoro-
2-propanol (HFIP) in order to obtain nanofibers. Therefore, prepare PLA nanofibrous membranes
without using toxic solvent is an urgent issue. Han et al. [95], for example, prepared PLA based

nanofibrous membranes selecting two relatively green alternative non-halogenated solvents: ethyl
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acetate (EA) and N, N-dimethylformamide (DMF). According to the authors, if compared to the
others possible solvents (see Figure 2.8), EA/DMF mixture could significantly reduce secondary
pollution related to membranes production. Moreover, once optimized the PLA concentration and the
solvents ratio, the obtained morphology achieved outstanding removal efficiency and extremely low
pressure drop. Filtration performance of the membrane was significatively higher to those reported

for commercial masks used for avoiding COVID-19 infection.
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Figure 2.7 SEM images of ZnO@PVA/KGM nanofiber membrane before (left) and after (vight) filtration (a);
filtration efficiency at different PM dimensions (b) and pressure drop (c) of membranes with different ZnO
concentrations. Reprinted (adapted) with permission from [94], Copyright (2019), American Chemical Society.

Wanwong et al [96], added cyclodextrins (CDs) to poly(L-lactic acid) (PLLA) in order to
obtain a mask based of nanofibrous membrane that could contextually filter PM and VOC:s. In fact,
piezoelectric and triboelectric property of PLLA lead to an increase in membrane PM capturing
ability due to the high electrostatic interaction between PLLA nanofiber and PM. On the other hand,
CDs, due to their peculiar conic structure composed by a hydrophobic central cavity and a hydrophilic

outer surface, entrap higher amounts of VOCs, including aniline and benzene vapors.
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Figure 2.8 Greenness comparison of solvents. Reprinted (adapted) from [95], Copyright (2022), with
permission from Elsevier.

It can be concluded that the choice of the polymeric matrix, together with the appropriate
selection of additives and fillers, make the difference in term of filtration performance of the final
nanofibrous device regardless production techniques. The addition of functionals NPs, in particular,
seems to be a successful strategy to produce nanofibers with improved filtration efficiency and (or)

to make membranes multifunctional.

4.1.6 Polymeric membranes for air filtration devices production

The structures of polymeric filter materials have been developed over last years. Different
examples of porous polymeric filter membranes with high filtration efficiency but low porosity, poor
hole connectivity and, therefore, high air resistance have been reported [48,100—-103]. However, by
processing the same polymeric systems with alternative production techniques it is possible to obtain
different structures with higher porosity and, therefore, improved filtration performance [104—106].
In detail, polymeric membranes with nanofibrous structure turn out to perform better for air filtration
if compared to other porous structure [31,107]. This behaviour confirms the strong influence of the
membrane structure on filtration efficiency and, therefore, the importance of production technique
choice. Table 2.3 enlist the filtration performance of various polymeric nanofibrous membranes

obtained with different production technique.
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Table 2.3 Filtration performance parameters of polymeric nanofibers devices obtained with different production

technique.
Technique Polymers Structure PM n AP QF Ref.
-1
um) (%) (Pa) (P§‘
ES PVA nanofibers 0.5 86.81 191  0.011 [92]
ES PAN@g-C3N4 nanofibers 2.5 99.76 43 0.121 [76]
ES PAN/GO/PI nanofibers 2.5 99.5 92 0.058 [50]
ES PVDF@Fe;04 nanofibers 2.5 99.95 58  0.130  [41]
ES PVA/KGM@ZnO nanofibers 0.5 99.99 130  0.070 [94]
ES PLLA/DCs nanofibers 2.5 96.84 43 0.105 [96]
ES PAN NF/nanonet 0.3 99.99 110 0.100  [74]
ES PVDF NF/nanonet 0.3 99.99 93 0.110  [79]
ES PVDF branched NF 0.3 99.99 126  0.090  [80]
ES PLA bead-on-string 2.5 98.56 29  0.140  [95]
ES PVA/CS multilayer 0.5 99.30 183  0.027  [55]
ES PVA/CS@SiO2/Ag hierarchical 0.5 96.60 306 0.011 [93]
ES PAN@ZnO/Ag Janus NF 0.3 80 32 0.050 [75]
ES PAN/CD-PCL/ZnO Janus NF 0.3 99.99 156 0.059  [77]
ES double-disc PAN well-ordered NF 2.5 99.60 62 0.090 [73]
ES and electrospray PAN/PVDF/PDMS  microbeads on NF 2.5 99.80 110 0.057  [78]
centrifugal ES PVP/PTFE porous fibers 0.3 99.72 90 0.065 [89]
solution blow spinning PAN nanofibers 2.5 92.90 58 0.046  [72]
solution blow spinning PAN/CS@Fes04 hierarchical 0.3 99.98 48 0.123 [53]
solution blow spinning Nylon-6/PEO multilayer 0.25 99.50 144 0.066  [83]
melt blown spinning PP nanofibers 0.3 99.20 29 0.170  [82]

electrospinning (ES),; nanofibers (NF); particulate matter (PM), filtration efficiency (), pressure drop (AP); quality
factor (QF)

4.1.7 Electrospinning for air filtration devices production

Electrospinning (ES) is one the most frequently reported technique to prepare nanofibrous
mats [106]. As it is possible to notice from Table 2.3, ES is widely used to prepare membranes for
air filtration application, allowing to easily produce uniform, randomly oriented or aligned fibers with
homogeneous diameters and leading to the fabrication of highly and interconnected porous
membranes. Kim et al. [92], for example, using ES, fabricated eco-friendly air filter membranes based
on PVA nanofibers. However, filtration performance of the devices was relatively low, reporting a
filtration efficiency of 86.81% and a quality factor of 0.11 Pa™1.

As mentioned above, the presence of functionals NPs could improve membranes filtration

efficiency. ES has the great advantage of allowing easily fabrication of composite nanofibers just by
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adding NPs to the polymeric solutions and electrospun them. Lui et al. [41], for example, fabricated
electrospun PVDF mats containing up to 1.5 wt% of Fe;O4 NPs, as is possible to notice from TEM

image in Figure 2.9a.
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Figure 2.9 TEM image (a), filtration performances (b) and quality factor (c) of PVDF/Fe3O4 membranes.
Reprinted (adapted) from [41], Copyright (2020), with permission from Wiley.

When 1 wt% of Fe3O4 NPs is added, the membranes achieved the best filtration performances
(filtration efficacy of 99.95% and pressure drop of 58.5 Pa) as reported in Figure 2.9b,c.

Similarly, also Cui et al. [76] and Dai et al. [50] in 2021, correctly embedded graphite carbon
nitride (g-C3N4) and graphene oxide (GO), respectively, into PAN electrospun nanofibers leading to
an increase in membranes filtration performances if compared to the neat PAN ones. As regards
biodegradable polymers, Lv et al. [94] fabricated PVA based filtering membranes through green
electrospinning and ecofriendly thermal cross-linking. They successfully loaded ZnO NPs into PVA
nanofibers during the spinning process achieving a filtration efficiency higher than 99.99% for UFPs.
Moreover, recently, Wanwong et al. [96] electrospun PLLA solutions in which up to 10 wt% of CDs
were added with excellent results. 2.5 wt% CDs containing membranes showed the best air filtration
performance if compared to neat PLLA (16% higher) and other composites membranes with different
CDs amounts. More in detail, 2.5 wt% CD/PLLA displayed filtration efficiencies of 96.84% and

99.38 % for PM» 5 and PM o capturing respectively.

Electrospinning is a very versatile technology. By tuning solution composition and
concentration, processing and (or) ambient parameters it is possible to modify electrospun fibers
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morphology and consequently to obtain membranes with complex structure and improved properties.
Liu et al. [74] in 2019, for example, fabricated PAN nanofiber/nanonet fluffy membranes (Figure
2.10a) for air filtration application by introducing cationic surfactant tetrabutylammonium chloride
(TBCA) in the polymeric solution, using a humidity-induced electrospinning/netting technique. In
detail, PAN/TBAC charged droplets were formed at the exit of the needle tip due to the ion—dipole

interaction between the polymer and the surfactant.
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Figure 2.10 SEM image (a) and graphical description (b) of fabrication process of PAN nanofibers/nanonet
membranes. Reprinted (adapted) from [74], Copyright (2019), with permission from Wiley. Graphical description and
SEM image of PVDF nanofibers/nanonet membranes (c). Reprinted (adapted) from [74], Copyright (2020), with
permission from Wiley.

Subsequently, under high-voltage electric field and humid controlled atmosphere the droplets
turn in 2D nanonets due to phase separation effects, as graphically descripted in Figure 2.10b.
According to the authors, thanks to the synergistic effects of nanonet and fluffy nanofiber, membranes
showed extremely high filtration efficiency (99.99%) for PMy 3 and ultralow air resistance (110 Pa).
The same authors, in 2020, tested other polymeric systems in order to obtain the same
nanofiber/nanonet membranes structures [79]. More in detail, by using electret PVDF was possible
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to exploit electrostatic attraction to produce the nanonet (Figure 2.10c,d), keeping filtration efficiency
at 99.99% and decreasing pressure drop to 93 Pa if compared with the previously obtained PAN

membranes.

TBCA was also used with PVFD by Zaarour et al. [82], in order to obtain electrospun
branched nanofibers. The extremely small diameter of branched nanofibers, in fact, improves van der
Waals attractive forces between particles and nanofibers leading to a very high filtration efficiency

(99.99%) and a quality factor of 0.09 Pa™1,

Han et al. [95], fabricated electrospun membranes with bead-on-string structure by tuning the
solvent ratio of PLA solution. Thanks to this complex structure, membranes achieving an outstanding

removal efficiency (98%) for PM> s and an extremely low pressure drop of 29.3 Pa.

Moreover, different complex structures have been obtained by electrospinning. Zhang et al.
[55], for example, reported that PVA based multilayer and multifunctional nanofibrous membranes
(for air filtration mask) have been prepared by consecutively electrospun superimposed different
polymeric solutions. The multilayer membranes showed a high filtration efficiency of 99.3% and a
relatively low pressure drop of 183 Pa for PMg 5. On the other hand, Zhu et al. fabricated hierarchical
PVA/CS based electrospun nanofibrous membrane by adding SiO> and Ag NPs in order to increase
nanofibers surface roughness to further improve membranes air filtration performance and to give
antibacterial ability to the device. The membranes could effectively serve as a personal protective

mask also for COVID-19 infection.

It has been reported that ES technique allow to produce Janus membranes also for air filtration
application [75]. Xu et al. [77], for example, prepared, by electrospinning, PAN/PLA based
cyclodextrins and ZnO containing Janus nanofibrous membranes aiming to obtain a mask with
contextually high filtration performances and VOCs adsorption ability. More in detail, the Janus

membranes were obtained by consecutively electrospun superimposed PAN/B-CDs solution and
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PCL/ZnO one. PAN/B-CD/PCL/ZnO device reported a filtration efficiency of 99.99% and a pressure

drop of 156 Pa for PMy 3, moreover, it effectively absorbed aniline.

By appropriately designing the grounded collector shape it is possible to modify nanofibers
morphology and, therefore, the structure of the membranes in order to improve their filtration
performances. Cheng et al. [73], for example, succeeded in the obtainment of well-ordered PAN
nanofibrous membranes (Figure 2.11a) by using a double-disc collecting device, reported in Figure
2.11b,c. The well-ordered nanofibers membranes (ONF) showed a relatively high filtration efficiency
0f 99.60 % and extremely low pressure drop of 62 Pa. According to the authors, the more ordered
fibers arrangement trapping particles more effectively if compared to a disordered nanofiber
membrane (DNF). But, predominantly, the well-ordered structure allows to decrease significantly the
air resistance (see Figure 2.11c) and improve stability over long periods of time, potentially allowing

continuous air-purification applications.
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Figure 2.11 SEM image of ONF membrane (a), picture (b) and schematic description (c) of double-disc
collecting device, air filtration performance of ONF and DNF membranes (d). Reprinted (adapted) from [73],
Copyright (2022), with permission from Elsevier.
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Combine ES with other similar techniques has been proved to be a successful strategy for
obtaining multifunctional membranes with high filtration performance. Kim et al [78]. in 2023, for
example, combined ES with electrospray (conceptually identical to ES but microbeads instead of
fibers are ejected) in order to fabricate filter membranes with water droplet cleaning ability. A dual-
layer structure consisting of hydrophilic PAN nanofibers coated with hydrophobic PVDF/PDMS
microbead was obtained. Membranes reported a filtration efficiency higher than 99.8% and the

pressure drop was recovered by 99% after each cleaning cycle, ensuring filter reusability.

ES standard set-up can be easily modified and implemented in order to obtain different fibers
morphologies, improved production rate or new functionalities. Many variations of ES are reported
in the scientific literature and electro-centrifugal spinning (ECS) is one of these [108—110]. Wang et
al. [89], for example, reported that through ECS (the process is schematized in Figure 2.12a) and a
subsequent sintering calcination was possible to improve fibers production rate and obtain ultrafine
porous PTFE fibrous membrane (shown in Figure 2.12b) that exhibited excellent air filtration
performance - with a filtration efficiency of 99.72% and a pressure drop of 90 Pa — and reusability,

as shown in Figure 2.12c.
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Figure 2.12 Schematic representation of ECS fabrication process (a); SEM micrograph of porous fibers (b);
membranes filtration performance (c). Reprinted (adapted) from [89], Copyright (2021), with permission from Elsevier.
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4.1.8 Solution Blow Spinning for air filtration devices production

Solution blow spinning (SBS) is a new technology that allow to produce polymeric fiber by
using a simple and cost-effective set-up. However, usually, membranes obtained with SBS suffer
from poor morphology presenting irregular fibers diameter distribution, fibers bundle and fibers in

the micro-scale range [111].

Nevertheless, this non perfectly homogeneous structures achieved relatively high filtration
performance [83], especially when NPs are embedded in the fibers and a wrinkled surface is obtained.
Lv etal. [53], for example, used SBS technique (Figure 2.13a) aiming to fabricated ultrathin nanofiber
membranes with high porosity, interconnected pore and hierarchical structure for filtration
application (Figure 2.13b). In detail, they prepared multifunctional polyacrylonitrile/chitosan@Fe3zO4
based membranes that, due to the high fibers surface roughness (achieved thanks to the presence of
NPs), showed an extremely high filtration efficiency (99.98% for PMy3 and almost 100% for PM)
and pressure drop of only 48 Pa. Moreover, PAN/CS@Fe304 membranes proved their reusability and

durability demonstrating the potential long-term application.

a Gas-spinning b Air filtration
» ~ polymer solution

collector

Figure 2.13 Schematic representation of SBS technology (a) for the production of nanofibers membranes for
air filtration application (b). Reprinted (adapted) with permission from [53], Copyright (2020), American Chemical
Society.
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Moreover, SBS allow large-scale fabrication ensuring good industrialization prospect that,
however, has not been reached up so far. Song et al. [72], for example, used SBS in order to

successfully fabricate, in continuous production, 500 mm wide nanofiber membranes.

4.1.9 Melt Blow Spinning for air filtration devices production

Not all polymers can be processed for electrospinning or solution blow spinning, aiming to
produce nanofibers, since not all polymers can be solvated. PP, for example, is one of these. However,
PP fibrous mats were successfully fabricated for melt blow spinning (MBS) [81,82,112—114]. In
MBS, fibers are created through hot and high-speed air jets that stretch the extruded molten polymer.
Melt blow spinning has the great advantages of no voltage requirement, can allow large-scale
fabrication and is suitable to process wide range of polymers [111]. For these reasons, MSB is actually
a common method used in industry for producing microfibrous mat [115]. However, this technique
is not very used for the production of innovative air filtration device since is not possible to easy
obtain fibers in the nanoscale range and we have already widely discussed how the obtainment of
small fiber diameter (leading to membranes with large specific surface area and high porosity) is high
desirable in air filtration in order to obtain good filtration performance. In order to solve this limit,
Yang el al. [82] developed a laser-assisted melt-blown (LAMB) spinning technique (illustrated in

Figure 2.14) to produce PP nanofibers for fabricate facemask with a quality factor of 0.17 Pa™'.
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Figure 2.14 Pictorial description and SEM images of conventional melt blow spinning and laser-assisted melt
blow spinning. Reprinted (adapted) with permission from [82], Copyright (2022), American Chemical Society.
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4.2 Water and Soil

4.2.1 Mechanisms and parameters of pollutant removal

The effectiveness of devices for pollutant removal is linked to the mechanisms of adsorption,
filtration, or catalytic degradation. In the literature have been reported several techniques for
wastewater treatment and heavy metal absorption, including physical, chemical, and biological

Pprocesses.

As regards oil removal, hydrophobicity and oleophilicity play crucial roles, allowing polymers
to selectively adsorb oil from water, effectively separating it from the aqueous phase. The interaction
between the device surface and oil molecules is influenced by several factors such as chemical
composition and surface structure. More in detail, surface roughness and the presence of micro- and

nanopores can enhance the adsorption efficiency by providing more available sites [116].

For dye removal, mechanisms often involve adsorption facilitated by electrostatic
interactions, hydrogen bonding, and Van der Waals forces. The molecular structure of the dye, such
as the presence of functional groups that can interact with the device material, plays a crucial role in
the adsorption process. Methylene blue, for example, a cationic dye, can be efficiently adsorbed by
negatively charged surfaces, which promotes strong electrostatic attraction. The adsorption kinetics
are frequently modeled using pseudo-first-order or pseudo-second-order equations to better

understand the rate-controlling steps and optimize the design of the devices [117].

The efficiency of devices in removing heavy metals from soil depends on different
mechanisms, including adsorption and ion exchange. These processes involve interactions between
the device matrix and metal ions, often facilitated by functional groups such as carboxyl, hydroxyl,
and amine groups present in the device structure. The ability of polymers to form stable complexes
with metal ions can significantly reduce the mobility and bioavailability of heavy metals in the soil,

preventing their spread and environmental impact [118,119].
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Key parameters influencing pollutant absorption mechanisms include:

e Surface area: a larger surface area provides more active sites for pollutant binding.

e Pore structure: porous materials allow deeper penetration of pollutants, increasing
adsorption capacity.

e Surface charge: the zeta potential of the polymeric surface influence the interaction

strength with charged pollutants.

4.2.2 Performance parameters

The performance for evaluating the efficiency of the devices in pollutant removal include
adsorption capacity, removal rate, and reusability. The adsorption capacity is measured in terms of
milligrams of pollutant per gram of adsorbent, while removal rate indicates the speed at which

pollutants are captured. The removal efficiency is often calculated using the equation (2.2):

CO _Ce

Removal efficiency = RE (%) = X 100 (2.2)

where C, is the initial concentration of the pollutant (mg/L) and C, is the equilibrium
concentration of the pollutant (mg/L). Reusability and regeneration potential of the devices are

usually assessed through multiple adsorption-desorption cycles.

4.2.3 Polymeric devices for oil and dye removal

Various polymeric materials have been utilized for pollutant removal, including synthetic

polymers like polypropylene (PP), polystyrene (PS), and polyurethane (PU). For dyes, polymers such
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as polyacrylonitrile (PAN) and polydimethylsiloxane (PDMS) have shown promise due to their

structural adaptability and chemical stability [120].

4.2.4 Biodegradable polymers for oil and dye removal

Sustainable approaches promoted the use of biodegradable polymers, including polylactic
acid (PLA), starch-based polymers, polyvinyl alcohol (PVA) and polyhydroxyalkanoates (PHAS).
These polymers offer significant environmental advantages as they break down into non-toxic
byproducts under appropriate conditions, reducing long-term ecological impact. Moreover,
biodegradable polymers have demonstrated competitive adsorption properties [19]. Infact,
characteristics such as hydrophobicity, mechanical stability, and the ability to form porous structures
contribute to their effectiveness in pollutant removal. PLA, for example, is known for its
biodegradability and ease of processing into various forms, including fibrous membranes and 3D

structures, which can be used for oil and dye removal and heavy metals absorption [120,121].

Biodegradable polymers can be further tailored to improve their performance by using
advanced fabrication techniques in order to obtain enhanced porosity, surface area, and pollutant
affinity. These ensure that biodegradable devices maintain high efficiency while aligning with

environmental sustainability goals.

4.2.5 Additives and fillers for enhanced removal efficiency

Both traditional and biodegradable polymers are often combined with different type of
additives and fillers to improve their removal efficiency. Common fillers include activated carbon,
which enhances adsorption due to its high surface area, and biochar, which provides excellent
porosity and adsorption capacity. Other examples are clay minerals and zeolites, which can improve

the mechanical properties and adsorptive performance of polymer composites. Natural fillers such as
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cellulose fibers and chitosan are also used to increase the affinity for specific pollutants and improve

biodegradability [122,123].

This strategy ensures that the polymers can capture higher concentrations of oil, dye or heavy

metals, thus boosting their overall remediation efficiency.

4.2.6 Production techniques for biopolymeric devices for pollutant removal

The production of biodegradable polymeric devices for water and soil remediation typically
involves inovvative techniques such as electrospinning, solution blow spinning, and 3D printing.
Electrospinning and solution blow spinning are particularly useful for creating fibrous mats with high
surface area and controlled porosity, while 3D printing provides the flexibility to design complex

structures tailored to specific remediation needs.
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Chapter 3

Materials and Methods

5.1 Materials

5.1.1 Biopolymeric matrices

In this thesis, Mater-Bi® EF51L (MB; density = 1.22 g/cm ; melt flow index = 3.5 g/ 10 min),
a polymer based on blends of aromatic and aliphatic biodegradable co-polyesters which composition
is proprietary, produced by Novamont SpA (Novara, Italy) and poly(lactic acid) PLA 2003D (density
= 1.25 g/cm3; melt flow index = 6 g/ 10 min; 4.3% content of D-lactic acid monomer), purchased
from NatureWorks® (Minnetonka, MN, USA) were selected as suitable biodegradable polymeric
matrices for the fabrication of devices via melt processing techniques.

PLA was also utilized in solution-based manufacturing methods. Acetone (Ac), chloroform
(Chl), deionized water and other chemicals of analytical grade were purchased from Sigma-Aldrich.
In all experiments reported, PLA solutions (10 wt%) were prepared using Chl/Ac mixture (2:1 ratio).
Polyethylene oxide Mw 100 kDa (PEO-A) and Polyethylene oxide Mw 600 kDa (PEO-B), used as a
sacrificial phase to obtain highly porous structures after its leaching in water were purchased from
Sigma Aldrich.

All the reactants were ACS grade (purity > 99%) and were used as received.
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5.1.2 Fillers

For the fabrication of bio-composites devices, fillers of different nature, derived from vegetal
or animal waste, were used. Invasive plants, agricultural residues, food waste, and animal-derived
waste were utilized.

As regards, plant-based fillers, Kraft lignin (LIG) was obtained from black liquor using the
Lignoboost technology. The cladodes from Opuntia Ficus Indica (OFI; cellulose: 20%, lignin: 3%,
hemicellulose: 48%, ashes: 20%, other: 9%) were supplied by Bio Ecopuntia (Italy), while scraps of
Posidonia Oceanica leaves (POL; cellulose: 31%, lignin: 29%, hemicellulose: 26%, ashes: 10%,
other: 4%) were collected on the Mondello coast in Palermo, Italy. Hedysarum coronarium plant
(HCP, syn. Sulla coronaria [L.] Medik. Species Sparacia) was kindly supplied by “Azienda Agricola
Alberto Lo Dico” Petralia Soprana (PA), Sicily, Italy. Solanum lycopersicum plant (SLP) waste was
generously provided by a local farm (Palermo, Italy). The plants were mowed after tomato harvesting
and only the stems and leaves of the tomato plant were used, the roots were removed. Juncus
Maritimus plant (JMP) were collected on the Marsala coast in Trapani (Italy).

For what concern the animal-derived filler, Engraulis Encrasicolus (anchovy, EE) fishbone
scraps were supplied by Ballard market (Palermo, Italy) and waste wool fibers (WF, non-textile
grade) were kindly supplied by a local farm (Palermo, Italy).

NPK fertilizer with 12% of nitrogen content, 12% of phosphorus content and 17% of potas-

sium content, purchased from Flortis, Orvital S.p.A., was used.

5.1.3 Pollutants

Air

Burning incense was used to generate the particles (PMs), with particles size ranging from 0.3

pum to 3 pm, aiming to simulate a polluted air environment.
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Water

Standard oily motor 10W—40 (density = 0.87 g/cm3 kinematic viscosity = 97.7 mm2/s at 40
°C) was supplied by Total S.A. Chemical composition of oil consists in hydrocarbons between 18
and 34 carbon atoms per molecule. Commercial food grade olive oil and sunflower oil were used.
The three oils were also tested in their exhausted version, i.e. at their end-of-life.

Methylene blue (MB) reagent grade was purchased from Sigma Aldrich.

Fat, Oil, and Greases (FOG), an oily effluent primarily composed of waste from kitchen
processes, was provided by Ecodep Srl, Modica (Ragusa), a company specializing in the treatment
of special waste. This effluent is known for its high content of lipids, oils, and grease, which makes
it a significant contributor to pollution when improperly disposed of in water systems. The FOG
sample was stored at room temperature and filtrate prior to any experimental use to ensure the

removal of solid waste, kipping only the oil-water emulsion.

Soil
The heavy metals used within the adsorption studies included: CuSO4-5H>0; MnCl,-4H>0;

NiSO4-6H>0; Fe>Os. All of them were purchased from Sigma-Aldrich (Germany, 99.0%).
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3.2 Preparation of devices

5.2.1 Electrospinning

The fibrous membranes were produced by using Linari Engineering-Biomedical Division
(Pisa, Italy) conventional electrospinning apparatus, consisting of a syringe pump and a high voltage
power supply. During the spinning process, the voltage applied was 15 kV, the distance from the
needle to the collector was 15 cm and the flow rate was 0.3 mL/h. A regular needle with the inner
diameter of 1 mm or a coaxial needle manufactured in AISI 316 stainless steel were used. As
collectors a grounded collector wrapped in aluminium foil, a drum rotary collector (drum speed was
200 rpm) or a liquid collector (DI water at room temperature) were employed. The temperature during

processing was kept at 23 + 2 °C, and the relative humidity of the air was 50 + 5 %.

5.2.2 Solution blow spinning

A home-made solution blow spinning (SBS) apparatus was design and employed to produce
the membranes and the 3D fibrous structures. For the preparation of the polymeric membrane on a
flat non-conductive collector, the following parameters were used: the feed rate of the polymer
solution was set to 50 mL/h, and a pressure of 0.6 MPa was applied to drive the solution through the
needle. The needle-to-collector distance was maintained at 15 cm, and the spinning process was
carried out for 30 seconds.

The SBS process was also performed on a liquid collector (DI water at room temperature). In
this latter case, the setup remained the same, except for a few parameter adjustments. The feed rate
and the pressure were maintained at 50 mL/h and 0.6 MPa respectively. However, the needle-to-
collector distance was reduced to 10 cm, and the blow spinning time was limited to 10 seconds. After

the membrane was formed on the liquid collector, it was carefully collected from the water surface
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and pressed using a perforated metallic plate to create a fluff-like device. The membranes were shaped

into cylindrical structures with a height of 5 mm and a diameter of 3 mm.

5.2.3 Melt mixing

MB and PLA were melt-mixed - separately or together - with the different fillers using an
internal mixer (Brabender, Germany; T = 160 °C for MB and MB/PLA, T = 190 °C for PLA, rotor

speed = 64 rpm, t = 3 min) aiming to produce a homogeneous compound.

5.2.4 Extrusion

The formulations obtained through melt mixing were then extruded using a Haake Polylab,
Germany single-screw extruder equipped with a cylindrical nozzle (thermal profile of 130-140—-150—
160 °C for MB and MB/PLA and 160—170-180-190 °C for PLA). A conveyor belt system (6 m/min)

was used to draw the output extrudate, obtaining filaments with a diameter of ~ 1.75 mm.

5.2.5 Compression Moulding

The compression-moulded samples (CM) were obtained using a laboratory press (Carver,
Wabash, IN, USA). All the MB based samples were pressed at 160 °C, while PLA based ones at 190

°C. For all the sample a pressure of 180 bar for 2 min was adopted.

5.2.6 3D-printing

The design of printed samples was shaped using CAD Solid Edge 2019® software. The

obtained STL files were elaborated on Simplify3D® software to gain gcode files. The specimens were
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printed using a Sharebot Next Generation (Italy) 3D printer. The adopted 3D printing parameters,
common for all the experimental works, are summarized in Table 3.1. For the different formulations,
the nozzle temperature was selected, after some trials, to avoid nozzle obstructions, while bed
temperature was optimized to achieve good adhesion of the sample during printing process. The infill
rate and the infill pattern were chosen, for each experimental work, aiming to promote pollutant

removal ability and to optimize the mechanical performance.

Table 3.1 3D printing process parameters common for all the experimental works.

Parameter Value
Nozzle diameter 0.4 mm
Bed temperature 60, 90, 60 °C
Infill pattern Rectilinear
Layer thickness 0.1 mm
Extrusion width 0.4 mm
Printing speed 50 mm/s
Perimeter shells 4
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5.3 Characterizations

5.3.1 Morphological analysis

Morphological analysis of natural particles, composites filaments, 3d printed samples and
fibrous membranes was performed through Phenom ProX (Phenom-World, The Netherlands)
scanning electron microscope (SEM) with electron magnification range of 80—130000x, optical

magnification range of 20—135x, acceleration voltages of 15 kV and a maximal digital zoom of 12x.

Fibers diameter size distribution was measured using Image J software, equipped with
Diameter J plugin. The diameters of 100 fibers for each SEM image were measurement. Each

measurement was performed in triplicate.

5.3.2 Fourier transform infrared spectroscopy (FTIR)

FT-IR/ATR analysis were carried out by using a Perkin-Elmer FT- IR/NIR Spectrum 400

spectrophotometer. The spectra were recorded in the wavenumber range 4000 — 400 cm ™.

5.3.3 Rheological behaviours

Rheological properties of the samples were analyzed, using a rotational rheometer (ARES-
G2, TA Instruments, New Castle, PA, USA) equipped with a 25 mm parallel-plate geometry. All the
tests were performed at 160 °C for MB series and 240 °C for PLA series, in frequency sweep mode

in the range 0.1-100 rad/s or 1-100 rad/s, by imposing a constant stress of 1 Pa.
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5.3.4 Dispersions conductivity

Conductivity meter (Xylem, Weilheim in Oberbayern, Germany) was used to test the

conductivity of the polymeric dispersions.

5.3.5 Mechanical characterization

Tensile properties of the samples were investigated by tensile tests, carried out with a using a
laboratory dynamometer (mod.3365, Instron, Norwood, MA, USA) equipped with a 1 kN load cell.
The tests were performed on rectangular shaped specimens as described above. The measurements
were performed by using a double crosshead speed: 1 mm min™! for 2 min and 50 mm min! until
fracture occurred. The grip distance was 30 mm whereas the sample thickness was measured before

each test. Eight specimens were tested for each sample.

Tensile modulus was calculated as the slope of the initial linear portion of the stress-strain
curve, tensile strength (TS) and elongation at break (EB) were calculated as the maximum stress and
the maximum strain before failure. Toughness (k), calculated as the area under stress-strain curve,

Eqn. 3.1:
€p
k= f o(e)de (3.1)
0
Where ¢ is the strain, &, is the strain upon failure, o is the stress and k represents the energy

absorbed from each material (per unit of volume) without breaking.

Flexural tests in three-point bending mode were performed according to the ASTM D790
standard, by using the same apparatus under the same environmental conditions, aiming to measure
the flexural modulus (FM) and flexural strength (FS). Flexural strength (FS) was calculated according

to Eqn. 3.2:
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3Fpaxl
FS=—15  (32)

Where F,,,, 1s the maximum applied force expressed in N, L is the span between the supports
in mm, whereas b and h are respectively the width and thickness of the specimen, expressed in mm.

Flexural break (FB) is the maximum flexural strain, calculated according to Eqn. 3.3:

5 _ Shdiax

T (33)

Where d ;41 the maximum deflection (mm). Flexural modulus was calculated as the slope
of the linear portion of the load deflection curve. Flexural toughness was calculated in the same

manner as indicated for tensile testing.

Impact tests in Charpy mode were performed using a pendulum model 9050 by CEAST

(Italy), according to the ASTM D6110 standard, to evaluate impact strength (IS).

For the fibrous membranes tensile tests were performed on rectangular shaped specimens (10
x 60 mm) cut off from the membranes. A dual crosshead speed was used: 1 mm min! for 2 min and
50 mm min! until fracture occurred. The grip distance was 30 mm, whereas the sample thickness
was measured before each test. Five specimens were tested for each sample and the outcomes of
elastic modulus (E), tensile strength (TS), and elongation at break (EB) have been reported as average

values + standard deviations.

5.3.6 X-ray Diffraction

X-ray diffraction patterns were collected by using a RIGAKU diffractometer (model: D-MAX
25600 HK, Rigaku, Tokyo, Japan). All diffraction patterns were obtained in the 20 range from 5° to
80° by means of copper Ka radiation (A = 1.54 A) with the following setup conditions: tube voltage

and current of 40 kV and 30 mA, respectively, scan speed of 4°/min with a sampling of 0.004°.
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5.3.7 Thermal properties

Differential scanning calorimetry (DSC) analysis was performed on the polymeric matrices
using a Chip-DSC 10 (Linseis Messgeraete GmbH, Selb, Germany). The samples were heated to 200
°C at a heating rate of 20 °C/min. Nitrogen was used as a shielding gas to avoid polymer degradation.

Traces analysis was carried out using Linseis and GraphPad Prism 9 software.

5.3.8 Nanoindentation of powder

Elastic modulus of the powders were testes using an Anton Paar NHT2 nanoindenter (CSM
Instruments, Switzerland) equipped with a Berkovich diamond indenter, following Baraldi et al.
method [124]. In brief, SLP and NPK particles suitable for the test were selected using an optical
microscopy (Leica MS5 stereo microscope, Wetzlar, Germany) and glued on a dedicated square glass
slide. The indentation experiments were performed using the following protocol: a loading ramp of
30 s, a 30 s dwell period at maximum load (15.00 mN), and a final unloading step lasting 30 s.
Measures were repeated at least six times, the average values and the standard deviations were

calculated.

5.3.9 Density measurements

Density measurements were performed by a Thermo Pycnomatic Helium Pycnometer
(Pycnomatic ATC, Thermofisher, USA), using a 99.99% pure Helium. Measures were repeated at

least six times for each sample, at 25 °C.
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5.3.10 Water Contact Angle (WCA) Measurements

Surface wettability of fibrous membranes bio-composites and pure matrices was determined
through WCA testing (First Ten Angstroms FTA 1000, UK). An automatic liquid drop dosing system
drips 4 pL of distilled water onto the samples and after 20 seconds images were taken. Five different
spots of each sample were tested and WCA values have been reported as average values + standard

deviations.

5.3.11 Microbiological Analysis

A sample (10 g) of fish bones in powder form was subjected to the analysis of the main
microbiological (pathogenic and environmental contaminant) groups associated to food matrices.
Powdered fish bones were suspended in 90 ml of Ringer’s solution (Sigma-Aldrich, Milan, Italy) and
homogenized through a stomacher (BagMixer® 400, Interscience, Saint Nom, France) for 2 min at
the highest speed. Cell suspensions were then inoculated in agar media as follows: plate count agar
(PCA) incubated aerobically at 30°C for 72 h for total mesophilic microorganisms (TMM); Listeria
selective agar base (LSAB) supplemented with SRO140E incubated aerobically at 37°C for 24 h to
count and preliminary identify Listeria spp. and Listeria monocytogenes; Baird Parker (BP)
supplemented with rabbit plasma fibrinogen incubated aerobically at 37°C for 48 h for coagulase-
positive staphylococci (CPS); Hektoen Enteric Agar (HEA) incubated aerobically at 37°C for 24 h
for Escherichia coli and Salmonella spp.; de Man-Rogosa-Sharpe (MRS) acidified at pH 5.4 with 5
M lactic acid incubated anaerobically at 30 °C for 48 h for mesophilic rod lactic acid bacteria; M17
incubated anaerobically at 30 °C for 48 h for mesophilic coccus lactic acid bacteria; yeast-extract
peptone dextrose (YPD) supplemented with chloramphenicol (0.1 g/L) incubated aerobically at 25°C
for 48 h for yeasts; potato dextrose agar (PDA) supplemented with chloramphenicol (0.1 g/L)

incubated aerobically at 25°C for 48 h for molds. Fishbone powder was also evaluated for the
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presence of spore forming bacteria after treating all cell suspensions at 85°C for 15 min. Aliquots of
0.1 mL were collected from each test tube and spread onto nutrient agar (NA) medium. Colony count
occurred after incubation at 32°C for 48 h [125]. Anaerobiosis occurred in hermetically sealed jars
equipped with the AnaeroGen AN25 sachets (Oxoid). All microbiological analyses were performed

in duplicate.

5.3.12 UV protection performance test

UV-visible spectrophotometer (model UVPC 2401, Shimadzu Italia s.r.l., Milan, Italy) was
utilized to measure the UV transmittance of the filtering membranes, with test wavelengths ranging
from 200 to 400 nm. The UV protection ability of the natural fillers incorporated in the membranes
was determined by comparing the fiber morphology (SEM analysis) before and after irradiation with
an ultraviolet lamp (OSRAM, 315-400 nm UVA and 280-315 nm UVB), with an irradiation distance

of 1 cm and an irradiation time of 2, 4 and 8 h in a climatic chamber set at 25 °C.

5.3.13 Release of NPK fertilizer

NPK release from the composites was investigated at specific time intervals by submerging
pre-weighed specimens (60 mm x 10 mm x 1 mm, 0.7 g) in 50 mL of DI water at 25 °C. All the
samples were immersed in 50 ml of fresh DI water after each measurement. Electrolyte resistance of
the obtained solution was evaluated through electrochemical impedance spectroscopy (EIS) using an
AMETEK potentiostat/galvanostat (model PARSTAT 2273) and Power Suite software. To perform
the measurements a three-electrode cell was used, equipped with a gold working electrode, a platinum
plate applied as the counter electrode and a saturated Ag/AgCl as the reference electrode. EIS

measurements were carried out at a frequency range from 100 kHz to 100 mHz, and potential
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amplitude of £10 mV peak-to-peak versus open circuit potential (OCP). The electrolyte resistance

(R) of solutions was then converted in conductivity (C) according to the equation 3.4:

_1_R:S )
> .

Where p is the resistivity, [ is the length and S the cross-sectional area of the working

electrode.

Control experiments were performed using free NPK (same amount present in composites)

and biopolymeric matrix (without NPK). Each measurement was performed in triplicate.

Final conductivity value of free NPK was considered as 100% release and used as a standard

for obtain the amount of NPK released from the devices.

5.3.14 Statistical analysis

Data obtained underwent statistical analysis with an unpaired Student t-test using GraphPad
Prism 9. Statistical significance was attributed to differences between datasets when the p-value

obtained was lower than 0.05 (**** p < 0.0001; *** p <0.001; ** p <0.01).
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5.4 Pollutant removal performances

5.4.1 Air filtration

Air filtration performance of the membranes was evaluated on a homemade filtration test
system by simulating a polluted air environment. In Figure 3.1 a schematic representation of the
filtration test system is depicted. Chamber (A) and chamber (B) represent upstream and downstream
chambers respectively, while the testing membrane is placed in between. More in detail, to evaluate
the air filtration performance, the membranes of 100 um thickness were fixed into a filter holder in
the middle of the filtration setup. Burning incense was used to generate the particles (PMs), with
particles size ranging from 0.3 pm to 3 pum, aiming to simulate a polluted air environment. The
produced particles were delivered through the membranes by inject air at different flow rate (10, 32,
65, 85 L/min) in the upstream chamber (A). The particle counters (SEK-SVM4x, Sensirion,
Switzerland) were used to determine the particle concentrations in the two chambers i.e. in upstream
(A) and downstream (B) of the tested membrane. The micromanometer (SDP810-500PA, Sensirion,
Switzerland) was used to measure the air resistance of the filter (AP), i.e., the difference between
upstream and downstream of the test membrane. The filtration efficiency of PMs () was calculated

according to Equation (3.5):

n = (1 - %) x 100 (3.5)

2

where C; and C, represented the PM concentration respectively in the downstream airflow
and upstream airflow through the tested membrane. The PMs counting concentration was measured

for 2 min and each group of membranes was tested in triplicate. Aiming to comprehensively evaluate
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of the filtration performance of the membranes, the quality factor (QF) of the filtering membranes

was calculated according to Equation (3.6):

_ In(1-n)
QF =————  (36)

where 1 represents the filtration efficiency and AP represents the pressure drop.

Particles generator

. — -
|
airin I . ‘3 ' ‘3
PM counter (A) PM counter (B)

pressure gauge

(A) (B)

Figure 3.1 Schematic illustration for the implemented homemade filtration test. Chamber (4) and chamber (B)
represent upstream and downstream chambers respectively.

The filtration abilities of the membranes were tested at different temperatures (35, 25, 15 °C)
and relative humidity (RH, 30, 60, 80%) conditions. Air conditioners and a humidifier were employed
to tune the environmental condition during the experiments. Additionally, the filtration efficiencies
of the membranes were tested for five cycles to evaluate their possibility to be reused. After each
cycle the membranes were cleaned by submerging them in a 70:30 water/ethanol mixture, to remove
the PM deposited on the fibers. Before testing again for filtration, the membranes were left to air dry

for 2 hours.
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5.4.2 Wastewater treatment

5.4.2.1 QOil Spill Clean-up

The absorption capacity of fibrous membranes was evaluated by placing about 0.15 g of
electrospun mat in a beaker filled with 25 g of water and 50 g of oil and taken out instantaneously.
The excess oil present on the fibers, not really adsorbed by the membrane, was drained out for 30

seconds. All the experiments were carried out in triplicate.

The absorption capacity (g) have been calculated by the equation 3.7:

W= W
q(g/g)—Ti (3.7)

where W; is the initial weight of the membrane and W, is the weight of the membrane after
oil absorption. Additionally, the oil absorption ability of the electrospun membranes was monitored
for five cycles to evaluate the possibility to reuse them. After each absorption cycle the membranes
were squeezed with padding paper and washed with ethanol to remove the absorbed oil. After each
cleaning step the membranes were left to air dry for 1 hours and reweighted. This weight was taken
as a new dry reference for absorption capacity measurement. To evaluated reusability of the

membranes, q variations were calculated and considered.

5.4.2.2 Methylene Blue Sorption

To perform sorption tests of the fluff, aqueous solutions of 5 mg/L of Methylene Blue (MBL)
was prepared. For each experimental run, 4 fluff were immersed into 5 mL of solution. The sorption
capacity of samples was assessed by monitoring at predetermined time intervals the residual pollutant
concentration via UV—vis spectroscopy, carried out by using UV/ vis spectrophotometer (model

UVPC 2401, Shimadzu Italia s.r.l., Milan, Italy). Absorbance values of the characteristic signals were
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converted into concentrations by using opportunely constructed calibration curve. Previously, a series
of aqueous solutions containing a known amount of the pollutant were analyzed in order to obtain a
calibration line. The removal efficiency (%) of the samples was calculated according to equations

(3.8):

Ci—C
Removal efficiency = RE (%) = lC L % 100 (3.8)

where C; (mg/L) and Cr (mg/L) are the concentration of the pollutant before and after

adsorption tests. All the experiments were carried out in triplicate.

5.4.2.3 FOG (Oil-Water) Separation

For fat, oil and greases (FOG, oil-water) separation tests, a sample of wastewater from a local
waste remediation plant was used. Firstly, solid wastes were filtered from the kitchen wastewater
sample aiming to obtain the oil in water emulsion of FOG. For each experimental run, 0.8 g of fluff
were immersed into 50 mL of emulsion under vigorous stirring and a temperature of 50 °C. The
separation of the oil-in-water emulsion was evaluated using a UV/ vis spectrophotometer (model
UVPC 2401, Shimadzu Italia s.r.l., Milan, Italy). The removal efficiency (%) of the samples was
calculated according to equations (3.9):

A,
Removal efficiency = RE (%) = <1 - A—l> x 100 (3.9)
f

where A; and Af represent the areas under the UV absorption curve before and after adsorption tests.

All the experiments were carried out in triplicate.
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5.4.3 Heavy metal absorption

The metals ions adsorption capability was assessed by submerging the devices in 50 mL of
metals aqueous solutions (1000 mg/L) at a room temperature for 30 days. The metal concentration in
the collected aliquots was assessed by using UV/ vis spectrophotometer (model UVPC 2401,
Shimadzu Italia s.r.l., Milan, Italy). Previously, a series of aqueous solutions containing a known
amount of the selected metal ion were analyzed in order to obtain a calibration line. The maximum
absorbance band of CuSO4 water solution was detected at 810 nm; for MnCl, at 250 nm; for NiSO4
at 395 nm and for FeoO3 at 400 nm. The removal efficiency (%) of the samples was calculated
according to equations (3.10):

Ci—C
Removal efficiency = RE (%) = le x 100 (3.10)

i

where C; (mg/L) and Cr (mg/L) are the concentration of the heavy metal before and after

adsorption tests. All the experiments were carried out in triplicate.

The surface composition of 3D-printed samples with adsorbed metal ions were collected and
analyzed by Energy Dispersive X-ray (EDX) analysis by using an EDX probe during SEM imaging

to detect the presence of the metal.
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5.5 Mathematical Models

5.5.1 Kinetic Models

To understand the kinetics of methylene blue adsorption onto the fibrous fluff, two widely
used models, the pseudo-first-order (PFO) and pseudo-second-order (PSO) models, were applied to
the experimental data. The PFO kinetic model assumes that the rate of occupation of adsorption sites

is proportional to the number of unoccupied sites, and it was calculated according to equations (3.11):

ln(qe - qt) =In de — klt (311)

where q, (mg/g) is the amount of methylene blue adsorbed at equilibrium, q, (mg/g) is the
amount of methylene blue adsorbed at time ¢, and k; (min!) is the rate constant of the pseudo-first-

order model.
The PSO kinetic model is based on the assumption that chemisorption is the rate-limiting step,

and it is described by the following equation (3.12):

1
+—t (3.12
q: kyqz  q. (3.12)

where k, (g/mg-min) is the rate constant of the pseudo-second-order model.

The experimental data were fitted to both the PFO and PSO models using nonlinear
regression. The best-fitting model was selected based on the correlation coefficient R? and the
comparison of predicted (by the model) versus experimental g, values. The rate constants k; and k,

and the equilibrium adsorption capacities g, were determined for both models.
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5.5.2 Halpin-Tsai Model

Halpin-Tsai model allows esteeming the modulus of composites once are known volume
fractions and elastic moduli of the starting components, and the filler aspect ratio. According to
Halpin-Tsai model, for composites reinforced with fibers randomly oriented, the composite modulus

Ecur is determined by the following equation (3.13) [126]:
3 5
EC,HT == EEL +§ET (3.13)
Where E; and E; are respectively the longitudinal and transverse moduli of the composite.

In this case, E; and E; are given by:

1+ @21/dnvy
1 — NLVf

1+ 2nqvf
1-— NLVr

E, = Eml l (3.14) E; =E, [ l (3.15)

Where vr and v, are the volume fractions of fillers and matrix respectively, [/d is the aspect

ratio of the fillers while 1, and n are constants given by:

(B /Em) -1
 (Ef/Ep) +2

(/B -1
L (B /Ep) + 21/d)

(3.16) N7 (3.17)

Where, Ef and E;, are respectively the Young’s moduli of filler and matrix.

In a ternary composite, Halpin-Tsai equation can be rewritten as follows [127]:

2Ls1p 2Wypk
Ecur _ E 1+ < ds;p )nLrSLPVSLP + (Btzvpz( ) NnpkVnpk
Em 8 1—=nps1pVser — NnpkVnek

E 14207 50pVsrr + 201 NPk Viek

8 1—1nrspVsrr — NrnexVirk

(3.18)
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Where E¢ yr/Ep, is the reduced tensile modulus, expressed as the ratio between the moduli
of composite (E¢ yr) and matrix (E;). Moreover, for fibrous-like SLP, / and d respectively indicate
length and diameter, whereas for cube-shaped NPK, w and ¢ respectively indicate the length of a side

and thickness of particles, n; and n; are constants given by:

E E.)—1 E E. )—1
NLsLp = Esip/Em) o (3.19) Nrsip = EESLP;Em; 12 (3.20)
(Esp/Em) + (ﬁ) SLP/ =m
E E. )—1 E E. )—1
——_ (Enpx/Em) 321) Pk = (Enpx/Em) (322)
' 2Wypk ' (Expx/Em) + 2
(Enpx/Em) + ( 3tyrk )

Volume fractions are determined from the weight fractions and the densities of each
component measured experimentally by helium pycnometer, whereas elastic moduli are those

obtained.

5.5.3 Peppas-Korsmeyer Model

The obtained release data were fitted according to the Peppas-Korsmeyer equation (3.23):

M ke (3.23)
7 .

[0¢]

Where M, is the total amount of fertilizer released at time t, and M,, is the theoretical amount
of NPK incorporated in the composites. NPK release data were fitted according to equation (3.23) in
order to determinate drug transport constants (K) and transport exponents (n) of the different

formulations in the range of M, /M., 0-60% [128].
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Chapter 4

Result and Discussion

6.1 Air

6.1.1 Stable and Reusable Electrospun Bio-Composite Fibrous Membranes based

on PLA and Natural Fillers for Air Filtration Applications

The subsequent text and images have been fully extracted from the published article authored by the candidate
“R. Scaffaro, M.C. Citarrella, Stable and reusable electrospun bio-composite fibrous membranes based on PLA and
natural fillers for air filtration applications, Sustainable Materials and Technologies (2024) e01146.
https://doi.org/10.1016/J.SUSMAT.2024.E01146 [129]” and are reproduced here with the necessary permissions from
Springer Nature.

Author contribution: Writing — review & editing, Writing — original draft, Visualization, Validation, Software,
Methodology, Investigation, Formal analysis, Data curation, Conceptualization.

6.1.1.1 Abstract

Today, air pollution due to fine dust is one of the most critical environmental challenges. To
mitigate the potential further environmental impact of air filtration devices, it is essential to explore
the use of biodegradable polymers combined with natural fillers, preferably sourced from waste
materials, to develop stable, reusable and UV-resistant air filters suitable for outdoor applications. In
this work, composites fibrous membrane based on polylactic acid (PLA) and natural fillers were

prepared via electrospinning and tested for air filtration applications. Air filtration performances were
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evaluated at different flow rate, temperature and humidity condition, aiming to simulating outdoor
conditions. The addition of 10 wt% of Opuntia Ficus Indica (OFI), Posidonia Oceanica Leaves
(POL) or lignin (LIG) particles to PLA solution led to a decrease in fibers diameter increasing
membranes filtration performances. PLA/OFI, PLA/POL and PLA/LIG composites membranes
exhibited filtration efficiencies of 97.2%, 99.4%, 99.6% for PM; at a flow rate of 32 L/min, and
pressure drops of 114, 103, 105 Pa, respectively. The membranes demonstrated stability maintaining
good filtration efficiency across different environmental conditions and after multiple reuse cycles.
The addition of OFI and LIG powders also provided effective UV resistance, crucial for ensuring the
longevity and performance of air filters exposed to outdoor conditions. These findings underscore the
potential of these biodegradable composite membranes for sustainable indoor and outdoor air

filtration solutions.

6.1.1.2 Preparation of PLA/fillers dispersions and membranes

Firstly, OFI cladodes and POL scraps were washed in water at room temperature and dried in
an oven at 60 °C for 48 hours. The two scraps were then chopped and roughly ground for 3 minutes.
Subsequently, OFI, POL and LIG particles were ball-milled (Retsch MM 500 nano, Germany) for 30
minutes at 20 Hz aiming to obtain micrometric powder. PLA solution (10 wt%) was prepared using
Chl/Ac mixture (2:1 ratio). After the PLA was completely dissolved, 1, 3, 5, 10 and 15 wt% (with
respect to PLA mass) of OFI, POL and LIG powders, were separately dispersed in the PLA solution
(Figure 4.1.1.1a, b) keeping them under magnetic stirring at 25 °C overnight. Preliminary
electrospinning tests were performed on all the composites PLA dispersion. For the dispersion
containing 1, 3, 5 and 10 wt% of the natural particles, no clogging of the needle (1 mm diameter) was
observed during the electrospinning process. However, for 15 wt% dispersions, the spinning process
experiences frequent interruptions due to the formation of agglomerates of natural particles in the

needle, especially for POL containing dispersion. Aiming to maximize the presence of natural
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particles in the filtering membranes and thus potentially increase fibers roughness and the chances of
PMs to be caught on them [130], 10 wt% composite solutions were selected and labeled as PLA/OFI,
PLA/POL and PLA/LIG respectively.

The production of composite fibrous membranes was carried out using the electrospinning
technique (Figure 4.1.1.1c) with a conventional equipment consisting of a syringe pump and a high
voltage power supply (Linari Engineering-Biomedical Division, Pisa, Italy). During the spinning
process, the voltage applied was 15 kV, the inner diameter of the needle was 1 mm and the distance
from the needle to the drum was 15 cm. The flow rate was 0.3 mL/h, and the drum speed was 200
rpm. The temperature during processing was kept at 23 + 2 °C, and the relative humidity of the air
was 50 £ 5 %. The obtained fibrous membranes were then dried at room temperature for 24 h to
remove any residual solvent. According to the starting dispersions, the membranes were labeled PLA,

PLA/OFI, PLA/POL and PLA/LIG (Ic¢).

a 10 wt% of natural fillers

Polylactic acid (PLA) b Pwvor PLA/POL PLA/LIG

10 wt% in Chl/Ac

Posidonia Oceanica
f» T (POL, 30% lignin)

Opuntia Ficus Indica
(OFI, 3 % lignin)

Lignin (LIG) Composite polymeric dispersions

Composite fibrous membranes

<O

Electrospinning

PLA/OFI PLA/POL PLA/LIG

g‘;
Figure 4.1.1.1 Schematic illustration for the preparation of the composite membranes: (a) preparation of the

composite dispersions, (b) composition of PLA/OFI, PLA/POL, and PLA/LIG dispersions, (c) fabrication of PLA/OFI,

PLA/POL, and PLA/LIG composite fibrous membranes via electrospinning.
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6.1.1.3 Morphology of natural particles

The morphology of OFI, POL and LIG particles, after the ball-milling process, was analyzed
by SEM and show in Figure 4.1.1.2a-c, while the respective particles size distribution, in terms of
equivalent diameter, are reported in Figure 4.1.1.2a'-c".

OFI and LIG particles (Figure 4.1.1.2a, c) are both characterized by a fairly spherical shape
and an average diameter of about 2.5 um (Figure 4.1.1.2a', ¢'). As desired, the use of ball milling
allowed obtaining powders characterized by particles size in the range of few micrometer, likely
facilitating the electrospinning process. However, while LIG particles are quite homogeneous in
dimensions and shape, OFI powder also present few bigger and elongated particles. On the other
hand, POL particles are less inclined to be reduced into spherical particles of a few micrometers
during ball milling process, as shown in Figure 4.1.1.2b. In this case, irregularly shaped particles with
an average diameter of about 8§ um (Figure 4.1.1.2b") are obtained, but some particles as large as 100
pum can be also noted. Differently from OFI and LIG ones, POL particles are, furthermore,
characterized by a porous structure with deep channels along their entire surface. However, it can be
concluded that OFI, POL and LIG powders seems to be all dimensionally compatible with

electrospinning process.

Diameter [um)] Diameter [pm] Diameter [pm]

Figure 4.1.1.2 SEM images and size distribution of OFI (a, a’), POL (b, b’), LIG (c, ¢’) particles respectively.
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6.1.1.4 Electrospun dispersions properties

The properties of the electrospun polymeric dispersions were investigated and results are
reported in Figure 4.1.1.3 Generally, in fact, differences in the composition of the spinning solution
can affect their viscosity and this, in turn, can modify the morphology of the electrospun fibers
[131,132]. Higher viscosity solutions typically result in thicker and more uniform fibers. This is
because higher viscosity indicates greater polymer chain entanglement, which resists the stretching
forces during electrospinning, leading to larger diameter fibers. Moreover, the increased viscosity
stabilizes the jet formed during electrospinning, reducing fluctuations that can cause variations in
fibers diameter. Conversely, lower viscosity solutions tend to produce thinner fibers.

As regards rheological tests, neat PLA shows a pronounced non-Newtonian behaviour across
the entire frequency range (Figure 4.1.1.3a). When natural particles were added to the PLA solution,
a significant increase in viscosity value across the entire frequency range is observed, while the
overall rheological behaviour remained unchanged for all the composite dispersions. However, the
presence of POL powder induces a higher increase in viscosity value if compared to the other two
fillers. This apparently strange behaviour can be attributed to the porous structure of the larger POL
particles (Figure 4.1.1.2b), which enhances the interfacial interactions between the polymer and the
dispersed phase. In other words, the porous POL particles provide more sites for physical interactions
with PLA, contributing to the viscosity increase, as already reported in similar systems [133].
Additionally, the incorporation of solid filler particles increases the effective volume fraction of the
dispersed phase in the polymer solution, leading to higher resistance to deformation and increased
viscosity [134]. The more rounded shape and lower porosity of OFI and LIG particles (Figure
4.1.1.2a, c) result in a reduced surface area, thus producing fewer interaction sites with the PLA

chains, leading to a smaller increase in viscosity.
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Figure 4.1.1.3 Complex viscosity (a) and conductivity (b) of electrospun polymeric dispersions.

Conductivity of the spinning solution is another variable that can influence morphology of the
fibers. Higher solution conductivity, in fact, enhances the electric charge carried by the solution,
leading to greater stretching forces on the jet during spinning and thus to obtaining thinner and more
elongated fibers [131]. Therefore, to verify potential effects of conductivity changes upon adding
filler to PLA solution, conductivity measurements were carried out, and results are reported in Figure
4.1.1.3b. The addition of all the fillers leads to an increase in conductivity if compared to the neat
PLA solution (1.2 uS/cm). The PLA/POL dispersion displays the highest conductivity value,
followed by PLA/LIG, reaching 4.1 and 3.3 puS/cm respectively. To address this issue, it is necessary
to consider that when dispersed in polymeric systems, the molecular structure of lignin can release
ions by interacting with the solvent and the polymer, increasing the electrical conductivity of the
solution [134]. Moreover, the increase in electrical conductivity of the polymeric solution with the

increase in lignin content has been extensively reported in the scientific literature [135].

6.1.1.5 Morphology of composite membranes
The electrospinning process proceeded smoothly for all the polymeric dispersion containing

10 wt% of natural particles and no clogging of the needle (1 mm diameter) was observed, even for
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Figure 4.1.1.4 SEM images, relative insets and fibers diameter distribution of PLA (a, a', a"'), PLA/OFI (b, b’
b'"), PLA/POL (c, ¢', ¢") and PLA/LIG (d, d', d") membranes respectively.
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PLA/POL that contained the largest particles. The morphology of PLA, PLA/OFI, PLA/POL
and PLA/LIG membranes was observed by SEM as shown in Figure 4.1.1.4a-d, while the respective
fibers diameter distribution are reported in Figure 4.1.1.4a"-d".

PLA membranes (Figure 4.1.1.4a, a') exhibit smooth and randomly oriented fibers
characterized by a bimodal fiber diameter distribution with the mean values of the two modes being
1.65 um and 2.54 um and the average diameter of 2.21 um (Figure 4.1.1.4a"). The addition of natural
fillers significantly affects fibers shape according to the different properties of the dispersions.
PLA/OFI fibers appear randomly oriented with some OFI particles well distributed all over the
membrane, as observed in Figure 4.1.1.4b. This confirms that the particles larger than a few
micrometers, which cannot be embedded inside the fibers, were easily ejected through the needle,
adhering to the fibers surface and thereby being incorporated into the membrane (Figure 4.1.1.4b").
The presence of these particles could be useful for improving the filtration performance of the
membrane [131,132]. Moreover, the presence of OFI powder in PLA solution leads to a significative
decrease in the fiber's average diameter and results in a unimodal, wide fiber diameter distribution
(Figure 4.1.1.4b"). This behaviour is even more pronounced in PLA/POL and PLA/LIG membranes
in which the fibers average diameters reach 0.46 and 0.53 pum respectively and unimodal, narrow
fiber diameter distribution is obtained for both the membranes (Figure 4.1.1.4c", d"). Moreover, in
PLA/POL and PLA/LIG membranes the fibers appear uniformly oriented and the presence of fibers
bundles can be noted (Figure 4.1.1.4c, d). In PLA/POL membranes, POL particles could be
extensively identified in SEM image (Figure 4.1.1.4c, c') while LIG ones seems to be almost entirely
embedded into PLA fibers (Figure 4.1.1.4d, d").

It is well known in the scientific literature that an increase in viscosity value of the spinning
solution usually leads to the formation of fibers with a higher diameter [136]. Surprisingly, this seems
to be in contrast to what observed in OFI, POL and LIG composite systems. However, in this study,

conductivity of the dispersions seems to predominantly influence fibers morphology. These
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variations in the morphology of the membranes, in fact, are compatible with the different conductivity

of the relative dispersions.

6.1.1.6 Fibrous composite membranes characterizations

FTIR spectroscopy analysis was performed on the electrospun membranes and the free natural
powders to characterize fibers composition, and the obtained spectra are reported in Figure 4.1.1.5a-
a'. The FTIR spectra of PLA/OFI, PLA/POL and PLA/LIG membranes closely resembled that of neat
PLA. All the spectra show the typical PLA band of the carbonyl group (C =0) at 1759 cm™ ! and the
band at approximately 1081 cm™ !, corresponding to C—-O-C stretching (Figure 4.1.1.5a).
Additionally, PLA/OFI membranes displays a band at 1598 cm™!, and PLA/LIG ones are
characterized by a band at 1510 cm™! (Figure 4.1.1.5a"). The band at 1598 and 1510 cm™! can be
attributed to lignin, in particular to its aromatic skeletal vibration (C = C) [137]. These results
reasonably confirm that OFI and LIG particles are embedded in the PLA fibers, as already observed
in Figures 4.1.4b and 4.1.4d, respectively. The contribution of lignin seems to be less evident in
PLA/POL, probably due to the larger dimension of POL particles, which makes it more difficult to

embed them in the fibers, as suggested by observing the morphology of the membrane (Figure

4.1.1.4b).
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Figure 4.1.1.5 FTIR spectra of electrospun membranes and relative natural powders (a) with PLA/OFI and
PLA/LIG spectra close-up (a').
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Tensile tests were performed on the membranes, and elastic modulus (E, Figure 4.1.1.6a),
tensile strength (TS, Figure 4.1.1.6b) and elongational at break (EB, Figure 4.1.1.6¢) are reported for
all the systems. Adding the natural fillers leads to an increase in E and a corresponding decrease in
TS and EB for all the composite membranes. This behaviour can be attributed to the presence of OFI,
POL and LIG fillers in/on the PLA fibers. These rigid fillers enhance the overall stiffness of the
composite membranes, as evidenced by the higher modulus. However, their presence also introduces
potential weakness points, resulting in a reduction of the tensile strength and elongation at break.
Moreover, these variations are more pronounced in PLA/POL and PLA/LIG membranes due to their
smaller fibers diameter [138]. However, the obtainment of small fibers is crucial for achieve
membranes with high filtration performances. Nonetheless, the results suggest that the mechanical
properties of all the composite membranes are compatible with air filtration applications

[131,132,139].
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Figure 4.1.1.6 Elastic modulus (a), tensile strength (b) and elongational break (c) of electrospun membranes.
p-value (¥*** p < (0.0001; ***p < 0.001; ** p < 0.01) obtained thought statistical analysis by t-test.

6.1.1.7 Electroactivity evaluation
It is extensively reported in the scientific literature that the enhancement of electroactivity of
the filtering membranes increase the removal efficiency of PM, especially for PMi, due to the

electrostatic trapping [140—-142]. Moreover, the increase of electrostatic attraction is also an effective
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method for minimizing pressure drop [143]. Has been proved that the presence of lignin in PLA fibers
enhances the electrostatic attraction of the composite membrane due to lignin dielectric properties
[144]. As is possible to notice in Figure 4.1.1.7, the addition of POL and especially LIG particles
markedly enhances the electrostatic absorption capabilities of the membranes. More in detail, pure
PLA membranes exhibit slight electrostatic properties (Figure 4.1.1.7a), characteristics of the
material itself [145], and PLA/OFI (Figure 4.1.1.7b) showed electrostatic behaviour comparable to
pure PLA one. On the contrary, PLA/POL (Figure 4.1.1.7c) and even more PLA/LIG (Figure
4.1.1.7d), reveal excellent electrostatic adsorption capability. The photos of the membranes surfaces
after the electrostatic test are shown in Figure 4.1.1.7e.

The enhanced electrostatic properties of PLA/POL and PLA/LIG membranes can be attributed
to the presence of lignin that significantly amplifies the electrostatic charge of the PLA membranes.
This phenomenon is due to lignin’s inherent capacity to contribute to higher charge density within
the polymer matrix. POL containing membranes also exhibit elevated electrostatic properties, due to

its higher lignin content compared to OFI one.

PLA/OFI PLA/POL

PLA PLA/OFI

PLA/LIG

oA

carbdh ﬁowder

- 2 _Jx_u‘ =
Figure 4.1.1.7 Frames of digital videos showing carbon powder adsorbed on PLA (a), PLA/OFI (b), PLA/POL

(c) and PLA/LIG (d) by electrostatic interactions and relative digital photograph of the membranes after the test (e).
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6.1.1.8 Filtration performances and mechanism of PLA composites membranes

Air filtration efficiency of neat PLA and PLA composite membranes on PM; and PM;
generated from the incense burning were investigated using a self-built filtration device at an airflow
rate of 10, 32, 65 and 85 L/min, and the results are reported in Figure 4.1.1.8(a, a'). The pressure drop
and the quality factor of the fibrous membranes are shown in Figures 4.1.8b and 4.1.8c, respectively.
From Figure 4.1.1.8 (a, a') it is possible to notice that filtration efficiency of the pure PLA membrane
decreases from 85.5 % to 80.3 % for PM,, and from 88.3 % to 82.7 % for PM3, as the flow rate
increased from 10 to 85 L/min. A similar behaviour can be noted for PLA/OFI membrane with the
difference that filtration efficiencies generally increase of about 12%, reasonably due to the smaller
fibers diameters of this latter membrane if compared to pure PLA one. In contrast to this behaviour,
the filtration efficiencies of PLA/POL and PLA/LIG membranes remain almost stable with the flow
rate increasing, potentially due to the mitigating effect given by the increase of the electrostatic
attraction effect of the membrane on increase the flow rates [145].

In general, the addition of natural fillers leads to an increase in filtration efficiency for all PM
dimensions if compared to neat PLA. Regarding 32 L/min flow rate and particulates smaller than 1
um (PM)), the filtration efficiency increases from 84.6% of neat PLA to 95.4%, 97.2% and 98.5% of
PLA/OFI, PLA/POL and PLA/LIG, respectively. Moreover, with particulate of 3 um (PM3),
PLA/OFI, PLA/POL, and PLA/LIG display filtration efficiencies of 97.2%, 99.4%, 99.6%.

The decrease in fibers diameters, the presence of natural particles, and the increase of
electrostatic attraction allowed PLA/POL and PLA/LIG to achieve the highest filtration efficiency
and the lowest pressure drop. The existence of electrostatic interaction between the fibers of
PLA/POL and PLA/LIG membranes and PM, in fact, leads to a remarkable increase in removal
efficiency, if compare to PLA/OFI membrane one, due to its capacity to strongly attract particles

nearby the fibers, especially for fine particles [1].
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Figure 4.1.1.8. Filtration performances of the composite membranes: filtration efficiency at different airflow rate for
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From Figure 4.1.1.8b it is possible to notice that the pressure drop of the membranes decreases
when natural fillers were added. At flow rate of 32 L/min, the pressure drops of PLA/OFI, PLA/POL,
and PLA/LIG were 104, 84, 76 Pa, respectively, while for pure PLA membrane pressure drop of 138
Pa were registered. The presence of the natural particles in and on the fibers surface less compaction
of the membrane and induce fibers roughness, facilitating air passage and leading to an air slip effect
that further decrease pressure drops.

Thanks to these behaviours, for PM3, quality factors of 0.061 and 0.073 are obtained for
PLA/POL and PLA/LIG, respectively at flow rate of 32 L/min (see Figure 4.1.1.8¢c). According to
the SEM images, the addition of natural fillers decreases fibers diameter and increases their surface
roughness, creating protrusions on the fibers surface, which improves the physical interception of
particles by increasing the collision probability between particulates and fibers (Figure 4.1.1.8d-f).
This behaviour can be easily observed for PLA/OFI (Figure 4.1.1.8d) and for PLA/POL (Figure
4.1.1.8e) in which this effect is further enhanced by the presence of the large POL particles set on the
fibers, which act as accumulation points for the particulate.

The QFs of the produced PLA composites membranes, especially for PLA/POL and
PLA/LIG, are extremely encouraging when compared to commercial filters and other PLA-based
composite membranes reported in the scientific literature [131,132,140,145—-147], as can be observed
in Figure 4.1.1.8g. These results are obtained due to the involvement of different filtration
mechanisms.

Generally, interception, inertial impaction, sieving and Brownian diffusion can occur during
air filtration [1]. As depicted in Figure 4.1.1.8h, the structure of pure PLA membrane is characterized
by larger fibers that create a compact structure and low electrostatic attraction (intrinsic characteristic
of the material) that allow to obtain quite good filtration efficiency but also very high pressure drop
due to the difficulty of airflow passing through it. On the contrary, the presence of fibers with nearly
nanometric diameters in PLA/OFI, PLA/POL and PLA/LIG membranes increases the likelihood of

particulates colliding with the fibers as they follow the airflow lines. Interception, in fact, is
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recognized as primary filtration mechanism. Additionally, the presence of natural filler particles
embedded in and on the fibers, induce roughness, further enhances the probability of particle
collisions and contextually leads to an air slip effect that reduce pressure drops. Moreover, if the
fibers are electrostatically charged, as in the case of PLA/POL and PLA/LIG, it becomes possible to
attract nearby particles that do not directly collide with the fibers, securely trapping them on the fibers
surface [53,148]. The combination of these filtration mechanisms (see Figure 4.1.1.8h) ensure higher

filtration efficiencies.

6.1.1.9 Stability of the composite membranes

The membranes were also tested to evaluate their stability, i.e. to verify eventual changes of
filtration efficiency across different environmental conditions, including UV irradiation (Figure
4.1.1.9). In particular, the filtration efficiency was evaluated at different relative humidity levels and
temperatures to simulate possible different application scenarios. The filtration efficiency of PM; and
PM; particles for all the membranes were tested at flow rate of 32 L/min. As it is possible to observe
in Figures 4.1.9 a and b, across the different membranes, the filtration efficiency remains relatively
stable with increasing humidity, particularly for the composite membranes (PLA/OFI, PLA/POL, and
PLA/LIG), that maintain high filtration efficiency levels, close to or above 97% for both PM; and
PM; particles for all humidity levels tested. More in detail, when the humidity is less than 60%, the
filtration efficiency of all the membranes remains almost unchanged for both PM; and PM3. On the
contrary, when the humidity increases to 80%, the filtration efficiency of the PLA/POL and PLA/LIG
membranes, for PMj, slight decreases reasonably due to electrostatic dissipation that can occur at
high humidity levels, as already observed in similar systems [140]. However, the filtration efficiency
values remain significantly higher if compared with those of pure PLA. For PM3, the filtration
efficiency is almost insensitive to humidity variations (Figure 4.1.1.9a) since the dominant filtration
mechanism in this case is mechanical interception of the particulate matter thus the electroactivity

variation did not influenced the membranes performances [148].

85



o

a 110 110
« PLA -+ PLA/POL PMS + PLA - PLA/POL PM,
& = PLAVOFI  -= PLALIG = = PLAJOFI —= PLALIG
> X
§ 100+ ? 100+
_" $ '—“'M:,'k‘,
: g — Ty
8 g
% 904 - 90
g ————y )
L iy
80- T T T 80 T T T
20 40 60 80 20 40 60 80
Relative Humidity (%] Relative Humidity [%)]
110 10
c - PLA -+ PLA/POL PM, d + PLA - PLA/POL PM,
— - PLA/OFI - PLA/LIG - -a- PLA/OFI - PLA/LIG
£ 3
g 1004 - . & 100
g s ———— —
& o S .
b & -
c e
g 90+ 2 90-
o =3 g"
i i
~— - ]
80 T T 80 T -
10 20 30 40 10 20 30 40
Temperature (°C) Temperature (°C)
€ 2
uve . uvB UVA [
200 - 230 om ; 230-3200m 320- 400 Am e

Trasmittance (%)
1
|

0
1 1 1
200 250 300 350 400
Wavelenght [nm]

PLA/OFI - UV PLA/POL - UV PLA/LIG - U
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Similarly, temperature variation (Figure 4.1.1.9 ¢ and b) has a very small impact on the
filtration efficiency of PM; and it has almost no effect on the filtration efficiency of PMs. The
composite membranes exhibit high and consistent filtration efficiency across the temperature range
of 15°C to 35°C. These behaviours demonstrate that the composite membranes, particularly
PLA/POL and PLA/LIG, provide superior and consistent filtration performance under varying
environmental conditions, making them suitable both for indoor and outdoor applications.

The presence of plant-based fillers in PLA fibers can provide UV protection, preserving the
membranes structure when exposed to sunlight [131]. To assess the resistance of the composite
membranes to UV radiation, their UV transmittance was evaluated, and their morphology after 2
hours of exposure to a UV lamp was investigated. The energy radiated for 1 h is equivalent to
absorbing ultraviolet energy for 75-184 days under natural conditions [131]. The UV transmittance
of the membranes and their morphology after UV irradiation are reported in Figure 4.1.1.9¢-i.

The composite membranes, especially PLA/LIG one, show extremely low UV transmittance
in UVA (320400 nm) spectrum (Figure 4.1.1.9e¢, ¢'). Lignin powder, in fact, contains phenol, ketone,
and other chromophores that act as UV-absorbing functional groups [149]. Similarly, also Opuntia
Ficus Indica [150] and Posidonia Oceanica [151] contain flavonoids and phenolic compounds that
contributes to their UV protective properties by absorbing UV radiation. After 2 hours of exposure to
the UV lamp, neat PLA fibers (Figure 4.1.1.9f) exhibit a notable wavy morphology. This structural
alteration can be reasonably attributed UV lamp irradiation. On the other hand, PLA/OFI (Figure
4.1.1.9g) and PLA/LIG (Figure 4.1.1.91) fibers remain almost unchanged after UV exposure. These
results suggest that the inclusion of Opuntia Ficus Indica and lignin fillers in PLA fibers may provide
some term of UV protection to the membranes. Interestingly, PLA/POL fibers show more waviness
(Figure 4.1.1.9h) if compared to their unexposed structure. This may suggest that while the addition
of POL powder could reduce the extent of degradation, it does not completely prevent it, reasonably

because POL particles are not well embedded in the fibers.
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The UV resistance of PLA/OFI and PLA/LIG membranes were evaluated also after 4 and 8
hours of accelerated UV exposures to test if them can resist longer periods of ultraviolet radiation
[152] and SEM analysis were performed on them (Figure 4.1.1.10). After 4 hours of UV lamp
exposure, the PLA/OFI membranes start to show signs of fiber modification, appearing wavier
(Figure 4.1.1.10a). After 8 hours of exposure, the fibers are completely altered, exhibiting a highly
deformed and extremely compact structure (Figure 4.1.1.10b), unsuitable for the application.
PLA/LIG membranes withstand UV exposure well for up to 4 hours, maintaining an almost unaltered
structure (Figure 4.1.1.10c). However, after 8 hours, the fibers undergo slight waviness and
fragmentation, resulting in a compacted structure (Figure 4.1.1.10d) that is no longer suitable for

filtration application.

PLA/OFI - UV

PLA/LIG - UV

Figure 4.1.1.10 SEM images of PLA/OFI (a, b), and PLA/LIG (c, d) membranes after 4 and 8 hours exposure
to UV lamp respectively. Scale bar is 100 um for all the SEM images.
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6.1.1.10 Reusability of the composite membranes

To evaluate their reusability, the composite fibrous membranes were washed in a

water/ethanol mixture and their filtration efficiency was tested for five cycles. The obtained results,

relative to PM3, are reported in Figure 4.1.1.11a. After the second cycle, there is no significant change

in the filtration efficiency of the composite membranes, and after five cycles, only a slight reduction

in filtration efficiency can be observed. The washing cycles, in fact, do not damage the fibrous

structure which remain almost unchanged as observed in SEM images in Figure 4.1.1.11b-e. The

slight but significant reduction in filtration efficiency of PLA/POL and PLA/LIG membranes after

the third cycles can be reasonably addressed to their electroactivity loss.
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Figure 4.1.1.11 (a) Reusability of the composite membranes: filtration efficiency of PM; after five cycles. SEM
images of PLA (b), PLA/OFI (c), PLA/POL (d) and PLA/LIG e) membranes after five cycles of washing and filtration

testing.
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6.1.1.11 Conclusions

In this study, stable, reusable and UV-resistant bio-composite fibrous membranes were
successfully fabricated through electrospinning. The composite dispersions were prepared by adding
10 wt% of Opuntia Ficus Indica (OFI), Posidonia Oceanica Leaves (POL) or lignin (LIG) powders
to PLA solution. The PLA/POL and PLA/LIG membranes exhibited a significant decrease in fiber
diameter, attributable to the increased conductivity of the solutions. Additionally, the presence of
lignin in the membranes enhanced their electroactivity. The mechanical properties of all the
composite membranes are compatible with air filtration applications. The PLA/OFI, PLA/POL and
PLA/LIG composites membranes exhibited high filtration performances for PM; at a flow rate of
32L/min, with filtration efficiencies of 97.2%, 99.4%, 99.6%, and pressure drops of 114, 103, 105
Pa, respectively. For PLA/POL and PLA/LIG membranes the contextually decrease in fibers
diameters and increase in electrostatic attraction were the key factors to enhance filtration
performances of the membranes. The composites membranes demonstrated satisfactory stability
maintaining good filtration efficiency across different relative humidity and temperature conditions.
It was also demonstrated that the inclusion of OFI and LIG powders in PLA fibers provides some
term of UV protection to the filtering membranes. PLA/OFI and PLA/LIG membranes remain almost
unchanged after 4 hours of accelerated UV irradiation. Moreover, the composite membranes
demonstrated the ability to be reused for at least five washing cycles while maintaining their fibrous
structure and preserving good filtration efficiency. Therefore, the PLA/OFI, PLA/POL and PLA/LIG
membranes prepared in this study exhibits enormous potential for air filtration application both for

indoor and outdoor filtering devices.
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6.1.2 Bi-layer membranes based on Waste Wool Fibers for Sustainable Filtration

Applications

Note: This study is ongoing, with further characterizations and application tests planned to
enhance and finalize the research findings.

6.1.2.1 Abstract

Air pollution from fine dust particles remains a pressing environmental challenge. To reduce
the environmental footprint of air filtration technologies, it is crucial to develop solutions based on
biodegradable polymers blended with natural fillers, ideally sourced from waste materials, to create
efficient, durable, and reusable air filters. In this work, bi-layer membranes based on waste wool
fibers (WWF) were produced by combining a layer of hot-pressed wool fibers with a layer of
composite fibrous membrane based on polylactic acid (PLA) and waste wool powder (WWP)
obtained by solution blow spinning (SBS) technique. The bi-layer membrane (WWF-PLA/WWP)
was tested for air filtration applications using different flow rates, temperature and humidity
conditions. The addition of 10 wt% of WWP to PLA solution led to an increase of the viscosity of
the solution improving the morphology of the fibers. Further characterizations and filtration
performance test of the bilayer membrane across different environmental settings and after multiple

cycles of reuse are ongoing.

6.1.2.2 Preparation of WWFE membrane

WWF were washed in water at room temperature and dried in an oven at 60 °C for 48 hours.
Once dried, 1 g of WWF where homogenously placed (random oriented) between two aluminium
sheets and hot-pressed using a laboratory press (Carver, Wabash, IN, USA) a 80 °C for 10 seconds

(Figure 4.1.2.1a).
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Figure 4.1.2.1 Schematic illustration for the preparation of the membranes: (a) preparation of the WWF mat;
(b) preparation and composition of PLA/WWP dispersion; (c) fabrication of PLA/WWP and WWF-PLA/WWP fibrous
membranes via solution blow spinning.

6.1.2.3 Preparation of PLA/WWP and WWF-PLA/WWP membranes

Part of the WWF were finely chopped and roughly ground for 3 minutes in a mixer.
Subsequently, the obtained particles were ball milled (Retsch MM 500 nano, Germany) for 30
minutes at 20 Hz aiming to obtain micrometric powder (WWP). PLA solution (10 wt%) was prepared
using Chl/Ac mixture (2:1 ratio). After the PLA was completely dissolved, 10 wt% (with respect to
PLA mass) of WWP was dispersed in the PLA solution (Figure 4.1.2.1b) keeping them under
magnetic stirring at 25 °C overnight. The production of PLA/WWP fibrous membranes was carried
out using a homemade solution blow spinning apparatus. The feed rate of the polymeric dispersion
was 50 mL/h, the air pressure was maintained at 0.6 MPa and the needle-to-collector distance was 10

cm. The temperature during processing was kept at 23 + 2 °C, and the relative humidity of the air was
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50 £ 5 %. Similarly, the bilayer membrane (WWF-PLA/WWP) was prepared by spinning the
PLA/WWP dispersion directly onto the previously obtained WWF mat (Figure 4.1.2.1c). The
obtained monolayer (PLA/WWP) and bi-layer (WWF-PLA/WWP) fibrous membranes were then

dried at room temperature for 24 h to remove any residual solvent.

6.1.2.4 Morphology of WWF, WWF mats and WWP

The morphology of waste wool fibers (WWF) was analyzed by SEM before and after the hot-
pressing process and after the ball-milling process (WWP). The relative SEM images are reported in
Figure 4.1.2.2a-c, while WWP particles size distribution, in terms of equivalent diameter, are reported
in Figure 4.1.2.2d. WWEF fibers (Figure 4.1.2.2a) showed an average diameter of 45 um (SD + 10)
and any significative difference can be noted in the morphological structure of the fibers after the hot-
pressing process (Figure 4.1.2.2b). Through the hot-pressing process, wool fibers are compacted into
a fibrous mat, allowing it to be handled as a single structure, without compromising the structural
integrity of the fibers. This mat is produced to serve as a substrate for the subsequent deposition of
PLA/WWP fibers applied on top using the solution blow spinning technique.

Part of the WWF were ball milled and the SEM image reviled that the obtained powder is
composed by heterogenous shaped particles as it is possible to notice from Figure 4.1.2.2¢c. Most
particles exhibit a predominantly spherical shape with nanometric or few micrometre dimensions.

However, some particles tend to aggregate, forming clusters that reach sizes of several micrometres.
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Figure 4.1.2.2 SEM images of WWF before (a) and after (b) hot pressing process. SEM images (c) and
particles size distribution (d) of WWP after ball milling process.

6.1.2.5 PLA solutions preparation and characterization

Based on our previous study, 10 wt% of WWP was selected as the optimal filler content to
add to the PLA polymeric solution, aiming to achieve both good processability in SBS and a higher
incorporation of natural particles into filtering membranes. This latter objective not only aligns with
sustainability goals by allowing more waste material to be integrated, but the particles may also serve
as sites for pollutant accumulation, thereby improving filtration efficiency and enhancing membrane
performance. Additionally, the inclusion of fillers can increase the surface roughness of the fibers,

improving the likelihood of particulate matter entrapment.

The rheological behaviour of the neat PLA solution and PLA/WWP dispersion was studied
and the complex viscosity curves are presented in Figure 4.1.2.3. Neat PLA exhibits its typical non-

Newtonian behaviour across the entire frequency range. The addition of wool particles (WWP) to the
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PLA solution does not cause any change in rheological behaviour of the dispersion. However, a
remarkable increase in viscosity across the entire frequency range was observed. In fact, the inclusion

of fillers in PLA solution generally leads to an increase in viscosity values [129].
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Figure 4.1.2.3 Complex viscosity of the polymeric dispersions.

6.1.2.6 PLA/WWP and WWF-PLA/WWP preparation and morphology

Solution blow spinning process proceeded smoothly for both PLA and PLA/WWP solutions.
The bilayer membrane (WWF-PLA/WWP) was prepared by spinning the PLA/WWP dispersion
directly onto the previously obtained WWF mat aiming to ensures a strong interfacial adhesion
between the layers, promoting structural integrity and uniform distribution of fibers. Morphologies
of neat PLA, PLA/WWP fibrous membrane and WWF-PLA/W WP bi-layer membrane were analyzed
by SEM as shown in Figure 4.1.2.4a-d and a'-d'. PLA, PLA/WWP fibers diameter distributions are
reported in Figure 4.1.2.4a"-b". In accordance with other studies [22,106], PLA membranes (Figure
4.1.2.4a) showed straight fibers - most of them organized in bundles — with a unimodal but wide fiber

diameter distribution and an average diameter of 1.73 um (Figure 4.1.2.4a").
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Figure 4.1.2.4 SEM images, relative insets and fibers diameter distribution of PLA (a, a', a"'), PLA/WWP (b,
b, b"), WWF-PLA/WWP IN (c, ¢') and WWF-PLA/WWP OUT (d, d') membranes respectively. Graphical explanation of
which part of WWF-PLA/WWP membrane was exanimated with SEM (c¢" and d").

However, fibers of some micrometres can be noted too. Moreover, also beads and polymeric
agglomerates (due to solution dripping phenomena) are present (Figure 4.1.2.4a"). The addition of

WWP to PLA solution lead to a more uniform and randomly oriented morphology (Figure 4.1.2.4b):
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no fibers bundles, beads or polymeric agglomerates can be noted (Figure 4.1.2.4b"). Additionally, a
significant decrease in fiber diameter was achieved reaching an average diameter of 0.75 um (Figure
4.1.2.4b"). This morphology could be useful for improving the filtration efficiency of the membrane
[80,131]. This modification in diameter dimension and morphology could be reasonably addressed
to the increased viscosity of PLA/WWP solution which affect the jet stability during the spinning
process stabilizing it and thus minimizing fluctuations that may cause beads, solution dripping and
inconsistencies in fiber diameter [153]. Moreover, solution whit higher viscosity can result in thinner
fibers due to a better resistance to fragmentation during spinning time. This implies that the polymeric
cone can further elongating under the influence of the air drag. WWF-PLA/WWP bi-layer, was
analyzed considering from both sides off WWP layer after the SBS process: the side in contact with
PLA/WWP (WWF-PLA/WWP IN, see Figure 4.1.2.4c") and the free side (WWF-PLA/WWP OUT,
see Figure 4.1.2.4d"). After PLA/WWP layer was peeling off, WWF-PLA/WWP IN still present some
PLA/WWP strictly adherent to WWF fibers (Figure 4.1.2.4c and 4.1.2.4c"). Moreover, PLA/WWP
fibers can be observed also in WWF-PLA/WWP OUT side (Figure 4.1.2.4d and 4.1.2.4d"). This
confirms that a strong interfacial adhesion between the layers was achieved, ensuring structural
integrity of the bilayer membrane. Additionally, the presence of PLA/WWP fibers in WWF mat
further compact this layer. The WWEF layer acts as a support that enhances the mechanical properties

of the final membrane, while the PLA/WWP layer is responsible for pollutant capture.

6.1.2.7 Ongoing characterization and applicative tests
Characterization of the different fibrous membranes and filtration test of WWF-PLA/WWP

membrane are ongoing. Moreover, reusability of the filtering membrane will be assessed.
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6.2 Water

6.2.1 Biodegradable membrane with high porosity and hollow structure obtained via

electrospinning for oil spill clean-up application

The subsequent text and images have been fully extracted from the published article authored by the candidate
“Scaffaro, R., Gulino, E.F. & Citarrella, M.C. Biodegradable Membrane with High Porosity and Hollow Structure
Obtained via Electrospinning for QOil Spill Clean-up Application. J Polym Environ 31, 3965-3981 (2023).
https://doi.org/10.1007/s10924-023-02876-0 [154]” and are reproduced here with the necessary permissions from
Springer Nature.

Author contribution: Methodology, Software, Validation, Formal Analysis, Investigation, Data Curation,
Writing - Original Draft, Writing -Review & Editing, Visualization.

6.2.1.1 Abstract

The use of biodegradable polymers for the production of membranes to be used in wastewater
treatment has attracted increasing interest considering the possibility of reducing the risk of second
pollution. In this work, porous fibrous membranes based on polylactic acid (PLA) and polyethylene
oxide (PEO) blends were prepared. The solutions were electrospun using two approaches: i)
conventional coaxial electrospinning followed by leaching treatment (double-step, DS); ii) coaxial
wet electrospinning with in sifu leaching (single-step, SS). By varying PEO type and processing
method it was possible to control membranes structure and porosity. DS leaching treatment lead to
surface porosity (i.e. shell leaching), while SS allowed obtaining hollow and porous fibers (i.e. with
shell and core leaching). Process, properties and structure relationships of devices were analysed
trough rheological, morphological, mechanical and surface characterizations. Furthermore, the
influence of the different porous structures on oil sorption capacity and reusability of the membranes
was evaluated. Results reveal that different porosities lead to a variation in membranes mechanical
performance, in their wettability and, consequently, in their oil spill cleanup capacity. Membranes
obtained with SS displayed higher performance in oil removal if compared to the DS ones, due to

their hollow structure and higher surface area.
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6.2.1.2 Preparation of the polymeric porous membranes

PLA, PEO-A and PEO-B solutions ware prepared by dissolving the respective required
amount of polymer in a CF/Ac mixture (2:1 ratio) under magnetic stirring at 25 °C overnight. A
preliminary study of starting solutions and blends were carried out in order to verify their
processability. PLA 10 wt%; PEO-A 10 wt% and PEO-B 5 wt% were selected for further
investigations and from here on we will refer to these concentrations by using acronyms PLA, PEO-
A and PEO-B. As regards the shell polymeric solutions, PLA was mixed with PEO-A or PEO-B at
different relative ratio and PLA/PEO-A and PLA/PEO-B obtained blends were stirring overnight in
order to obtain a homogeneous solution. The compositions of blends here produced are listed in Table
4.2.1.1 PEO-A (10 wt% in CF/Ac 2:1 mixture) was used as core solution for PLA/PEO-A systems

and PEO-B (5 wt% in CF/Ac 2:1 mixture) for PLA/PEO-B ones.

Table 4.2.1.1 Composition of shell PLA/PEO-A and PLA/PEO-B blends.

Sample code PLA (wt %) PEO-A (wt %) PEO-B (wt %)
PLA/PEO-A25 75 25 0
PLA/PEO-A50 50 50 0
PLA/PEO-AT75 25 75 0
PLA/PEO-B25 75 0 25
PLA/PEO-B50 50 0 50
PLA/PEO-B75 25 0 75

Membranes were prepared by using a conventional electrospinning equipment consisting in a
syringe pump and a high voltage power supply (Linari Engineering-Biomedical Division, Pisa, Italy).
The polymeric solutions were filled in a 10 mL glass syringe equipped with coaxial needles
manufactured in AISI 316 stainless steel. The outer needle was attached to the syringe pump
containing the shell solution (PLA/PEO-A or PLA/PEO-B) and the inner was connected to a pump

having, in the core solution (PEO-A or PEO-B respectively). The process was performed using the
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following parameters: supplied high voltage 15 kV; flow rate, 1.5 mL/h; distance between coaxial
needles tip and collector, 12 cm; temperature, 25 °C; and relative humidity, 40 %. The solutions were
electrospun on a grounded collector wrapped in aluminium foil for 1 hour. Aiming to verify if the
gravity could affect the electrospinning process, preliminary DS membranes were prepared with both
horizontal and vertical assembly of the electrospinning set-up. Any statistically significant differences
have been noted between the membranes obtained with the two set-ups from both morphological and
mechanical point of view. Considering that, we decided to keep the horizontal arrangement of the
set-up for convenience. In order to remove the sacrificial polymer (PEO-A or PEO-B) from the
membranes (~20 mm in diameter, about 100 um in thickness), they were submerged in 20 mL of
distilled water at 25 °C for 30 minutes at 50 rpm stirring. After immersion, the membranes were dried

overnight in a vacuum oven. A summary schematic of the process is depicted in Figure 4.2.1.1a.

Membranes were also prepared in single step (SS) processing using the same electrospinning
apparatus, appropriately modified, with the same processing parameters reported above. More in
detail, as depicted in Figure 4.2.1.1b, the polymeric solutions were filled in a 10 mL glass syringe
equipped with coaxial needles that was placed on a vertically arranged syringe pump. The solutions
were then electrospun for 1 hour on a liquid-bath grounded collector (known as wet collector)
wrapped in aluminium foil at the bottom of the vessel. The wet collector (previously equipped with
a magnetic stirrer) and was placed onto a stirrer set at 50 rpm in order to promote fibers dispersion in
the liquid bath. The use of the wet grounded collector allowed the fibers to be submerged in water
contextually to their formation [155—157] aiming to efficiently remove the sacrificial polymer in situ

(single step). After processing, the membranes were dried in a vacuum oven overnight.
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Figure 4.2.1.1 Two-step preparation of dual porous membrane via coaxial electrospinning (a), One-step preparation of
dual porous membranes via coaxial wet electrospinning (b).

6.2.1.3 Rheological characterization of the polymeric solution

After a preliminary investigation, PEO-B 5wt% and PEO-A 10wt% have been chosen for
further preparation. Different concentration of PEO-A and PEO-B in PLA blend may play a key
role to obtain the desired porous structure. To investigate about processing behaviour of PLA/PEO
blends, rheological tests have been performed and the results are reported in Figure 4.2.1.2a and

4.2.1.2b.

In general, all systems showed a pronounced non-Newtonian behaviour in the whole
frequencies range and for both PEOs, at any PLA/PEO ratio. Moreover, all the blends displayed
higher viscosity if compared to neat PLA. As regards PLA/PEO-A blends, in Figure 4.2.1.2a it can
be observed that their rheological behaviour is substantially dominated by PLA up to 50wt% PEO.
Differently, PLA/PEO-A7S5 viscosity curve, similarly to that of neat PEO-A, presents remarkable
non-Newtonianism with an ensuing more pronounced shear thinning at higher frequencies, similarly
to PEO-A. Regarding PLA/PEO-B blends, presented in Figure 4.2.1.2b, any dependence on PLA up
to 5S0wt% PEO can be noted. Contrariwise, the progressive PEO-B addition induces a gradual increase
in the viscosity of the solutions [158]. The non-Newtonian behaviour is preserved for all PLA/PEO-

B blends in the whole frequencies range.
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Figure 4.2.1.2 Rheological curves of PLA/PEO-A (a) PLA/PEO-B (b) blends solutions at different PLA/PEO ratio.

Considering that in our case the shear rate was estimated as about 4 1/s and that consequently
it was found (during preliminary investigation) that the effective operating viscosity range to achieve
good electrospun structures is therefore about 102-5*10° Pa*s, it is possible to observe that all
PLA/PEO-A and PLA/PEO-B blend fall within this range. This outcome suggested the potential

electrospinnability of all the PLA/PEO blends.

6.2.1.4 Morphological characterization of the fibrous membranes
The morphology of PLA/PEO-A and PLA/PEO-B electrospun mats together with
corresponding fibers diameters distribution diagrams are shown in Figure 4.2.1.3. It is well known

that electrospinning of high viscosity solutions leads to fibers with large and irregular diameters
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[159]. In accordance with the scientific literature, PLA/PEO-A25 and PLA/PEO-B25 membranes
(Figure 4.2.1.3a and 4.2.1.3b respectively) resulted in randomly oriented continuous fibers with rough
and large surface and bead-free morphology. Moreover, they both displayed unimodal size
distributions, whose mean values of 1 and 1.2 um respectively (Figure 4.2.1.3c). PLA/PEO-A50 and
PLA/PEO-B50 membranes (Figure 4.2.1.3d and 4.2.1.3e respectively) displayed fibers diameter
average values of 1.2 um and 1.23 pm respectively (not statistically significant; Figure 4.2.1.3f). Also
in these cases, a unimodal size distribution can be noted (Figure 4.2.1.3f). Moreover, it is possible to
observe the presence of two distinct phases along the fibers, probably identifiable with PEO
agglomerations can be identify along PLA fibers (see for instance red line in Figure 4.2.1.3¢). On the
contrary, PLA/PEO-A75 and PLA/PEO-B75 (Figure 4.2.1.3g and 4.2.1.3h respectively) showed a
multimodal size distribution with maxima and mean values of 2 and 1.9 respectively (Figure 4.2.1.31).
Furthermore, the presence of PEO agglomerations along the fibers are even more evident in these
cases. In general, the presence of PEO agglomerations is more evident in PEO-B containing systems
if compared to PEO-A ones, for each PEO concentrations. This behaviour can be reasonably
explained considering that PEO-A and PEO-B have quite different molecular weights. PEO-A (100
kDa), in fact, is likely characterized by higher miscibility in PLA if compared to PEO-B (600 kDa)
as reported elsewhere for similar systems [158,160]. Lower miscibility of PEO-B reasonably lead to
the formation of larger PEO aggregates along fibers surface (see, for example, red arrow in Figure

4.2.1.3h).
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Figure 4.2.1.3 SEM micrographs of PLA/PEO-A25 (a), PLA/PEO-A50 (b), PLA/PEO-A75 (d), PLA/PEO-B25 (e),
PLA/PEO-B50 (g) and PLA/PEO-B75 (h) electrospun membranes and corresponding fibers diameters distribution
diagrams (c, f, i).

The presence of different concentrations of PEO-A or PEO-B plays a key role in obtaining
membranes with different porosity. Both PEO-A and PEO-B, in fact, are totally soluble in water and
for this reason they were chosen as sacrificial phases. As regards DS process, by submerging the
obtained membranes in water, leaching of the PEO phase was performed and a higher porosity in

electrospun membranes was verified by SEM, as shown in Figure 4.2.1.4.
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Figure 4.2.1.4 SEM micrographs of PLA/PEO-A25L (a), PLA/PEO-B25L (b), PLA/PEO-A50L (d), PLA/PEO-B50L (e),
PLA/PEO-A75L (g), and PLA/PEO-B75L (h) electrospun membranes and corresponding fibers diameters distribution
diagrams (c, f).

After leaching, PLA/PEO-A25L (Figure 4.2.1.4a) showed a quite stable structure with a good
retention of fiber morphology and the presence of pores along fibers surface. On the contrary,
PLA/PEO-B25L membrane (Figure 4.2.1.4b) exhibited porous and non-homogeneous fibers with
coalescence between some of them. When 50% of PEO is added (Figure 4.2.1.4d, e), more marked
differences can be observed between membranes before and after leaching. In particular, PLA/PEO-
ASOL (Figure 4.2.1.4d) showed an alteration of fibrous structure with starting coalescence between

fibers. On the contrary, PLA/PEO-B50L (Figure 4.2.1.4¢) showed a significant alteration of fibers
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architecture with a bad retention of fiber morphology. More in detail, fibers appear flattened and non-
homogeneous reasonably due to poor miscibility of PEO-B in PLA phase. In fact, when 50% of PEO-
B is leached, fibers collapse due to lack of support of insoluble phase (PLA) [158]. This behaviour
does not occur in the presence of PEO-A. Its better miscibility, if compared to PEO-B one, in fact,
allows preserving fibers structure during leaching. Accordingly, in PLA/PEO-A75L (Figure 4.2.1.4g)
only a partial collapse of the fibers can be noted while PLA/PEO-B75L (Figure 4.2.1.4h) showed a
totally collapsed fibrous structure and no fibers can be observed. Considering the good fibers
retention after leaching of PLA/PEO-A25 and PLA/PEO-B2S5, the corresponding solutions were
selected to be processed by adopting single step process. The use of the wet collector (SS) lead to
different morphological structure due to in situ leaching occurrence. In Figure 4.2.1.5 SEM
micrographs and schematic description of leaching mechanism of PLA/PEO-A25W and PLA/PEO-
B25W membrane are shown. PLA/PEO-A25W membrane (Figure 4.2.1.5a, b and 4.2.1.6a) shows a
quite stable structure with a good retention of fiber morphology and the presence of nano-porous and
hollow fibers (Figure 4.2.1.5f). Moreover, multimodal size distribution can be noted (Figure
4.2.1.5¢). PLA/PEO-B25W membrane (Figure 4.2.1.5¢ and 4.2.1.5d) shows micro-porous and
hollow fibers, however a less stable and homogeneous fibrous structure with a micro-porous fiber
can be observed (Figure 4.2.1.6f). Also in this case, a multimodal size distribution can be noted
(Figure 4.2.1.5g). Furthermore, fibers opening occurs (see Figure 4.2.1.5h and, for example, arrow in
Figure 4.2.1.5¢). This behaviour could be reasonably attributed to the presence of large
agglomerations of PEO-B in the shell surface due to its poor miscibility in PLA [161]. In particular,
when the fibers were projected to the wet collector, during electrospinning, sudden dissolution of
PEO-B occurs inducing fiber opening with a peculiar morphology, showing a contextual intense
leaching of core and shell of the fiber with pores widely distributed in both areas of the fiber, in some
cases forming deep superficial furrows likely due to intense superficial leaching. This can be
explained considering that PEO-B tends to form large aggregates that will turn in larger pores once

leached.
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Figure 4.2.1.5 PLA/PEO-A25W and PLA/PEO-B25W SEM micrograph (a, b and c, d respectively), corresponding
fibers diameters distribution diagrams (e and g respectively) and of scheme of leaching mechanism (f and h
respectively).
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Figure 4.2.1.6 PLA/PEO-A25W (a) and PLA/PEO-B25W (b) fibers SEM micrograph.

Figure 4.2.1.7 shows a modelization of the leaching process in the two cases, based on the obtained
results. As regards DS, Figure 4.2.1.7a, post-processing leaching treatment occur in fibers with a
stabilized structure without residual solvent. Consequently, 30 minutes of leaching is evidently not
enough to grant complete core leaching. On the other hand, for SS, Figure 4.2.1.7b, leaching and
electrospinning occur simultaneously. During spinning, prior to fibers deposition in the wet collector,
part of the solvent could remain inside the fibers. Therefore, the presence of non-stabilized fibers,
containing residual solvent, promoted penetration of the leaching agent into the core. The two

proposed mechanism are in full agreement with the observed morphologies in both cases.

I

» PEO Water PLA post ES” | PLA during ES

Figure 4.2.1.7 Schematic description of fibers leaching mechanism of shell leaching achieve with double-step method
(a) and core and shell leaching achieve with single-step method (b).
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6.2.1.5 FT-IR/ATR analysis

In order to get further confirmations about leaching modelization in DS and SS, ATR-FTIR
measurements were carried out on neat PLA, PLA/PEO-A and PLA/PEO-B blends mats before and
after leaching. FTIR analysis was performed also on PLA/PEO-A25W and PLA/PEO-B25W
membranes. The related FTIR spectra are shown in Figure 4.2.1.8 and the relevant characteristic

peaks are resumed in Table 4.2.1.2.

PLA revealed a neat band at 1759 cm™! (-C=0 band referable to PLA carbonyl groups)
[162,163]. As expected, PLA/PEO-A and PLA/PEO-B blends show bands typical of both PLA and
PEO-A or PEO-B. In particular, it could be noticed a band at 1344 cm™ (CH>), a peak at 1150 cm’!
(related to the C-O-C stretching vibration of PEO) and CH stretching mode at 2891 ¢cm™! in PEO-A
and PEO-B spectra [164—166]. The same bands also appeared in PLA/PEOs blends confirming the
correct incorporation of PEOs in the nanofibrous membranes. It is also possible to observe that these
bands increase in intensity upon increasing the PEO-A or PEO-B amount in the blends. On the
contrary, it is possible to observe a band with decreasing intensity (1759 cm™! carbonyl group PLA)
upon increasing the PEO-A amount in the blends [167]. However, this behaviour cannot be noticed

for PEO-B blends.

Spectroscopical analysis therefore confirms that PEOs have been removed by leaching
process both in DS and in SS. Moreover, in this latter case the decreasing of the related bands is more

pronounced, confirming the hypotheses that more intense leaching occurs during SS process.
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Table 4.2.1.2 FTIR peak values and relative functional groups.

Polymer Wavenumber (cm™) Functional group Vibrations Ref.

PLA 1759 -C=0 carbonyl stretch [162,163]
PEO 1344 CH2 symmetric stretching [164-166]
PEO 1150 C-0-C stretching vibration [164—166]
PEO 2891 CH stretching mode [164—166]

6.2.1.6 Water contact angle (WCA) Measurements
The membranes obtained by the two methods, are formed by fibers with different
architectures, also causing changes in their wettability. In this view, water contact angle (WCA) tests

have been performed on all the systems and results are reported in Figure 4.2.1.9.

PLA showed a hydrophobic behaviour with a WCA of 103° in accordance with the scientific
literature [168,169]. Non-leached systems containing PEO-A show higher WCA if compared to the
PEO-B ones (Figure 4.2.1.9). This behaviour, according to the morphological characterization, could
be explained by considering the presence of larger PEO agglomerations along the fibers in PLA/PEO-
B blends if compared to PLA/PEO-A ones before the leaching step. WCA value of leached systems
surprisingly showed an increase in wettability if compared to the non-leached ones. Moreover, this
increase is even more evident for PLA/PEO-A25W and PLA/PEO-B25W. This behaviour, according
to the morphological characterization, could be explained by considering the increase in porosity of
the leached membranes: the presence of large pore and the achievement of a hollow structure in the
fibers, induced by in situ PEO leaching, lead to the obtainment of membranes with long
interconnected pores [160]. In fact, despite results seems to not match Wenzel equation, is necessary
to consider that the hollow structure and the interconnected pores are responsible of liquid capillary
transport through the membranes thus leading to peculiar fibers architecture and consequent lower

WCA values [170].
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Figure 4.2.1.9 WCA values of neat PLA, PLA/PEO-A25, PLA/PEO-B25, PLA/PEO-A25L, PLA/PEO-B25L, PLA/PEO-
A25W and PLA/PEO-B25W membranes.

Wenzel’s equation state that WCA value should decrease as roughness increases. However, it
is known in the scientific literature that, even though roughness increases, the presence of long
interconnected channel in the membrane leads to an increase in WCA value instead of decrease. The
effect of porosity on wettability, in fact, overcome the one induced by surface roughness increases
[171,172]. Considering that, it is important to underline that the value obtained during WCA test are
distorted by liquid capillary transport effect and shouldn’t be considered as an increase of
hydrophilicity. In addition, in PEO-B systems lower WCA value (if compared to PEO-A ones) are
obtained due to the already commented differences in porous structure between PEO-A (smaller

pores) and PEO-B (larger pores).

6.2.1.7 Mechanical properties

To evaluate different mechanical performance of the membranes, elastic modulus (E), tensile
strength (TS) and elongation at break (EB) have been measured and results are reported in Table

4.2.1.3.
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PLA exhibits elastic modulus, tensile strength and elongation at break of 60 MPa, 1.2 MPa
and 45% respectively. If compared to PLA, all the unleached systems containing PEO-A does not
show substantial differences i.e. mechanical performance that is controlled by PLA. These results are
in accordance with other similar systems [158]. On the contrary, PEO-B membrane shows a different
behaviour: as PEO-B content increase mechanical performance of the samples decrease. In detail, the
addition of 25%, 50% and 75% of PEO-B induced a remarkable decrease in elastic modulus of
PLA/PEO-B25, PLA/PEO-B50 and PLA/PEO-B75. If compared to the corresponding non-leached
systems, PLA/PEO-A25W exhibits similar mechanical properties, on the contrary, PLA/PEO-B25W
shows a clear decrease in E, TS and EB. PLA/PEOA-25L and PLA/PEO-B25L (DS) showed the
same behaviour of their SS counterparts. The simultaneous decrease in modulus and elongation at
break on increasing PEO-B content, confirms the typical behaviour of immiscible couples. In fact,
poor miscibility of PEO-B phase leads to the formation of an irregular and heterogeneous fibrous
structure with consequent disruption of some fibers. According to the morphological analysis,
moreover, the presence of PEO-B phase agglomerations along the fibers induces discontinuity in the
membranes structure leading to the formation of weak points across them. On the contrary, the good
miscibility of PEO-A in PLA allows obtaining homogeneous structures leading to better mechanical

performance if compare with PEO-B systems [158].

Table 4.2.1.3 Elastic modulus (E), tensile strength (TS), and elongation at break (EB) of the electrospun membranes.

Sample E (MPa) TS (MPa) EB (%)
PLA 60 +2.3 1.2+£0.5 45+ 4.6
PLA/PEO-A25 58 +3.7 20+£04 5672
PLA/PEO-A50 62 +12.8 09103 48 £ 9.5
PLA/PEO-AT75 5Tx7.7 0.8+0.3 43 +5.6
PLA/PEO-B25 44+ 0.2 1.4 £0.1 54+13.9
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PLA/PEO-B50 26 £ 11.2 0.1 £0.1 42 +£9.2

PLA/PEO-B75 12+35 04102 26 £ 13.1
PLA/PEO-A25W 52 +85 08102 45+ 6.5
PLA/PEO-B25W 10 £ 2.1 05+04 18 +£3.1
PLA/PEO-A25L 55+5.0 1.8+ 0.6 38+ 11.0
PLA/PEO-B25L 12+2.0 05+09 15+£6.0

6.2.1.8 QOil spill clean-up capacity of the porous membranes

The particular architecture observed for these membranes suggests their potential use as
sorbent materials for oil spill cleanup. Six different kinds of oils (motor oil, exhausted motor oil, olive
oil, exhausted olive oil, sunflower oil and exhausted sunflower oil) were chosen and their adsorption
capacity by PLA, PLA/PEO-A25L, PLA/PEO-B25L, PLA/PEO-A25W and PLA/PEO-B25W were
teste and results are shown in Figure 4.2.1.10. As expected, PLA membranes showed the lowest q
value for all kind of oils tested. DS leached systems showed a slight increase in absorption capacity
if compared to PLA membrane. The maximum absorption capacity for every type of oil was achieved
by one-step leached systems. In particular, PLA/PEO-A25W and PLA/PEO-B25W showed the
highest oil adsorption capacity for exhausted motor oil, with a q value of 115 and 137 g/g respectively.
According to the scientific literature, the presence of high porosity, high surface area or empty
channels increase oil absorption capacity of a membrane [173,174]. The low q value of PLA
membrane, in fact, could be likely ascribed to its smooth and homogeneous fibers. The increase in
absorption capacity values displayed by DS systems, could be reasonably attributed to the presence
of fibers with porous surfaces. The best q values displayed by PLA/PEO-A25W and PLA/PEO-B25W
are could be likely ascribed to the combination of a shell with large pores (also structured in furrows)
and a core hollow structure. This particular structure, in fact, likely caused an increase of surface area

and the formation of channels facilitated a deeper penetration of motor oil in the whole membrane.
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Figure 4.2.1.10 Oil adsorption capacities of motor oil, exhausted motor oil, olive oil, exhausted olive oil, sunflower o0il

and exhausted sunflower oil by membranes.

Moreover, PLA/PEO-A25W and PLA/PEO-B25W exhibit the best adsorption capacities for
motor oil and the worst adsorption capacities for sunflower oil. According to the scientific literature,
this behaviour should be addressed to the higher viscosity of motor oil (if compared to olive and
sunflower oil ones) that make it difficult for the oil to flow out of the membranes once it enters the

channels of the hollow fibers [174].

In Figure 4.2.1.11 is reported the oil spill clean-up process successfully carried out by

PLA/PEO-B25W.

Figure 4.2.1.11 Olive oil spill clean-up process using PLA/PEO-B25W.

115



Table 4.2.1.4 shows the oil adsorption capacities of the wet coaxial electrospun PLA/PEO membranes
and other adsorbents reported in literature. It can be noticed that, compared to other similar systems,
wet coaxial electrospun PLA/PEO membranes exhibited excellent oil absorption capacity. Moreover,
devices produced in this work were obtained in a single step process without using any additional

chemicals.

Table 4.2.1.4 Comparison of oil adsorption abilities between wet coaxial electrospun PLA/PEO membrane and other

adsorbents systems reported in literature.

Absorption
Additional
Membrane Materials Processing Capacity Ref.
Chemicals
lg/gl
Coaxial and hollow PAN, acetone, electrospinning + stabilization +
10 - 45 [175]
fibers PMMA chloroform  carbonization
Porous fibers PLA - electrospinning + annealing for 12h 22 -42 [176]
Rough nanofibers PLA, PHB - electrospinning 10-15 [177]
Rough nanofibers PLA, SiO2 - solution blow spinning 20 [178]
Fibers and micro o
PCL, MSO - electrospinning + electrospray 22 -32 [179]
spheres
Fibers and micro PMMA, hexane, electrospinning + electrospray +
) ] 55-40 [180]
spheres PDMS curing agent  curing 3h
Coaxial and hollow
b PLA, PDLA n-eptan electrospinning + leaching-two steps 90 - 200 [174]
ibers
Coaxial and hollow
PLA, PVA - electrospinning + leaching-two steps 23 [181]
fibers
Coaxial and porous o this
PLA, PEO - one step electrospinning and leaching 70 - 137
hollow fibers work

6.2.1.9 Reusability of the porous membranes
Exhausted motor oil absorption ability of the electrospun membranes was monitored for up to
five cycles to evaluate their reusability and the related performance. In this direction, membranes

were washed in ethanol after used and the re-exposed to oil. The results are shown in Figure 4.2.1.12.
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Figure 4.2.1.12 Exhausted motor oil absorption capacity monitored for up to 5 cycles for PLA, PLA/PEO-
A25W, PLA/PEO-B25W, PLA/PEO-A25L, PLA/PEO-B25L.

After each cycle, PLA showed a decrease in absorption capacity (q). This decrease in q is
probably attributable to the incomplete removal of oil from the membrane between cycles due to

difficulty of penetration of the solvent during the rinsing phases.

A slight decrease (statistically significant only from the III cycle onwards) in q can be also
observed for PLA/PEO-B25W after each cycle due to partial macroscopical damage of the membrane
during the rinsing phase. On the contrary, no substantial variations can be evidenced for DS leached
systems even after five cycle of oil absorption. The same behaviour can be observed for PLA/PEO-
A25W and, again, is probably attributable to the peculiar fibers structure achieved for this system.
During the rinsing phases, in fact, the penetration of the solvent is promoted by the porous and hollow

structure of the fibers [180], thus granting a complete oil removal.

6.2.1.10 Conclusions

In this work, a new method for produce, in one-step, biodegradable membranes with hollow
and porous fibers with high oil absorbance efficiency is presented. More in detail, membranes with
hollow and (or) porous and fibers, based on polylactic acid (PLA) and polyethylene oxide (PEO)

blends, were prepared using two approaches: 1) conventional coaxial electrospinning followed by
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leaching treatment (double-step); ii) coaxial wet electrospinning with in situ leaching (single-step).
The relationships between materials, process, properties and structure of the obtained devices were
analysed trough rheological, morphological, mechanical and surface characterizations. Results reveal
that by varying PEO molecular weight and amount in the PLA/PEO blends it was possible to tune the
fibers structure, especially after the leaching treatment, due to the difference in miscibility of the
phases. Moreover, wet electrospinning production method allowed fabricating hollow and porous
fibers (i.e. shell and core leaching) which, otherwise, could not be obtained with the double-step
process that only leads to surface porosity (i.e. shell leaching). In fact, during the in situ leaching, not
jet stabilized fibers, containing residual solvent, come into contact with the leaching agent promoting

its penetration into the core creating the hollow structure.

Differences in polymeric compositions or morphology have led also to a variation in
membranes mechanical performance: the occurrence of discontinuity in the fibers, due to the presence

of an immiscible phase or porosity, leads to a decrease of membranes elastic modulus.

The two-step and the in situ leached systems both displayed morphological characteristics and
mechanical property potentially suitable for oil spill cleanup application. Oil absorbance test reveal
that membranes obtained via single-step method displayed higher performance in oil removal, if
compared to the ones obtained through the post processing leaching, due to their hollow and porous

structure that ensure higher exposed surface area.
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6.2.2 Sustainable 3D Fibrous Structures based on PLA and Natural Wastes for
Household Wastewater Treatment: Dye Absorption and FOG (oil/water)

Separation

6.2.2.1 Abstract

Water is fundamental to life and ensuring the treatment of wastewater is crucial for both
human health and the preservation of our planet. To address the growing issue of food industries and
household wastewater pollution, it is essential to explore the use of sustainable devices to avoid
secondary pollution. In this study, 3D fibrous structures based on PLA and natural waste fillers
namely as Opuntia Ficus Indica (OFI), Posidonia Oceanica Leaves (POL) and lignin (LIG) were
successfully developed via wet solution blow spinning and characterized to explore their potential
application for the treatment of wastewater. Methylene blue, (MBL) and fat oil and greases mixture
(FOG, oil-water) were used to verify the effectiveness of the prepared materials for the
separation/removal of pollutants. The PLA composites containing LIG and POL exhibited superior
performance in both MBL absorption and FOG removal, thanks to their increased surface area and
the oleophilic properties of lignin both contributing to the enhancement of the hydrophobic behaviour
of the structures. Although both pseudo-first-order and pseudo-second-order kinetic models were
applied to the adsorption data, neither provided an adequate fit, suggesting that the adsorption process
is more complex, likely influenced by surface heterogeneity. Moreover, PLA/POL and PLA/LIG
fibrous structures demonstrated also satisfying stability maintaining good oil removal efficiency
across four reuse cycles. These results underscore the potential of integrating biodegradable polymers

and natural waste materials for creating efficient and eco-friendly solutions for wastewater treatment.
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6.2.2.2 Preparation of PLA/fillers dispersions and 3D fibrous structures

OFI cladodes and POL scraps were washed with water at room temperature and then oven-
dried at 60 °C for 48 hours. Afterward, both scraps were chopped and ground for 3 minutes using a
conventional mixer. Following this step, OFL, POL and LIG particles were processed in a ball milling
(Retsch MM 500 nano, Germany) for 30 minutes at 20 Hz to produce micrometric powder (1-10 pm).
A 10 wt% PLA solution was prepared in a chloroform/acetone (Chl/Ac) mixture at a 2:1 ratio. Once
the PLA had fully dissolved, 10 wt% (relative to PLA mass) of OFI, POL, and LIG powders were
individually dispersed into the PLA solution (as depicted in Figure 4.2.2.1a), with magnetic stirring
at 25 °C maintained overnight.

The production of composite 3D structures was carried out via wet solution blow spinning
process (Figure 4.2.2.1b) with a home-made solution blow spinning (SBS) apparatus. More in detail,
the SBS process was performed on a liquid collector (DI water at room temperature). The feed rate
and the pressure were maintained at 50 mL/h and 0.6 MPa respectively and the needle-to-collector
distance was 10 cm. After the membrane was formed on the liquid collector, it was carefully collected
from the water surface and pressed using a perforated metallic plate (Figure 4.2.2.1b) to create a 3D
fibrous device (Figure 4.2.2.1c). The membranes were shaped into cylindrical structures with a height
of 5 mm and a diameter of 3 mm. The blow spinning time was limited to 10 seconds for the
obtainment of each 3D structure. The temperature during processing was kept at 23 + 2 °C, and the
relative humidity of the air was 50 = 5 %. The obtained fibrous membranes were then dried at room
temperature for 24 h to remove any residual solvent. According to the starting dispersions, the

membranes were labelled PLA, PLA/OFI, PLA/POL and PLA/LIG (Figure 4.2.2.1c¢).
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Figure 4.2.2.1 Schematic illustration for the preparation of the composite 3D structures: (a) preparation of the
composite dispersions, (b) fabrication via wet solution blow spinning of the 3D structures, (c) optical photograph of the
obtained PLA, PLA/OFI, PLA/POL, and PLA/LIG composite 3D structures.

6.2.2.3 Morphology of natural particles

The morphological analysis of OFI, POL, and LIG particles following the ball-milling process
was examined through SEM, as shown in Figure 4.2.2.2a-c. The respective particles size distribution,
in terms of equivalent diameter, are reported in Figure 4.2.2.2a'-c". Both OFI and LIG particles (Figure
4.2.2.2a, c) exhibit a generally spherical shape, with an average diameter of approximately 2.2 um
(Figure 4.2.2.2a', ¢'). While LIG particles appear uniform in both size and shape, OFI powder includes
a few larger, more elongated particles. POL particles, in contrast, showed irregularly shaped particles
with average diameter of around 5 pm (Figure 4.2.2.2b"), alongside a few larger particles, up to 90
um in size, as can be observed in Figure 4.2.2.2b. Unlike OFI and LIG, POL particles also display a
porous structure with deep surface channels. Despite these differences, OFI, POL, and LIG powders

all appear dimensionally compatible with the solution blow spinning process.
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Figure 4.2.2.2. SEM images and size distribution of OFI (a, a’), POL (b, b’), LIG (c, c’) particles respectively.

6.2.2.4 Rheological characterization

Rheological tests have been performed on the polymeric dispersions and the results are
reported in Figure 4.2.2.3. Neat PLA exhibits a distinctly non-Newtonian behaviour over the entire
frequency range. Upon the addition of natural particles to the PLA solution, a noticeable increase in
viscosity across the frequency range was observed, although the overall rheological behaviour of all
the composite dispersions remained consistent. As already observed in our previous work [129], the
inclusion of POL powder causes a more pronounced increase in viscosity compared to OFI and LIG
ones. To address this issue, it is necessary to consider the porous structure of the larger POL particles
(Figure 2b). This porosity, in fact, offer more sites for physical interaction with PLA, resulting in

greater resistance to deformation and increased viscosity, as observed in similar systems [133,134].
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Figure 4.2.2.3 Complex viscosity of the polymeric dispersions.

6.2.2.5 Morphology of 3D fibrous structures

The solution blow spinning process proceeded smoothly for all the polymeric dispersion
containing the natural fillers and any clogging of the needle (1 mm diameter) occurred. The
morphologies of PLA, PLA/OFI, PLA/POL and PLA/LIG 3D fibrous structures were evaluated by
SEM, relative fibers diameter distributions were calculated and the results are reported in Figure
4.2.2.4a-d and in Figure 4.2.2.4a"-d" are reported the respective magnifications. PLA structures
(Figure 4.2.2.4a) exhibit randomly oriented fibers mainly characterized by a unimodal fibers diameter
distribution with an average diameter of 1.9 um (Figure 4.2.2.4a"), alongside a few larger fibers of
about 10 um in size, as can be observed in the magnification (Figure 4.2.2.4a’). The addition of
natural fillers significantly affects fibers shape according to the rheological characterization of the
dispersions (see Figure 4.2.2.3). More in detail, the addition of OFI or LIG powder in PLA solution
leads to a significative decrease in the fibers diameters, resulting in a unimodal, wide fibers diameter

distribution with an average of 1.3 pm (Figure 4.2.2.4b") and 0.8 um (Figure 4.2.2.4d") respectively.
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Figure 4.2.2.4 SEM images, relative insets and fibers diameter distribution of PLA (a, a', a"'), PLA/OFI (b, b’
b'"), PLA/POL (c, ¢', ¢") and PLA/LIG (d, d', d") membranes respectively.
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Additionally, PLA/OFI fibers appear randomly oriented with some OFI particles well
distributed all over the membrane, as better observed in Figure 4.2.2.4b', while LIG ones seems to be
almost entirely embedded into PLA fibers (Figure 4.2.2.4d, d'). This indicates that particles exceeding
a few micrometres in size, which are unable to be fully embedded within the fibers, can be expelled
through the needle and adhered to the fiber surfaces, becoming part of the fibrous structure.

The decrease in fibers diameters is less pronounced in PLA/POL structures in which the fibers
are characterized by a unimodal, narrow fiber diameter distribution with an average diameter of 1.7
um (Figure 4.2.2.4c"). Moreover, POL particles could be extensively identified in SEM image (Figure
4.2.2 4c, ¢') together with some beads (see the red arrow in Figure 4.2.2.4c).

To address the fibers diameter decrease of composites structures, it is necessary to consider
that the variations in the composition of the spinning solution typically influence its viscosity, which
can, in turn, impact the morphology of the fibers [153]. More in detail, higher viscosity helps to
stabilize the electrospinning jet, minimizing fluctuations that may cause inconsistencies in fibers
diameter [153]. Moreover, when the solution has a higher viscosity, it may resist fragmentation better
and elongate further under the influence of the air drag, resulting in thinner fibers. However, if the
viscosity is too high, it can inhibit fibers formation, leading to discontinuities fibers or beads

formation [106,182].

6.2.2.6 Wettability of 3D fibrous structures
The wettability of the devices plays a crucial role in achieving emulsion separation. The
wetting performance of the 3D fibrous structures was assessed by measuring the time-dependent
evolution of water and oil contact angle in air and the relative results are reported in Figure 4.2.2.5.
Water-in-air contact angle tests revealed that the PLA 3D fibrous structures exhibit
hydrophobic behaviour, as expected for the material, with a contact angle of 92°. The addition of
natural fillers, leading to fibers with smaller diameters and fibers bundles, results in surfaces with

increased roughness. According to Wenzel's model, this increased roughness enhances the
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hydrophobic behaviour of the composite 3D structures [183]. Consequently, contact angles of 110°,
115°, and 118° were observed for PLA/OFI, PLA/POL, and PLA/LIG 3D fibrous structures,
respectively. Additionally, the increasing lignin content, given by the added natural fillers, reasonably
contributes to the enhancement of the hydrophobic behaviour of the structures [184,185]. The
wettability tests for oil in air, shown in Figure 4.2.2.5b-e, revealed that all the 3D fibrous structures,
PLA, PLA/OFI, PLA/POL, and PLA/LIG, exhibit immediate oil absorption, with contact angles
approaching zero. In all the cases, the oil droplets were instantly absorbed upon contact. This is

consistent with the known low barrier properties of PLA against non-polar substances like oils [186].

a PLA 0-60s 0-60s 0-60s 0-60s
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Figure 4.2.2.5 3D fibrous structures water and oil wetting behaviour: water wettability in air (a); wettability
of oil in air of PLA (b), PLA/OFI (c), PLA/POL (d), PLA/LIG (e).
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6.2.2.7 Methylene blue sorption and kinetics study

Methylene blue (MBL) sorption ability and kinetics of the 3D fibrous structures was evaluated
by immersing them in MBL solutions for 24 hours and relative results are reported in Figure 4.2.2.6.
Figures 4.2.2.6a-d show the of UV-Vis absorption spectra in the 500-800 nm range relative to MBL
absorption peak (665 nm) at various time intervals (0, 3, 6, 8, 12, 18, and 24 hours) for PLA (a),
PLA/OFI (b), PLA/POL (c), and PLA/LIG (d). Each panel (a-d) includes photographs of the
corresponding solution before (0 h) and after 24 hours of adsorption. The progressive reduction in
the absorption peak indicates a decreasing in concentration of MBL in the solution. The most
pronounced reduction can be observed for PLA/POL and PLA/LIG structures, in accordance with the
colour of the solutions after 24 hours of absorption. As it is possible to notice from Figure 4.2.2.6e,
PLA/LIG shows the highest removal efficiency reaching almost 90 % in the first 10 hours (92 % after
24 h) of the absorption test, followed closely by PLA/POL (80 % after 10 h and 87 % after 24 h) and
PLA/OFI (65 % after 10 h and 70 % after 24 h). Neat PLA exhibited the worst performance, with
only 40 % of MBL removed after 10 h and 55 % after 24 h. In Figure 4.2.2.6¢ are also reported the
digital photos of PLA/LIG (top left corner) and PLA (bottom right corner) 3D structures after 24h of
absorption test.

The high removal efficiency observed in the PLA/LIG and PLA/POL can be primarily
attributed to the presence of lignin. Lignin is known for its complex aromatic structure, rich in
functional groups such as hydroxyl and methoxy, which facilitate strong chemical interactions with
MBL [185]. These functional groups enable both hydrogen bonding and n-n interactions between the
lignin and the aromatic rings of MBL, enhancing the adsorption process. In particular, POL contain
significantly higher lignin content compared to OFI [129]. Furthermore, in accordance with SEM
images (Figure 4.2.2.4), the addition of the natural fillers results in smaller fibers diameters compared
to neat PLA. This reduction in fibers diameter likely leads to an increased surface area, which
provides more exposed active sites for adsorption, further enhancing the removal efficiency of PLA

fibers.
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Figure 4.2.2.6 Time-dependent adsorption of MBL: UV-Vis absorption spectra of MBL over time (0-24 h) for
PLA (a), PLA/OFI (b), PLA/POL (c), and PLA/LIG (d). Insets show the appearance of the MBL solution at 0 h and 24
h. MBL removal efficiency (%) as a function of time (e) and linearized pseudo first and pseudo second order kinetic
plots of the adsorption process, symbols represent experimental points and lines the theoretical ones (f).
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Therefore, the superior performance of both PLA/LIG and PLA/POL can be directly
correlated with the combination of lignin-derived functional groups and the morphological changes
induced by filler addition, which together maximize the adsorption capacity of the composites.

Pseudo first and pseudo second order kinetic models were studied for the adsorption of the
MBL. Neither the pseudo-first-order (PFO, Figure 4.2.2.6f) nor the pseudo-second-order (PSO,
Figure 4.2.2.6f) kinetic models provided an adequate fit for the adsorption behaviour of MBL. The
PFO model is generally applicable when the rate of adsorption is controlled by the difference between
the concentration of the adsorbate in solution and the amount adsorbed at the surface. The PSO model
is more suitable when chemisorption dominates, where the rate depends on the number of active sites
on the adsorbent surface and the interaction between the adsorbent and adsorbate [187]. Herein, the
failure of both models can be attributed to the highly irregular surface morphology of the 3D fibrous
structures, with each sample exhibiting distinct shapes. Additionally, as already seen in SEM images
(Figure 4.2.2.4), during SBS process, fibers bundles were formed and this behaviour further
complicating the adsorption process by creating heterogeneous and complex surfaces. Moreover,
natural filler particles are randomly distributed both in location and quantity in the 3D fibrous
structures, introducing further variability. These irregularities in surface structure, combined with the
random distribution of the filler particles, likely result in adsorption mechanisms that cannot be
described by simple kinetic models like PFO or PSO. The complexity of the system suggests that the
adsorption process is influenced by a range of factors, including surface heterogeneity and possibly

diffusion limitations, which are not accounted for in these kinetic models.

6.2.2.8 FOG (Oil-Water) Separation
The wastewater sample used for the separation test was provided by a waste management
company (Ecodep Srl) that handles, among other, liquid waste from the food industry or restaurant

kitchens.
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The solid wastes were filtered aiming to separate only the liquid part of the oil in water

emulsion. FOG sorption ability of the 3D fibrous structures was evaluated by immersing them in the

oil in water emulsion for 24 hours and relative results are reported in Figure 4.2.2.7.
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Figure 4.2.2.7 Time-dependent separation of FOG: UV-Vis absorption spectra of water, FOG, and FOG-
treated with PLA (a), PLA/OFI (b), PLA/POL (c), and PLA/LIG (d) 3D fibrous structures. Insets show the appearance
of the oil in water emulsion at 0 h, 12 h and 24 h. FOG removal efficiency (%) as a function of time (e) and reusability
of the 3D fibrous structures (f).
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The removal efficiency of the 3D structures was evaluated by investigating the transmittance
spectra of the emulsions through UV-vis spectroscopic analysis. Neat PLA (Figure 4.2.2.7a) and
PLA/OFI (Figure 4.2.2.7b) structure, exhibits a gradual but modest increase in transmittance over
time, indicating partial FOG removal. As can be seen from the insets, even after 24 hours of testing,
the emulsion remains quite cloudy. PLA/POL structures (Figure 4.2.2.7c), shows further
improvement in FOG removal, as evidenced by higher transmittance levels at both 12- and 24-hours.
PLA/LIG structures (Figure 4.2.2.7d) exhibit the most effective FOG removal, with a remarkable
increase in transmittance, particularly after 24 hours. The inset of Figure 4.2.2.7d highlight that after
24 hours of absorption, the emulsion is substantially clear if compared to the starting condition. The
integral value under the absorption curve before and after treatment were used to calculate the
removal efficiency of the different 3D fibrous structures aiming to comparing their adsorption
performance (Figure 4.2.2.7¢) [188]. The PLA/LIG structures emerges as the most efficient, reaching
about 85% of removal efficiency after 24 hours, followed by PLA/POL, with 72%. PLA/OFI, and
pure PLA, showed quite the same behaviour with approximatively 45% of removal efficiency. To
address these issues, it is necessary to consider that PLA exhibited limited oil removal efficiency due
to its relatively hydrophobic nature but lack of strong oleophilic characteristics [186]. The similar
efficiencies of PLA and PLA/OFI suggest that the addition of OFI did not provide any significant
benefit for oil removal under the tested conditions. To address this issue, it is necessary to consider
that OFTI is richer in cellulose rather than lignin and cellulose hydrophilic behaviour may results in
competitive absorption of water, thereby not contributing to the oil absorption process. On the
contrary, the higher content of lignin in POL powder results in improved oil absorption of PLA/POL
structures compared to PLA ones. Obviously, this behaviour is even more marked when pure lignin
is added to PLA in PLA/LIG structures. Lignin, in fact, it is well known for its hydrophobic and
oleophilic properties, due to its complex aromatic structure that facilitates strong interactions with oil
molecules, promoting higher absorption rates [185]. Moreover, in accordance with SEM images

(Figure 4.2.2.4) and with MBL absorption (Figure 4.2.2.6), the addition of the natural particles leads
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to a decrease in fiber diameters of the composite structures, resulting in a larger surface area, offering
more exposed active sites for adsorption and thereby improving oil removal efficiency. As a result,
also for FOG sorption, the enhanced performance of both PLA/LIG and PLA/POL can be directly
attributed to both the fibers diameter decrease due to fillers addition and the presence of lignin-derived
functional groups. More in detail, the coexistence of hydrophilic oxygen-containing groups and
hydrophobic methyl oxygen groups and benzene rings in lignin structure allow to improve oil-water
separation [189].

Removal efficiency of the 3D fibrous structures was tested across multiple washing cycles
and results are reported in Figure 4.2.2.7f. Progressive reduction in the removal efficiency of PLA
and PLA/OFI was observed across the four washing cycles. Significant changes in removal efficiency
of PLA/POL and PLA/LIG occur only after the second cycle. However, starting from the third cycle,
a slight but progressive reduction in removal efficiency was observed also for PLA/POL and
PLA/LIG. After four washing cycles the fibrous structure of PLA and PLA/OFI devices appear
damaged while fibers structures of PLA/POL and PLA/LIG showed only minor modification as
observed from SEM images in Figure 4.2.2.8a-d. Although the fibrous structures of PLA/POL and
PLA/LIG exhibited only minimal visual damage after multiple washing cycles, the progressive
decline in removal efficiency suggests that the absorbed oil may not be entirely removed during the
washing process. Residual oil trapped within the fibers and absorbed by the natural fillers could
progressively occupy more surface area and partially occlude POL and LIG pore, reducing the

available sites further limiting oil absorption capacity in subsequent cycles.
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Figure 4.2.2.8 SEM images of PLA (a), PLA/OFI (b), PLA/POL (c) and PLA/LIG (d) membranes after four
cycles of washing and FOG removal.

The removal efficiencies herein reported are remarkable, especially when considering that
typical evaluations are often conducted using model systems where pure oil is employed to assess
absorption performance. In contrast, the system used in this work is based on a real sample obtained
from a wastewater treatment plant. It is important to acknowledge that FOG (fats, oils, and grease)
derived from household waste is a complex mixture, containing both saturated and unsaturated fats,
oils, and emulsifying agents. The presence of emulsifiers and the heterogeneous nature of the mixture
can make separation more challenging compared to pure oils. Kitchen-derived FOG often contains
natural emulsifiers, such as soaps and detergents, which can form stable emulsions. These emulsions

can reduce the separation efficiency, as the oil droplets become too small to be easily absorbed.
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6.2.2.9 Conclusions

In this work, 3D fibrous structures based on PLA and natural fillers were successfully
prepared using solution blow spinning process. The composite dispersions were prepared by adding
10 wt% of Opuntia Ficus Indica (OFI), Posidonia Oceanica Leaves (POL) or lignin (LIG) powders
to the PLA solution. The incorporation of natural fillers led to an increase in the viscosity of the PLA
solutions, which in turn improved the fibers morphology by reducing their diameters. This effect was
particularly evident in PLA/LIG and PLA/POL composites, which exhibited smaller fiber sizes and
a more uniform distribution. Additionally, the presence of natural fillers, particularly LIG and POL
(due to its high lignin content), significantly enhanced the hydrophobicity of the materials, improving
their oil absorption capacity. This improvement in surface wetting behaviour, combined with the
smaller fiber diameters, made the PLA/POL and PLA/LIG structures more suitable for oily pollutant
removal and oil-water separation applications. The methylene blue adsorption and FOG (oil-water)
separation tests demonstrated that the PLA/LIG and PLA/POL composites outperformed the other
samples. The addition of OFI particles to PLA increased MBL removal efficiency, rising from 55%
of the neat PLA to 68% (after 24 hours). PLA/POL and PLA/LIG achieved the best methylene blue
sorption with removal efficiencies of 85% and 91% respectively (after 24 hours).

Similarly, the best FOG separation efficiencies were achieved by PLA/POL and PLA/LIG,
reaching 70% and 85% of oil absorbed after 24 hours, respectively, while also maintaining good
performance over four reuse cycles.

The promising results obtained with real wastewater samples (FOG) further validate the
practical applicability of these materials, paving the way for future studies on the scalability and long-

term use of such systems in industrial settings.
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6.3 Soil

A series of preliminary studies were conducted to assess the printability of PLA and Mater-
Bi® based composites using Fused Deposition Modelling (FDM) technology, incorporating different
natural fillers: Hedysarum Coronarium, Solanum Lycopersicum, Opuntia Ficus Indica. The materials
produced via FDM were first compared with those created using the same formulations but through
compression moulding. These comparisons focused on mechanical properties and the ability of the

composites to release active compounds, for which NPK fertilizer was used as a test case.

FDM technology was ultimately selected as the optimal method due to its superior capability
to produce stable and porous structures. These porous features were essential for improving the

composites' performance in pollutant removal applications.

Subsequent studies explored the ability of the composites to remove heavy metals, such as
Cu(Il) ions, using fillers of different natural origins and varying polymer matrices. Specifically, 3D-
printed composites made with tomato plant fillers in PLA, Mater-Bi, and PLA/Mater-Bi blends were
evaluated for their dual functionality in releasing NPK fertilizer and removing Cu(Il) ions.
Composites incorporating anchovy fishbone scraps with PLA or Mater-Bi were also tested for Cu(Il)
ion removal. Finally, Juncus Maritimus and PLA-based composites were examined for their

effectiveness in removing a range of heavy metals.
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6.3.1 Hedysarum coronarium-based Green Composites Prepared by Compression

Moulding and Fused Deposition Modelling

The subsequent text and images have been fully extracted from the published article authored by the candidate
“Scaffaro, R.; Citarrella, M.C.; Gulino, E.F.; Morreale, M. Hedysarum coronarium-Based Green Composites Prepared
by Compression Molding and Fused Deposition Modeling. Materials 2022, 15, 465. https://doi.org/10.3390/mal5020465
[190]” and are reproduced here with the necessary permissions.

Author contribution: methodology, software, validation, formal analysis, investigation, data curation, writing—
original draft preparation, writing—review and editing, visualization.

6.3.1.1 Abstract

In this work, an innovative green composite was produced by adding Hedysarum Coronarium
(HC) flour to a starch-based biodegradable polymer (Mater-Bi®, MB). The flour was obtained by
grinding together stems, leaves and flowers and subsequently sieving it, selecting a fraction from 75
um to 300 um. Four formulations have been produced by compression moulding (CM) and fused
deposition modelling (FDM) by adding 5%, 10%, 15% and 20% of HC to MB. The influence of filler
content on the processability was tested, and rheological, morphological and mechanical properties
of composites were also assessed. Through CM, it was possible to obtain easily homogeneous
samples with all filler amounts. Concerning FDM, 5% and 10% HC-filled composites proved also
easily printable. Mechanical results showed filler effectively acted as reinforcement: Young’s
modulus and tensile strengths of the composites increased from 74.3 MPa to 236 MPa and from 18.6
MPa to 33.4 MPa, respectively, when 20% of HC was added to the pure matrix. FDM samples,
moreover, showed higher mechanical properties if compared with CM ones due to rectilinear infill
and fibers orientation. In fact, regarding the 10% HC composites, Young’s modulus of the CM and

FDM ones displayed a relative increment of 176% and 224%, respectively.

6.3.1.2  Preparation of Composites
Firstly, the dried HC was ground for 3 min and then sieved in order to obtain particles of a

size suitable for the 3D printer, which, therefore, do not lead to obstructions in the nozzle. To this
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aim, the sieving fraction from 75 um to 300 um was selected. In order to obtain a homogeneous
dispersion of the filler, the filler amounts chosen to prepare MB-based bio-composites were 5, 10, 15
and 20 wt%. All of the composites (namely MB/HC5, MB/HC10, MB/HC15, MB/HC20) and neat
MB, for comparison, were prepared by melt compounding in an internal mixer. The obtained
materials were then ground into pellets and processed in a single-screw extruder. The compression-
moulded samples (CM) were obtained using a laboratory press. For each formulation, 60 mm X 10
mm X 1 mm samples were printed using a 3D printer. Some representatives of obtained CM and FDM

samples are shown in Figure 4.3.1.1.

FDM_MB CM_MB
FDM_MB/HCS CM_MB/HCS

60 mm
FDM_MB/MHCI0 CM_MB/HC10 .

E
: HC1S £ /
CM_MB/HCIS § &

CM_MB/HC20

’I,,"

Figure 4.3.1.1 FDM- and CM-obtained samples.

6.3.1.3 Results and discussion

Neat MB and HC composite filaments were easily extruded with a diameter suitable for the
printer (1.75 mm), and part of them were pelletized and processed by compression moulding.
Through CM, it was possible to obtain homogeneous samples with all filler amounts. Regarding the
FDM samples' printability, pure MB and the ones containing 5% and 10% of HC proved easily
printable once the appropriate parameters were found. The bio-composite containing more than 10%
of HC, in fact, could not be produced by FDM with the printer used in this study. In detail, 15% and

20% of HC-containing filament does not even flow in the melting chamber.
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It is known from the scientific literature that rheological properties of the polymeric filament
have a strong influence on printability [191]. For this reason, rheological properties of bio-composites
have been investigated. In Figure 4.3.1.2, the rheological curves of MB and its HC composites are
shown. For MB, a pseudoplastic behaviour was generally observed, with remarkable shear thinning
at higher frequencies. In general, the addition of HC leads to a variation of polymer viscosity: when
increasing filler content, the viscosity values monotonically increase in the entire investigated
frequency range. It is worth observing that MB/HC15 and MB/HC20 show a remarkably non-
Newtonian behaviour with the presence of apparent yield stress in the low frequency region. This
behaviour could reasonably justify the non-printability of 15% and 20% of HC-containing
composites. As soon as filament reaches the melting chamber, in fact, the very first part of the
filament melts and, due to its high viscosity, creates a plug at the entrance of the chamber that clogs
it, not allowing the filament to advance. Therefore, filaments do not melt in the chamber, leaving it

empty and thus preventing the sample printing.
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Figure 4.3.1.2. Complex viscosity of pure MB and its HC composites.

Morphology of MB samples, HC powder and obtained composites were analyzed by SEM.
Relevant optical image and micrograph of the natural organic filler are shown in Figure 4.3.1.3. From

SEM micrograph (Figure 4.3.1.3b), it is possible that the HC powder contains elements with different
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morphology, reasonably belonging to different parts of the plant: the solid line highlights a part

probably belonging to the stem, while the dashed line highlights a flower.

Figure 4.3.1.3. Optical image (a) and SEM micrograph (b) of HC powder.

Morphological analysis was also performed on the transverse fracture surfaces of CM
samples, for which relevant SEM micrographs are reported. In Figure 4.3.1.4, it is possible to notice
an almost homogeneous dispersion of the filler in each CM sample. In addition, matrix—filler adhesion
appears to be good for all CM series. However, as filler content increases, the wettability of the matrix
decreases. In particular, when the filler level is 15 wt%, the matrix is not able to homogenously wet
the filler, as the red circle in Figure 4.3.1.4c¢ clearly highlights. This behaviour is obviously more
remarkable when the 20% HC is added (red circle, Figure 4.3.1.4d). As evidence, poor wettability
does not prevent the production of specimen for CM, whereas, on the contrary, the FDM printability

of 15% and 20% of HC-containing samples was totally inhibited.
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Figure 4.3.1.4 SEM micrograph of fractured cross-sections of CM_MB/HCS (a), CM_MB/HCI10 (b),
CM _MB/HCIS5 (¢) and CM_MB/HC20 (d). Red circles highlight poor filler wettability parts.

Mechanical performance of samples was investigated by tensile tests. The values of elastic
modulus (E), tensile strength (TS) and elongation at break (EB) of neat MB and MB composites with
different amount of HC produced via CM and FDM are reported in Table 4.3.1.1. Regarding CM
samples, CM_MB showed a Young’s modulus of 74.3 MPa a tensile strength of 18.6 MPa and an
elongation-at-break of 821%. As the filler content increased, Young’s modules and tensile strengths
of the composites increased too. On the contrary, EB decreased significantly when the filler was
added to the matrix. CM_MB/HC20 exhibited a Young’s modulus value of 236 MPa while the EB
value dropped to 20.3%. Concerning FDM composites, the same trend was observed. In particular,
FDM_MB showed a Young’s modulus of 83.9 MPa. When 5% or 10% filler amount was added,
Young’s modulus values of the composites reached 166 MPa and 188 MPa, respectively. It is well
known from the scientific literature, in fact, that the addition of organic fillers to a biopolymeric

matrix typically brings an enhancement of the mechanical properties. Moreover, the FDM prepared
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samples showed a more remarkable improvement of the mechanical performance if compared to the
ones obtained by CM. Regarding the 10% HC composites, in fact, Young’s modulus of CM and FDM
samples displayed a relative increment of 176% and 224%, respectively. This behaviour could be
reasonably ascribed to 100% rectilinear infill [192]. Moreover, SEM micrograph of FDM_MB/HCS5
(Figure 4.3.1.5a) and FDM_MB/HC10 (Figure 4.3.1.5b) showed that, during the printing process,
HC fibers aligned along printing orientation. This fiber alignment could reasonably improve the

mechanical properties of the FDM composites [193].

Table 4.3.1.1 Elastic modulus (E), tensile strength (TS) and elongation at break (EB) of sample obtained by compression

molding and FDM.
Sample E (MPa) TS (MPa) EB (%)
CM_MB 74.3 £ 0.84 18.6 £ 0.5 821+18
CM_MB/HC5 121 +£11.3 23.7 £ 233 43.6 + 3.39
CM_MB/HC10 131+ 8 245+ 2.16 39.8 £2.75
CM_MB/HC15 145 + 12 2724+ 0.88 24 +0.88
CM_MB/HC20 236 + 8.49 33.4+0.29 20.3 +£0.37
FDM_MB 83.9 £1.34 272+ 0.16 58.2+0.75
FDM_MB/HC5 166 + 8.8 415+ 1.39 423 +4.19
FDM_MB/HC10 188 + 1.54 45+ 1.36 34.6 +£0.82

FDM_MB/HC15 - - -
FDM_MB/HC20 - - -

Figure 4.3.1.5 SEM micrograph of fractured cross-sections of FDM_MB/HCS5 (a); FDM _MB/HC10 (b).
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6.3.1.4 Conclusions

An innovative green composite was produced for the first time by adding 5%, 10%, 15% and
20% of Hedysarum Coronarium (HC) flour to Mater-Bi®. Through CM it was possible to obtain
homogeneous samples with all percentages of fillers. Moreover, neat MB and the samples containing
5% and 10% of HC proved easily printable too. The findings of this study outline that it is possible
to replace up to 20% of bioplastic with a low-cost and ecofriendly organic filler, enhancing the
mechanical performance at the same time. Mechanical results, actually, showed that filler effectively
acted as a reinforcement: Young’s modules and tensile strengths of the composites increased from
74.3 MPa to 236 MPa and from 18.6 MPa to 33.4 MPa, respectively, when 20% of HC was added to
the pure matrix. FDM samples, moreover, showed higher mechanical properties if compared with
CM ones due to rectilinear infill and fibers orientation. In fact, regarding the 10% HC composites,
Young’s modulus of CM and the FDM ones displayed a relative increment of 176% and 224%,
respectively. The improvement of the mechanical properties together with other advantages of FDM,
such as reduction of production times and costs, and the possibility to produce extremely elaborated
geometries, make MB/HC promising for the creation of manufactured products based on green
composites that, thanks to their wood-like colour, can find application in green fabrication of panels
for different use, in the structural sector, in the production of furniture and so on. In the scientific
literature, indeed, other similar systems (biodegradable polymeric matrices and natural fillers) are
already proposed for these types of applications. Panels for sound adsorption, thermal insulation or

for the interior design industry, in fact, do not require extremely high mechanical properties.

142



6.3.2 Green Composites Based on Hedysarum Coronarium with Outstanding FDM

Printability and Mechanical Performance

The subsequent text and images have been fully extracted from the published article authored by the candidate
“Scaffaro, R.; Gulino, E.F.; Citarrella, M.C.; Maio, A. Green Composites Based on Hedysarum coronarium with
Outstanding ~ FDM  Printability = and  Mechanical ~ Performance.  Polymers 2022, 14,  1196.
https://doi.org/10.3390/polym14061198 [194] " and are reproduced here with the necessary permissions.

Author contribution: software, validation, formal analysis, investigation, data curation, writing—original draft
preparation, writing—review and editing, visualization.

6.3.2.1 Abstract

The addition of natural scraps to biodegradable polymers gained particular interest in recent
years allowing to reduce environmental pollution related to traditional plastic. In this work, new
composites were fabricated by adding 10% or 20% of Hedysarum Coronarium (HC) flour to Poly
(lactic acid) (PLA). The two formulation were first produced by twin screw extrusion and the obtained
filaments were then employed for the fabrication of composites either for compression moulding
(CM) or by Fused Deposition Modelling (FDM) and characterized from a morphological and
mechanical point of view. Through FDM it was possible to achieve dense structures with good
wettability of the filler that, on the contrary, cannot be obtained by CM. The results indicate that the
filler effectively acts as reinforcement, especially for FDM composites. The most remarkable
enhancement was found in flexural properties (+100% of modulus and ultimate strength) followed
by tensile resistance and stiffness (+60%) and impact strength (+50%), whereas a moderate loss in
tensile deformability was observed especially at the highest loading. By adding HC to the polymeric
matrix, it was possible to obtain a green, performing and cost-effective composite that can find

applications for the fabrication of panels for furniture or automotive.
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6.3.2.2 Preparation of composites

In this study, the whole plant was ground as received in order to optimize production time and
costs. Dried HC was grinded for 3 min and then sieved. Sieving fraction under 150 pum was selected
in order to obtain particles of a size suitable for the 3D printer which, therefore, do not cause
obstruction in the nozzle. PLA composites containing 10 wt% and 20 wt% of HC (label as PLA/HC10
and PLA/HC20) were prepared by extrusion. Pure PLA was also extruded for comparison.
Compression-moulded samples (CM) were obtained using a laboratory press. The sample were
finally cut into specimens of appropriate geometry for further characterizations: 60 mm x 10 mm x 2
mm for tensile tests, 40 mm X 10 mm X 2 mm for flexural tests and 80 mm x 10 mm x 2 mm for
impact tests. As regards fused deposition modelling (FDM), samples of each formulation were 3D
printed in appropriate geometry (60 mm X 10 mm % 2 mm for tensile tests, 40 mm x 10 mm X 2 mm
for flexural tests and 80 mm % 10 mm x 2 mm for impact tests). 100% infill rate and a rectilinear
infill pattern with & 45° raster angle were chosen in order to optimize mechanical properties; 30 mm/s
printing speed was chosen as a compromise solution between better properties and higher production

rate. Some representative of obtained CM and FDM samples are shown in Figure 4.3.2.1.

Compression molding

I I CM-PLA

CM-PLA/HC20

Fused deposition modeling

FDM-PLA

FDM-PLA/HC10

FDM-PLA/HC20

Figure 4.3.2.1 Digital photographs of CM and FDM obtained samples.
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6.3.2.3 Results and Discussion
Morphology of HC particles and composites were analyzed by SEM and relevant micrograph

of the natural organic filler is shown in Figure 4.3.2.2.

Figure 4.3.2.2 SEM micrograph of HC.

HC filler was characterized by the coexistence of fibers, platelets and globular microparticles,
reasonably due to the presence of stems, leaves and flowers. Indeed, this heterogeneity is supposed
to impart benefits to the mechanical performance of resulting composites [ 190], whether the different
types of element HC in are able to exert synergistic effect, as already reported in several studies
focused on hybrid composites containing either micro- or nano-sized fillers [195-197].

The morphology of composites prepared by compression-moulding is reported in Figure
4.3.2.3, whereas those prepared via FDM is provided in Figure 4.3.2.4. As one can see, the former
technique was found to be inadequate to grant satisfactory levels of filler dispersion and adhesion,
with the presence of aggregates and voids due to lack of mutual affinity. On the contrary, FDM has
proven a good suitability to achieve dense structures with enhanced wettability of the fillers, as
already observed with another polymeric matrix [190]. In Figure 4.3.2.5 it is possible to notice the

peculiar structure of FDM samples induced by the selected raster angle (£45°).
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Figure 4.3.2.3 SEM micrographs of fractured cross-section of CM_PLA (a), CM_PLA/HCI10 (b) and
CM PLA/HC20 (c).

Figure 4.3.2.5 SEM micrograph of fractured cross-section of FDM-PLA.

The representative tensile stress-strain curves of the materials are provided in Figure 4.3.2.6,

whereas their salient tensile features are listed in Table 4.3.2.1.
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Figure 4.3.2.6 Representative stress-strain curves of CM- (a) and FDM-series composites (b) during tensile
tests.

Table 4.3.2.1 Main tensile properties of the samples investigated.

Sample E (MPa) TS (MPa) EB (%) k (MJ/m®)
CM-PLA 1580 + 19 5442 56+04 2.64+0.01
CM-PLA/HC10 1730 £ 15 32+3 2.5+04 0.55+0.01
CM-PLA/HC20 1830 + 22 34+2 24402 0.55+0.01
FDM-PLA 1260 + 13 56 + 4 10+0.3 4.09 +0.02
FDM-PLA/HC10 1843 + 20 63 +4 9+0.5 3.60 + 0.02
FDM-PLA/HC20 2070 + 31 62+3 7+0.1 2434001

The shape of the tensile curves lets envisage that pure PLA and FDM-bio-composites (Figure
4.3.2.6b) experience a ductile fracture, owing to the presence of a well-defined necking, otherwise
not observed in the case of CM-bio-composites (Figure 4.3.2.6a), which displayed a fragile mode
fracture. Moreover, it can be easily noted that samples prepared by FDM are much more ductile and
resistant than their counterpart prepared by CM. The quantitative analysis of tensile moduli points
out that the choice of processing technique affects the tensile properties of the neat matrix, with CM-
PLA being stiffer than FDM-PLA. This aspect could be reasonably explained by considering the
eventual differences imparted by the type of printing, either in terms of porosity, surface texture, or

degradation.
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Figure 4.3.2.7 Elastic modulus (a), tensile strength (b), elongation at break (c), and toughness (d) of
composites normalized with respect to those of matrix.

Furthermore, the effect of filler loading was found to be quite different depending on the
fabrication technique adopted. In fact, although the incorporation of HC imparted a relevant stiffening
effect in all the cases, the relative increments achieved were higher in FDM-samples, as visible by
comparing the reduced moduli of CM- and FDM-series systems (Figure 4.3.2.7a), i.e. normalized to
that of the respective processed matrix. The analysis of breaking properties is reported in Figures
4.3.2.7b and 4.3.2.7c. With regard to reduced tensile strength (Figure 4.3.2.7b), it can be observed
that filler incorporation exerts a fair strengthening effect in FDM-bio-composites (10% more resistant
than neat matrix), while being detrimental in CM bio-composites, which experienced 35-40% loss in
TS with respect to PLA, likely due to the premature failure of specimens. In fact, although all the bio-
composites have proven less deformable than the corresponding matrices, a more remarkable decay
upon filler loading was observed in CM bio-composites that retained less than half of the matrix EB
(Figure 4.3.2.7¢c). Toughness (Figure 4.3.2.7d) followed the same trend as EB, with all the bio-
composites displaying a lower ability to absorb energy and plastically deform without fracturing,

when compared to the corresponding matrices. However, even in this case, FDM bio-composites
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retained 60-90% of the initial toughness of PLA, while CM bio-composites showed toughness values

equal to only 20% of that of PLA.
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Figure 4.3.2.8 Representative flexural stress-strain curves (a), along with behaviour of reduced flexural elastic

modulus (b), strength (c), deformability (d), and toughness (e) as a function of filler content and processing technique.

Figure 4.3.2.8 reports the representative stress-strain curves of the materials subjected to

flexural testing (Figure 4.3.2.8a), along with the behaviour of reduced flexural properties, namely

elastic modulus (Figure 4.3.2.8b), flexural strength (Figure 4.3.2.8c), deformability (Figure 4.3.2.8d),

and toughness (Figure 4.3.2.8¢) as a function of filler content and processing technique, whereas
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salient data are listed in Table 4.3.2.2. Even in this type of solicitation, the behaviour of neat polymer
is greatly affected by the processing technique, although an opposite trend was observed with respect
to tensile testing. In fact, in this case CM-PLA displays breaking properties much higher than those
of FDM-PLA, while being substantially similar the values of elastic modulus. However, the effect of
filler incorporation showed remarkable differences depending on the different printing mode. FDM-
composites displayed the monotonic increase of both flexural stiffness and strength upon filler
content and proved to be slightly more deformable than pure matrix, while CM-series composites
displayed the typical embrittlement upon filler addition, with monotonic decay of both flexural
strength and deformation. As a consequence, the toughness (Figure 4.3.2.8¢) of FDM-bio-composites
increases linearly upon filler content (up to +166% relative increase), whereas that of CM-bio-

composites was found to decrease monotonically with the filler content, up to halving at 20% loading.

Table 4.3.2.2 Main flexural properties of the samples investigated.

Sample E (MPa) FS (MPa) FB (%) k (MJ/m®)
CM-PLA 530 + 10 70 +3 16+2.0 5.12+0.04
CM-PLA/HC10 550 = 10 50+5 13+1.1 3.99 + 0.04
CM-PLA/HC20 660 + 25 48 +3 8+13 1.93 = 0.02
FDM-PLA 500 + 10 3342 8.5+12 1.44 +0.01
FDM-PLA/HC10 650 + 10 47+1 11+16 2.65+0.01
FDM-PLA/HC20 980 + 20 68 +3 94+15 3.83 +0.02

These outcomes were confirmed in impact properties, measured by Charpy tests, provided in
Figure 4.3.2.9. Even in this case, an opposite behaviour as a function of filler content was found
depending on the technique used: CM-samples showed a monotonic decrease of impact strength
whereas FDM-composites displayed values higher than that of pure matrix, with a maximum

observed at 10% HC.
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Figure 4.3.2.9 Plots of impact strength (a) and reduced impact strength (i.e., normalized to that of each
matrix) as a function of filler content and processing technique (b).

Taken together, these outcomes point out that PLA/HC system is particularly suitable for 3D
printing, which leads to materials with mechanical performance higher than those achieved by
compression-molding. Among the bio-composites, FDM-PLA/HC10 gave the overall best
performance, while FDM-PLA/HC20 represents the best compromise between mechanical properties
and sustainability, given the fact that 20% of PLA can be replaced with inexpensive and renewable

biomass fillers, without altering the processing protocol usually adopted for neat polymer.

6.3.2.4 Conclusions

Natural fillers achieved from Hedysarum Coronarium waste were assessed as reinforcing
agents for polylactic acid-based bio-composites prepared by twin-screw extrusion and printed by
either FDM or compression-molding. The materials were fully characterized from a morphological
and mechanical point of view. The results point out the excellent 3D printability of such bio-
composites, which showed uniform dispersion of the filler throughout the matrix and a strong
interfacial adhesion, which led to remarkable improvements of all the mechanical properties, when
compared to either neat matrix or their compression-molded counterparts. In detail, the most
remarkable enhancement was found in flexural properties, where a doubling of modulus and strength

was recorded, followed by tensile resistance and stiffness (up to +60%) and impact strength (+50%),
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whereas a moderate loss in tensile deformability was observed especially at the highest loading.
Moreover, these formulations, relying on an inexpensive and inedible biomass waste that can be
processed in the same way as neat polymer and in the absence of particular purification/chemically
treatment steps, represent an outstanding sustainability from both an economic and ecological point
of view. The encouraging results carried out in this study let envisage a great potential of such bio-

composites in many application fields, including panels for automotive and furnishes.
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6.3.3 Green composites based on Mater-Bi® and Solanum lycopersicum plant waste

for 3D printing applications

The subsequent text and images have been fully extracted from the published article authored by the candidate
“Scaffaro, R.; Citarrella, M.C.; Morreale, M. Green Composites Based on Mater-Bi® and Solanum lycopersicum Plant
Waste for 3D Printing Applications. Polymers 2023, 15, 325. https://doi.org/10.3390/polym15020325 [198] " and are
reproduced here with the necessary permissions.

Author contribution: Conceptualization, methodology, software, validation, formal analysis, investigation, data
curation, writing—original draft preparation, writing—review and editing, visualization.

6.3.3.1 Abstract

3D printability of green composites is currently experiencing a boost in importance and
interest, envisaging the way to valorise agricultural waste, in order to obtain affordable fillers for the
preparation of biodegradable polymer-based composites with reduced cost and environ-mental
impact, without undermining processability and mechanical performance. In this work, an innovative
green composite was prepared by combining a starch-based biodegradable polymer (Mater-Bi®, MB)
and a filler obtained from the lignocellulosic waste coming from Solanum lycopersicum (i.e. tomato
plant) harvesting. Different processing parameters and different filler amounts were investigated, and
the obtained samples were subjected to rheological, morphological and mechanical characterizations.
With regard to the actually adopted filler amounts, processability was found to be good, with adequate
dispersion of the filler in the matrix. Mechanical performance was satisfactory, and it was found that
this is significantly affected by specific pro-cess parameters such as the raster angle. The mechanical
properties were compared to those predictable from the Halpin-Tsai model, finding that the prepared

systems exceed the expected values.

6.3.3.2 Composites preparations
The dried SL plant was ground for 3 min and the resulting powder was then sieved to obtain
particles of a size suitable for the 3D printer. The sieving fraction under 150 um was selected. In

order to obtain a homogeneous dispersion of the filler, according to previous studies, the filler
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amounts chosen to prepare the MB-based bio-composites were 5, 10, 15 wt%. All of the composites
(namely MB/SL5, MB/SL10, MB/SL15) and neat MB, for comparison, were prepared by melt
compounding in an internal mixer. The obtained materials were then ground into pellets and
processed in a single-screw. The extrudates were drawn with the help of a conveyor belt system to
obtain filaments with a diameter suitable to the printer (1.75 mm). For each formulation, 60 mm x 10
mm x | mm samples were printed using a 3D printer. 100% infill rate and a rectilinear infill pattern
with a 0° or + 45° raster angle were chosen in order to evaluate its influence on the tensile properties
of the composites; 45 mm/s printing speed was chosen to maximize the production rate without

compromising the mechanical performance. Sample formulations and sample codes are reported in

Table 4.3.3.1.

Table 4.3.3.1 Formulation of investigated samples.

Sample Code M]ivﬁg;:;ent SL(VS?:/I:; nt SL I\EI:ISI?) Size Raster Angle
MB 0° 100 0 - 0°
MB/SLS 0° 95 5 <150 0°
MB/SL10 0° 90 10 <150 0°
MB/SL15 0° 85 15 <150 0°
MB 45° 100 0 - +45°
MB/SLS 45° 95 5 <150 +45°
MB/SL10 45° 90 10 <150 +45°
MB/SL15 45° 85 15 <150 +45°

6.3.3.3 SL powder and filament characterization

The samples loaded at 5% (MB/SLS), 10% (MB/SL10) and 25% (MB/SL25) filler where
properly extruded into the related filaments, to be subjected to FDM thereafter. Filament printability
(i.e. processability in FDM mode) is directly correlated to the morphological properties. More in
details, not only the diameter of the filament must be suitable to the specific 3D printer used, but its
surface must be as even and homogeneous as possible [199]. In addition, printability depends also on

the rheological and mechanical properties of the filaments, that were thus investigated as well.

Morphological characterization was carried out first. The main results are shown in the SEM

micrographs reported in Figure 4.3.3.1 for SL powder and in Figure 4.3.3.2 for MB/SL5, MB/SL10
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and MB/SL15, respectively. From SEM micrograph of the powder (Figure 4.3.3.1), it is possible to
notice that SL powder contains elements with different morphology, reasonably belonging to
different parts of the plant: stem and leaf. From the samples cross-section micrographs (Figure
4.3.3.2), it can be observed that the SL particles are homogeneously dispersed in the MB matrix, only
few voids are present, and the general adhesion between the matrix and the particles is good.
Furthermore, the diameters of the MB/SLS5 and the MB/SL10 filaments are even and homogeneous,
in the range 1.6 — 1.8 mm (respectively) which is suitable to the actual printer used. On the other

hand, the MB/SL15 filaments showed uneven diameters.

Figure 4.3.3.1 SEM images of SL powder.

MB/SL10 MB/SL15

Figure 4.3.3.2 SEM images of MB/SL5, MB/SL10 and MB/SL15 filaments.

Rheological measurements were performed on specimens obtained from the filaments, in
order to evaluate the actual processability for FDM purposes. Figure 4.3.3.3 reports the rheological
values of MB and the composite filaments, on increasing the filler content. As predictable, MB shows
a clear non-Newtonian behaviour. The addition of 5% SL leads to an increase of viscosity over the

entire frequency range, as well as a more marked non-Newtonian behaviour. This tendency further
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increases by adding 10% SL. When 15% SL is added to the MB matrix, there is a much more drastic
increase of the viscosity and the onset of yield stress phenomena. Such results suggest that only the
rheological behaviour of MB/SL5 and MB/SL10 appears compatible with the 3D printing process,
whereas MB/SL15 may be not adequately printable, due to the excessively high viscosity which may

lead to nozzle clogging during the process.
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Figure 4.3.3.3 Rheological curves of MB/SL5, MB/SL10 and MB/SL15 filaments.

Anyway, optimal printability depends also on the tensile properties of the filaments. Figure
4.3.3.4 reports the values of elastic modulus (E), tensile strength (TS) and elongation at break (EB),
on increasing the SL content. It can be noticed that the filaments become stiffer on increasing the SL
content, although the effect is much more significant only in the case of MB/SL15; the tensile strength
is similar to that of the neat MB, or even higher, and this is a satisfactory result since it suggests that
the filament should not undergo rupture too easily, during the process; on the other hand, the

deformability drops even at just 5% SL content.
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Figure 4.3.3.4 Tensile properties of MB/SL5, MB/SL10 and MB/SL15 filaments as a function of the SL amount.

In Figure 4.3.3.5 photos of MB/SL5, MB/SL10 and MB/SLI15 filaments before (Figure
4.3.3.5a, b, c respectively), during (Figure 4.3.3.5a°, b’, ¢’ respectively), and after (Figure 4.3.3.5a’,
b’’, ¢’ respectively) tensile test are reported. MB/SL5 and MB/SL10 filaments present a homogenous
shape and their fracture occurs some second after the 50 mm min~! speed was applied. On the other
hand, the MB/SL15 filament present an irregular shape due to the high content of filler. In this latter

case the fracture occurred instantaneously when the 50 mm min! speed was applied.

The results of the rheological and mechanical tests allow drawing some general
considerations, propaedeutic for the FDM stage, since viscoelasticity and tensile strength
measurements help to predict problems in printability and possible printing errors. In particular, too
high viscosities are not suitable to the process, since the low deformability can lead to filament
blocking at the nozzle of the 3D printer, and subsequent clogging and rupture (Figure 4.3.3.6a). On
the other hand, if the filament is too soft (high decline of viscosity at low temperatures), it tends to
flow too easily while not pulling correctly, resulting in nozzle clogging (Figure 4.3.3.6b);
furthermore, if it is too brittle, it will break (Figure 4.3.3.6c). These considerations therefore suggest
that MB/SL5 and MB/SL10 should be easily printable and without significant defects in the obtained
samples (on the other hand, neat MB may lead to some uncertainty due to the relatively high

deformability), while problems may arise with MB/SL15.

Actual 3D-printing was then carried out. As expectable, based on the previous considerations,
neat MB as well as MB/SL5 and MB/SL10 were easily processed, while the filament containing 15%
SL showed to be not printable, since the high viscosity caused obstruction of the nozzle and the
filament broke easily. The samples were printed with both 0° and 45° raster angles, in order to
evaluate the printability and the effect of the angle on the mechanical properties of the obtained 3D

specimens.

157



MB/SL5 MB/SL10 MB/SL15

’ZTT—
b

Figure 4.3.3.5 Photos of MB/SL5, MB/SL10 and MB/SL15 filaments before (a, b, c respectively), during (a’,

>

b’, ¢’ respectively), and after (a’’, b’’, ¢’ respectively) tensile test.

Figure 4.3.3.6 Different behaviours of the filament upon entering the melting chamber, at different viscoelastic
and mechanical properties.
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6.3.3.4 Characterizations of 3D printed samples

First, the 3D-printed samples were subjected to morphological analysis on cryofractured
surfaces. Figure 4.3.3.7 shows SEM images of fractured surfaces, at increasing magnification from
left to right, of MB/SL10, 0° raster samples. In general, it can be stated that filler dispersion and
adhesion are good, as clearly visible from the filler particle circled in green (right), where no

significant voids can be found at the filler-matrix interface.

Figure 4.3.3.7 SEM images of fracture surfaces of MB/SL10 0° samples at increasing magnification (from left

to right).
Figures 4.3.3.8-11 show the fracture surfaces after tensile tests of the composite samples. Overall, it
may be stated that some fibre pull-out and debonding phenomena are more visible in the SL5 rather
than in the SL10 samples and, especially, in 45° samples (Figure 4.3.3.11) as opposed to 0° ones

(Figure 4.3.3.10).

MB/SL5 0%

Figure 4.3.3.8 SEM images of tensile fracture surfaces of MB/SL5 0° samples.
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MB/SL5 +45°

200 pm

Figure 4.3.3.9 SEM image of tensile fracture surface of MB/SL5 £45° sample.

MB/SL10 0°

Figure 4.3.3.10 SEM image of tensile fracture surface of MB/SL10 0° sample.

MB/SL10 £45°

Figure 4.3.3.11 SEM images of tensile fracture surfaces of MB/SL10 +45° samples.

The actual tensile properties of the 3D-printed samples are shown in Figure 4.3.3.12, in the
case of raster angle = 0 ° (left) and raster angle = 45 © (right). It can be observed that, in both cases,
the elastic modulus and the tensile strength increase on increasing the filler content, while the
deformability decreases. However, such decrease is significantly less marked in the case of raster

angle =0 °, and the overall results of all the tensile properties are better, with excellent reproducibility.
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This confirms the first indications from the morphological analysis, which could allow to suppose

higher breaking resistance of the 0° samples, in comparison to the 45° ones.
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Figure 4.3.3.12 Elastic modulus (E), tensile strength (TS) and elongation at break (EB) of 3D-printed samples
as a function of the filler content; raster angle = 0° (left) and raster angle = 45° (right).

Such evidence can be further deduced from Figure 4.3.3.13. The 0° raster angle during

printing definitively optimizes the tensile properties, confirming data from the literature, obtained on

similar systems, where 0° raster angle usually optimizes tensile properties, whereas 45° leads to

optimization of flexural and impact properties [200].
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Figure 4.3.3.13 Elastic modulus (E), tensile strength (TS) and elongation at break (EB) of 3D-printed samples
with different filler content and raster angle.
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6.3.3.5 XRD and DSC characterizations

In order to verify if the addition of SL filler leads to some crystallinity variation in the
polymeric matrix, XRD and DSC analysis were performed on neat MB and MB/SL printed
composites and relative outcomes are reported in Figure 4.3.3.14a and 4.3.3.14b respectively. No
differences can be noted in XRD curves (Figure 4.3.3.14a) when 5 or 10% of SL is added to the
polymeric matrix. Moreover, the addition of SL powder to MB do not lead to any change in its melting

temperature or melting enthalpy (see Figure 4.3.3.14b and Table 4.3.3.2).

These outcomes confirm that the increase in tensile property of SL composites, if compared

to the pure matrix, can be effectively attributed to the reinforcing effect given by the filler.
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Figure 4.3.3.14 XRD spectra (a) and DSC analysis (b) of neat MB and MB/SL printed composites.

Table 4.3.3.2 Melting temperature and melting enthalpy of 3D printed samples obtained by DSC analysis

Sample weight (mg) melting temperature (°C) melting enthalpy (mJ/mg)
MB 10.9 132.3 15.8
MB/SL5 8.8 132.7 16.3
MB/SL10 33 131.7 15.9

6.3.3.6 Halpin-Tsai model

Figure 4.3.3.15 shows the trends of Ec/Em (ratio between the elastic modulus of the composite
and that of the matrix) on increasing the SL content, both from the experimental (Exp) results (at 0-

and 45-degrees raster angles) and the theoretical trend calculated according to the Halpin-Tsai model
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(HT). This semiempirical model allows assessing the composite modulus (Ec), once five parameters
are known, i.e. the elastic modulus of matrix (Em) and filler (Ef), their volume fractions and the filler

aspect ratio [201].

The trends clearly outline that the model significantly underestimates the values of Ec,
especially at higher filler contents. This may be due to the filler particles coming from different parts
(wastes) of the tomato plant, thus presenting some natural differences in terms of morphology and/or
mechanical properties. An additional likely explanation may involve the capability of the polymer
matrix to, at least partially, enter the void channels of SL particles, as presumable on the basis of the
SEM images and of the results from our previous studies on similar (i.e. biodegradable

polymer/natural-organic plant waste filler) systems [202].
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Figure 4.3.3.15 Ratio between elastic modulus of the composite and the polymer matrix, as a function of the
SL content, according to the Halpin-Tsai model (HT) and the experimental results (Exp).

6.3.3.7 Conclusions

In this work, composites based on a Mater-Bi® polymer and wastes coming from Solanum
lycopersicum were prepared and processed via FDM, in order to explore the actual suitability to 3D-
printing applications. Different processing parameters and different filler amounts were investigated,
and the obtained samples were characterized from the rheological, mechanical, and morphological
point of view. The adopted processing parameters allowed optimal processability up to 10% filler

content, with satisfactory dispersion of the filler in the matrix; the same holds for the interfacial
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adhesion. Mechanical characterization showed that the tensile strength was kept or even improved
upon increasing the filler content, the elastic modulus was enhanced and only a “physiological”
reduction of the elongation at break was found; moreover, the processing parameters and, in
particular, the raster angle significantly affected the tensile resistance, with 0° being preferable to
+45°. The experimental mechanical behaviour was compared to the Halpin-Tsai model, finding
positive deviations for the prepared systems. Moreover, the addition of a natural waste would allow
to lower the final cost of the product. In fact, the cost of Solanum Lycopersicum plant waste used in
this work is virtually zero, since these are residues from the harvesting and they would not find much
significantly valuable alternative uses. Overall, these green composites let expect a bright potential

for the development of sustainable bio-based materials aimed to several applications.
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6.3.4 Opuntia Ficus Indica based green composites for NPK fertilizer controlled

release produced by compression moulding and Fused Deposition Modelling

The subsequent text and images have been fully extracted from the published article authored by the candidate
“Roberto Scaffaro, Maria Clara Citarrella, Emmanuel Fortunato Gulino, Opuntia Ficus Indica based green composites
for NPK fertilizer controlled release produced by compression molding and fused deposition modeling, Composites Part
A:  Applied  Science  and  Manufacturing,  Volume 159, 2022, 107030, ISSN  1359-835X,
https://doi.org/10.1016/i.compositesa.2022.107030. [203]” and are reproduced here with the necessary permissions
from Elsevier.

Author contribution: Methodology, Software, Validation, Formal analysis, Investigation, Data curation, Writing
— original draft, Writing — review & editing, Visualization.

6.3.4.1 Abstract

Excessive fertilization causes ecological problems due to leaching issues. To solve this
problem and promote agriculture sustainability an innovative green composite for controlled release
fertilizers was produced by adding NPK fertilizer flour to a biodegradable polymer with or without
Opuntia Ficus Indica (OFI) particles. Six formulations were produced and employed for the
fabrication of devices both for compression molding and fused deposition modeling (FDM). Both
fillers displayed a good dispersion in the composites, excellent adhesion with the polymeric matrix
and effectively acted as reinforcement. The decrease of NPK release rate (up to 30 days) was achieved
using whole composites prepared. By appropriately selecting the dimension of the particles, the
addition of OFI and the production technique, was possible to modulate the NPK release rate: FDM
samples containing fine particles of OFI and NPK displayed the fastest release. Release data were

fitted according to Peppas-Korsmeyer model to understand the release mechanism.

6.3.4.2 Preparation of composites
Firstly, OFI and NPK were separately grinded for 3 min and the obtained particles were sieved
selecting two different mesh sizes : under 75 um (labelled as OFI-A and NPK-A) and from 75 pum to

300 um (labelled as OFI-B and NPK-B). Particle size were selected to be suitable for the 3D printer
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preventing nozzle obstruction. In order to obtain a homogeneous dispersion of the filler, according to
previous studies [202,204], the amount of filler to prepare hybrid bio-composites (ones containing
both OFI and NPK) was chosen with the aim to not overcome total amount of filler of 20 wt.%. Six
formulations namely MB/OFI-A, MB/OFI-B, MB/NPK-A, MB/NPK-B, MB/OFI-A/NPK-A and
MB/OFI-B/NPK-B were produced by melt mixing. Hybrid composites, composites and pure MB, for
comparison, were prepared by melt compounding. The obtained blends were then extruded and to
obtain filaments suitable to be used for the 3D printer (diameter ~ 1.75 mm), the output extrudate
were then drawn using a conveyor belt system set at a speed of 5.5 m/min.

Plaques for further characterization tests were obtained by compression molding and fused deposition
modeling (FDM). After some trials, nozzle temperature of 160° was chosen aiming to achieve good
printability avoiding nozzle obstructions. The other processing variables were selected considering
previous works [204—207]. Other processing parameter were also chosen to promote NPK release
and to optimize the mechanical performance [192,205]: infill rate 100%, rectilinear infill pattern,
raster angle + 45°. Code names of different produced samples together with their formulation are

reported in Table 4.3.4.1 and some representative of them are shown in Figure 4.3.4.1.

Table 4.3.4.1 Formulation and production technique of investigated samples.

MB OFI NPK
OFI Mesh NPK Mesh Production
Sample code name content content content
size (um) size (um) technique
(wWt%) (wt%) (wWt%)
CM_MB 100 0 - 0 - M
CM_MB/OFI-A 90 10 <75 0 - M
CM_MB/OFI-B 90 10 300 <75 0 - M
CM_MB/NPK-A 90 0 - 10 <75 M
CM_MB/NPK-B 90 0 - 10 300 <75 M
CM_MB/OFI-A/NPK-A 80 10 <75 10 <75 M
CM_MB/OFI-B/NPK-B 80 10 300 <75 10 300 <75 M
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FDM MB 100 0 - 0 - FDM

FDM_ MB/OFI-A 90 10 <75 0 - FDM
FDM_MB/OFI-B 90 10 300<75 0 - FDM
FDM_ MB/NPK-A 90 0 - 10 <75 FDM
FDM_ MB/NPK-B 90 0 - 10 300<75 FDM
FDM MB/OFI-A/NPK-A 80 10 <75 10 <75 FDM
FDM MB/OFI-B/NPK-B 80 10 300<75 10 300<75 FDM

Compression molding
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CRF devices

Figure 4.3.4.1 FDM- and CM-obtained samples (photo) and their dimensions. CRF composites have been highlighted
with dashed rectangles.

6.3.4.3 Morphological analysis

Morphology of OFI particles, NPK powder and obtained composites were analyzed by SEM.
Relevant micrograph of natural organic filler and fertilizer in both mesh sizes (A and B) are shown
in Figure 4.3.4.2. OFI and NPK particles showed a well distinguishable morphology. Even if both
present inhomogeneity in shape and size, the natural filler displayed an elongated shape while the

fertilizer is characterized by a more rounded form and a clear white colour that makes it easily to
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identify. Morphological analysis was also performed on the cross section of composites and SEM

micrographs of compression moulded and FDM specimens are reported in Figure 4.3.4.3.

Figure 4.3.4.2 SEM micrograph of OFI and NPK particles (A < 75 um, B = 75-300 um).

It is possible to observe an almost homogeneous dispersion of filler and/or fertilizer in all
samples. In addition, particles appear well embedded in the polymeric matrix and the adhesion
between matrix and particles seem to be good for both OFI and NPK in both sizes (A and B). For
FDM samples is possible to notice good adhesion between layers (see FDM samples micrograph in
Figure 4.3.4.3 and Figure 4.3.4.4a). The selected raster angle (+ 45°), moreover, allowed to obtain a
porous structure by creating separation points among adjacent raster layers (see FDM samples

micrograph in Figure 4.3.4.3 and Figure 4.3.4.4b).
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FDM_MB/OFI-A/NPK-A [ll FDM MB/OFI-B/NPK-B

Figure 4.3.4.3 SEM micrograph of fractured cross-section of green composites and CRF devices fabricated for

compression moulding and FDM.
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Figure 4.3.4.4 SEM micrograph of adhesion between layers (a) and porous structure (b) of FDM samples.

6.3.4.4 Mechanical characterization before NPK release

Mechanical performance of samples was investigated by tensile tests. The values of elastic
modulus (E), tensile strength (TS) and elongation at break (EB) of pure MB, MB composites (OFI or
NPK) and MB hybrid composites (OFI and NPK) produced via compression molding and FDM are
reported in Table 4.3.4.2. Regarding compression molded samples, CM_MB shows a Young's
modulus of 74.3 MPa a tensile strength of 19 MPa and an elongation-at-break of 821%. The addition
of filler, fertilizer, or both in either mesh size (A and B), lead to an increase in E value (statistically
significant, being p < 0.0001 for whole compositions), a decrease in EB (statistically significant,
being p < 0.0001 for whole compositions) while TS remained almost unchanged (not statistically
significant, being p > 0.05). This behaviour could be reasonably ascribed to the homogeneous
dispersion of fillers and their good adhesion with the polymeric matrix (according to the
morphological analysis). In particular, CM_MB/OFI-B showed a Young's modulus of 112 MPa and
so an increase slightly higher if compared with CM_MB/OFI-A (98.1 MPa). On the contrary, no
difference is observed between CM_MB/NPK-A and CM_MB/NPK-B. In fact, both showed a
Young's modulus of ~ 95 MPa and an EB of ~ 64%. Hybrid composites (CM_MB/OFI-A/NPK-A
and CM_MB/OFI-B/NPK-B) exhibited the highest increase in Young's modulus (~ 206%) and the

lower value of elongation at break for the compression molded samples (~ 30%). This behaviour
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could be reasonably explained considering that the total amount of fillers (i.e. OFI and NPK) for these
latter is 20% being 10% in the previous cases. FDM composites and hybrid composites showed the
same trend: the addition of filler, fertilizer, or both in either mesh size (A and B), lead to an increase
in E value (statistically significant, being p < 0.0001 for whole compositions). Moreover, the FDM
prepared samples showed a slightly higher improvement of mechanical performance if compared to
the ones obtained by compression molding (statistically significant, p < 0.0001 for whole
compositions except for OFI-A and OFI-B/NPK-B series that showed p = 0.067 and p = 0.08721
respectively). This behaviour could be reasonably ascribed to 100% rectilinear infill [192,205] and
the good adhesion between layers achieved during the printing process (according to morphological
analysis). Mechanical property of FDM samples could be improved even more if a 0° raster angle
had been selected [192]. On the contrary, an angle of = 45° was selected in order to achieve in the
composites a good compromise between optimization of tensile properties and promotion of NPK
release due to its porous structure (see FDM samples micrograph in Figure 4.3.4.3 and Figure 4.3.4.4)

that + 45° raster angle allow to obtain.

Table 4.3.4.2 Elastic modulus (E), tensile strength (TS), and elongation at break (EB) of sample obtained by compression
molding and FDM.

Sample code name E (MPa) TS (MPa) EB (%)
CM_MB 743+ 1.2 19 £ 0.1 821+0.5
CM_MB/OFI-A 98.1 £ 11 17+0.3 49109
CM_MB/OFI-B 112 +£ 8.5 16 £0.3 38+ 1.8
CM_MB/NPK-A 95+ 14 15+12 65123
CM_MB/NPK-B 96+ 1.5 16 + 0.1 63125
CM_MB/OFI-A/NPK-A 151 £ 7.7 17 £ 0.1 30£0.0
CM_MB/OFI-B/NPK-B 155 + 8.1 16 +£0.3 26 £ 1.0
FDM_MB 89+ 13 20+ 0.2 49 +0.8
FDM_ MB/OFI-A 113+ 1.6 17+0.8 21 £ 0.6
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FDM_MB/OFI-B
FDM_ MB/NPK-A
FDM_ MB/NPK-B

FDM_ MB/OFI-A/NPK-A

128+ 1.5
116 + 1.6
120+ 1.2
168+ 1.4

162+ 1.8

18+ 1.5
19+ 1.7
20+ 0.6
17+1.3

1515

30+ 1.5
33+13
49+14
26115

23 +0.1

FDM MB/OFI-B/NPK-B

6.3.4.5 Water Contact Angle (WCA) Measurements

In Figure 4.3.4.5 WCA of compression molded and FDM samples are reported. The addition
of filler and / or fertilizer do not lead to a significative variation in surface wettability of the samples
(statistically not significant, p > 0.05). Contrariwise, all FDM samples showed a decrease in WCA
value if compared with their compression molded counterpart (statistically significant, p < 0.05 for
whole compositions). This behaviour could be reasonably ascribed to the pattern of the surface

obtained with the selected raster angle. It is known in the scientific literature that wettability of FDM

manufactured is affected by raster angle [208,209].
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Figure 4.3.4.5 WCA values of compression molded and FDM samples.

Moreover, despite results seems to not match Wenzel equation, is necessary to consider that the

wetting behaviour of composites obtained by FDM depends not only on surface roughness but also
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on pore morphology [209]. FDM samples, printed using +45° raster angle, are characterized by
interconnected worm-like pores as could be noticed in Figure 4.3.4.6. According to Wenzel’s
equation, hydrophobicity is supposed to be further increased as roughness increases. However, it is
known in the scientific literature that, despite surface roughness increases, the presence of long
interconnected worm-like pores leads to an increase of hydrophilicity instead of hydrophobicity. The
effect of porosity on wettability, in fact, overcome the one induced by surface roughness increases

[172,210].

Figure 4.3.4.6 SEM micrograph of FDM composite porous structure, plan view.

6.3.4.6 NPK release

Release profile of NPK from the samples was performed through conductivity measurements.
Electrolyte resistance, in fact, can give information about the total concentration of electrolytes in
solution. Electrolyte resistance was measured also for NPK (same content as in the composites) and
for composites without NPK for control and results are shown in Figure 4.3.4.7a. The conductivity
values for pure NPK reached rapidly a plateau region. In this case a complete release of the fertilizer
is achieved in the first 24 hours of immersion. On the contrary, for all composites without NPK
(CM_MB, CM_MB/OFI-A, CM_MB/OFI-B, FDM_MB, FDM MB/OFI-A, FDM_MB/OFI-B) a

low concentration of electrolytes was slowly and constantly released. The behaviour of these latter
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could be reasonably attributable to some substances originate from the matrix and from the OFI which
were released in water when the samples were submerged. It is necessary taking into account that this
evaluation method overestimate the NPK release since in real condition, the NPK release occurs in

soil and not in a liquid medium.
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Figure 4.3.4.7 Fertilizer release monitoring by conductivity measurements as function of time for free NPK
(reported in each graph for comparison), composites without NPK (a), FDM CRF devices (b) and compression
moulded CRF devices (c).

Conductivity tests of composites with NPK obtained by FDM and compression moulding,
carried out as a function of time in water at 25 °C, are shown in Figure 4.3.4.7b and 4.3.4.7c
respectively. The NPK release kinetics of FDM composites (Figure 4.3.4.7b) is characterized, for all
the specimens, by at least three phases: a burst release until 24 hours of immersion time, a second
phase characterized by the progressive and slower release rate of NPK, and a final plateau region
observed after 15 days of immersion. In detail, FDM_MB/OFI-A/NPK-A show a remarkable burst
delivery with about 70% of NPK released in the first 24 hours. Other FDM composites showed a
lower release of NPK, in particular, after 24 hours, FDM_MB/OFI-B/NPK-B released about 50% of
NPK while FDM_ MB/NPK-A and FDM_MB/NPK-B released about 40% and 45% respectively.
This behaviour could be reasonably be explained taking into account that, during immersion, OFI
particles create channels along the polymeric matrix allowing the water to be conveyed inside the
sample. This imply that NPK particles, present in the inner part of the samples, could be easier
released. Moreover, as expected, the A series showed a faster release if compared with the
respectively B counterparts for both normal and hybrid composites. A smaller particle size, in fact,
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allow a faster dissolution of the dispersed particles thanks to their greater exposed surface area.
Compression moulded specimen (Figure 4.3.4.7¢) showed the same behaviour of FDM ones but the
compact structure of them significantly slow down the release of NPK. High porosities induced by
FDM, in fact, significatively contribute to water transport allowing the release of the NPK also from
the more inner layer of the composites [211]. After 24 hours, in fact, CM_MB/OFI-A/NPK-A

released about 25% of the fertilizer only.

The sustained release of NPK fertilizer, in general, was achieved using whole composites and
hybrid composites prepared both from compression moulding and FDM. All composites, in fact, if
compared with free NPK, showed a significant reduction in conductivity, and so in the content of
released compounds, especially in the first 24 hours. Moreover, appropriately selecting the dimension
of the particles, the addition of OFI and the production technique it is possible to modulate the NPK
release rate. More in detail, if a faster release is required CRFs devices should be prepare through
FDM, OFT particles should be added to the polymeric matrix and NPK and OFI particles of 75 um
should be preferred. Moreover, this solution allows achieving a complete release of the fertilize.
FDM_ MB/OFI-A/NPK-A, in fact, act as the best CRF device considering its 100% release of NPK
after 30 day. The total amount of NPK released for each composite at the end of the test, after 30
days, is resumed in Table 4.3.4.3. Compared with other CRFs reports in the literature, devices
fabricated with this innovative method exhibited excellent ability to slow the release rate of NPK

[212-217].

Table 4.3.4.3 Total amount of NPK released after 30 days.

Sample code name NPK released [%)]

CM FDM
MB/NPK-A 58 76
MB/NPK-B 47 74
MB/OFI-A/NPK-A 71 100
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MB/OFI-B/NPK-B 61 &3

6.3.4.7 Peppas-Korsmeyer model

Logarithmic plots of obtained NPK release data as a function of time (Figure 4.3.4.8) were
evaluated to understand better the fertilizer release mechanism. On the firsts 5 hours of release test
(Figure 4.3.4.8, region 1), the devices showed a burst release region in which reasonably the fertilizer
available in composites surface is immediately delivered (first 30 min) and subsequently the delivery
is driven by diffusive phenomena (Figure 4.3.4.8, region 2). After this first stage the slope of the
release curves increases, likely due to the occurrence of some swelling phenomena across the
polymeric matrix (Figure 4.3.4.8, region 3). This latter stage results more marked for FDM samples.
The higher porosity induced by the process itself, in fact, reasonably lead to a relevant increase in
water uptake and swelling for FDM structure if compared with the compact structure of compression

moulded devices [211].
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Figure 4.3.4.8 Logarithmic plot of the release data expressed as M,/ M, as function of time for free NPK and
CRF devices. Vertical lines and numbers identify different regions of fertilizer release mechanism.
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After 24 hours, the fertilizer delivery is reasonably governed by both swelling and diffusive
phenomena (Figure 4.3.4.8, region 4). Figure 4.3.4.9 provides a pictorial description of the release

mechanism of the CRF composites.
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Figure 4.3.4.9 Pictorial description of NPK release mechanism.

In order to confirm these hypotheses on NPK release mechanism, the obtained release data
were fit according to Peppas-Korsmeyer mathematical model [54,218,219]. Moreover, this model has
previously been successfully used to describe fertilizer release kinetics from CRFs [220,221]. Value
of K and n of the different formulations were determined and reported Table 4.3.4.4. Through n value
is possible to obtain information about the release mechanism. In fact, when n is approximately 0.5,
the fertilizer delivery is driven by diffusive phenomena; n = 1 indicates that release mechanism is
governed by swelling and n values between 0.5 and 1 indicate an anomalous release, governed by
swelling and diffusive phenomena [54,128,218]. However, the biopolymeric matrix may hinder

diffusion, thus giving n < 0.5, while the presence of the organic filler and the interconnected pore in
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FDM structure could provide the formation of internal channels in the samples allowing the release

of the fertilizer incorporated in the innermost areas of the composite.

Table 4.3.4.4 Values of slopes (n) and intercepts (k) of fitting of Peppas-Korsmeyer model power law applied to the
release data collected in the burst region (Mt /M < 0.6).

Step 1 Step 2

Sample code name

K n K n
CM_MB/NPK-A 1.96 0.30 1.83 0.16
CM_MB/NPK-B 1.52 0.25 - -
CM_MB/OFI-A/NPK-A 1.71 0.78 1.72 0.27
CM_MB/OFI-B/NPK-B 1.36 0.35 - -
FDM_MB/NPK-A 1.38 0.24 - -
FDM MB/NPK-B 1.61 0.74 1.42 0.27
FDM MB/OFI-A/NPK-A 1.55 0.34 - -
FDM MB/OFI-B/NPK-B 1.67 0.46 1.67 0.21

In particular, CM_MB/NPK-A (Figure 4.3.4.10a) showed a burst region that can be divided
into two sub-regions, one characterized by faster kinetics (n = 0.30), probably attributable to some
NPK particles available in the composite surface and thus faster delivered, and a second region that
provide information about the actual capability of the system to establish a controlled release (n =
0.16). However, in both regions n < 0.5, especially in the second region, therefore the composite
could indeed slow the fertilizer release. CM_MB/OFI-A/NPK-A (Figure 4.3.4.10b) showed the same
scenario but with a first region characterized by a much faster kinetics (n = 0.75). This behaviour
could be reasonably imputable to the presence of OFI particles in the matrix as already discussed.
CM_MB/NPK-B and CM_MB/OFI-B/NPK-B (Figure 4.3.4.10c), instead, showed a single region
characterize by a hinder diffusion of the NPK (n = 0.25 and n = 0.35), ensuring an almost Fickian
release mechanism. Likewise, FDM_MB/NPK-A and FDM_MB/OFI-A/NPK-A (Figure 4.3.4.10d)
showed a hinder diffusion of fertilizer with n value of 0.24 and 0.34 respectively. On the contrary,

FDM_MB/NPK-B (Figure 4.3.4.10e) and FDM_MB/OFI-B/NPK-B (Figure 4.3.4.10f) showed two
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sub-regions, one characterized by faster kinetics, especially for FDM_MB/NPK-B (n = 0.74), and

the second that confirm the capability of the systems to establish a controlled release (n = 0.27 and

n = 0.21 respectively). In general, all composites showed a significant hinder diffusion of the NPK,

especially in the first 24 hours, that can be modulated by appropriately selecting the dimension of the

particles of the fertilizer, the addition of OFI and the production technique. The obtained CRFs

composites ensuring an almost Fickian release mechanism, unlike NPK grain, where NPK is

immediately released because of its instantaneous dissolution.
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Figure 4.3.4.10 Logarithmic plots of power law model applied to the release data collected in the burst region
(My/Mo < 0.6, highlighted by coloured portion of the plot) for CM_MB/NPK-A (a); CM_MB/OFI-A/NPK-A (b);
CM _MB/NPK-B and CM_MB/OFI-B/NPK-B (c); FDM_MB/NPK-A and FDM_MB/OFI-A/NPK-A (d); FDM_MB/NPK-

B (e); FDM_MB/OFI-B/NPK-B (f).
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6.3.4.8 Morphological analysis of CRF devices after NPK release
Morphology of CRF were analyzed also after NPK release (30 days of soaking in distilled

water) and relevant SEM micrograph of them are showed in Figure 4.3.4.11.

CM_MB/NPK-A CM_MB/NPK-B

-

CM_MB/OFI-A/NPK-A CM_MB/OFI-B/NPK-B

- ]
'\

FDM_MB/OFI-A/NPK-A K-B
_ RN 7

Figure 4.3.4.11 SEM micrograph of fractured cross-section of CRF devices, fabricated for both compression moulding
and FDM, after soaking in water for 30 days.
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It is possible to notice that all CRF devices displayed an evident degradation of the polymeric
matrix. Moreover, all the composites showed voids in the matrix (not detectable in the samples before
the release) reasonably produced by the dissolution of released NPK. Some NPK particle are still
present in all device except FDM_MB/OFI-A/NPK-A. In this latter, in fact, no particles of fertilizer
can be detected confirming the 100% NPK release. Furthermore, optical image (Figure 4.3.4.12a)
and micrograph of the FDM samples before (Figure 4.3.4.12b) and after (Figure 4.3.4.12c) the release
were reported. In Figure 4.3.4.12b it is possible to notice the good adhesion of adjacent layer in FDM
samples before NPK release. After soaking in water for 30 days, instead, the samples showed a
detachment of the layers (Figure 4.3.4.12¢). This behaviour testifies the occurrence of swelling of the

polymeric matrix confirming the supposed mechanism of release.

a)

Figure 4.3.4.12 Optical image (a) and SEM micrograph of good adhesion between layers in FDM samples before NPK
release (b) and layers detachment in FDM samples after soaking in water for 30 days due to occurrence of swelling (c).

6.3.4.9 Mechanical characterization of CRF devices after NPK release

Mechanical performance of samples after 30 days of NPK release was investigated by tensile
tests and the values of elastic modulus (E), tensile strength (TS) and elongation at break (EB) are
reported in Table 4.3.4.5. Samples without NPK were also immersed in DI water for 30 days and then
tested for comparison. Regarding compression moulded samples, all the specimen without NPK

(CM_MB, CM_MB/OFI-A, CM_MB/OFI-B) showed an increase in Young's modulus (statistically
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significant, being p < (0.05) reasonably imputable to the degradation of the biopolymeric matrix [222].
Concerning CM_MB/NPK-A and CM_MB/NPK-B, no difference in E can be observed before and
after the fertilizer release (variation not statistically significant, being p > 0.05), in fact, both showed
a Young's modulus of ~ 95 MPa. This behaviour could be read as the result of the decrease of E due
to the filler (NPK) loss during the release phase and a simultaneous increase of it imputable to the
degradation of the matrix. On the contrary, hybrid composites (CM_MB/OFI-A/NPK-A and
CM_MB/OFI-B/NPK-B) exhibited a slight decrease in Young's modulus (statistically significant,
being p < 0.05). In this case, the effect of the filler loss during the release phase predominate on the
biodegradation effect considering that the total amount of filler for these latter is 20% and no more
10%. Moreover, the weakening of filler/matrix interfacial interactions due to water and the poorer

filler properties could influence the mechanical performance inducing a reduction in stiffness [211].

Table 4.3.4.5 Elastic modulus (E), tensile strength (TS), and elongation at break (EB) of sample obtained by compression
moulding and FDM after NKP release.

Sample code name E (MPa) TS (MPa) EB (%)
CM_MB 128 £ 1.6 6.1+1.38 73121
CM_MB/OFI-A 135+ 11 54+00 89+ 1.6
CM_MB/OFI-B 150 + 3.1 57408 6.4+04
CM_MB/NPK-A 946 £0.8 53+0.6 84100
CM_MB/NPK-B 954 +3.7 57104 7.8 +0.8
CM_MB/OFI-A/NPK-A 137+ 3.9 6.3+03 75104
CM_MB/OFI-B/NPK-B 143 £9.5 48 +22 47120
FDM_MB 856t 1.1 59+0.6 13+1.4
FDM_MB/OFI-A 101 £ 1.7 52+04 78+ 14
FDM_ MB/OFI-B 114+ 0.5 56+1.7 7.4+0.7
FDM_ MB/NPK-A 90.7+ 1.5 59+13 89+13
FDM_ MB/NPK-B 101 £ 0.7 6.1+0.2 84103
FDM_ MB/OFI-A/NPK-A 105+ 0.4 59+15 891028
FDM MB/OFI-B/NPK-B 104+ 14 57+£12 84+ 1.6
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Concerning FDM sample it is also necessary to take into account that the high porosities
induced by the process, not only promote the water transport across the samples allowing the release
of the NPK also from the more inner layer of the composites but also leads to a relevant increase of
water uptake and swelling if compared to compression molded samples [211]. FDM_MB, in fact,
showed a slight decrease in E value (statistically significant, being p < 0.05) probably imputable to
its hygroscopic behaviour. This decrease was even more marked in OFI and / or NPK containing
samples were also the effect of filler loss during the release phase should be considered. In detail,
FDM_MB/OFI-A and FDM_MB/OFI-B displayed a decrease in Young's modulus from 113 to 101
MPa and from 128 to 114 MPa respectively (statistically significant, being p < 0.05). When only
NPK is added to the biopolymeric matrix (FDM_MB/NPK-A and FDM_MB/NPK-B) the decrease
in E value is more marked (statistically significant, being p < 0.05). This behaviour could be
reasonably imputable to the higher filler loss due to the better solubility of NPK if compared with
OFI one. Moreover, FDM_MB/OFI-A/NPK-A and FDM_MB/OFI-B/NPK-B showed the highest
decrease in Young's modulus value (statistically significant, being p < 0.05) due to the even higher
filler loss that occurs for these samples. Should be considered, in fact, that the total amount of filler

for these latter is 20% and no more 10% (since 10% of OFI and 10% of NPK is present).

6.3.4.10 Conclusions

An innovative green composite with CRFs performance was produced by adding NPK flour
to a biodegradable polymer (Mater-Bi®) with or without OFI particles. The final devices were
successfully fabricated both for compression moulding and FDM using all the prepared formulation.
Both filler and fertilizer displayed good dispersion in the composites, excellent adhesion with the
polymeric matrix and effectively acted as reinforcement. FDM samples, moreover, showed higher
mechanical properties if compared with compression moulded ones. Release tests of CRF devices

reveal the ability of all the obtained composites to slow the release rate of NPK (up to 30 days), which
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proved to be tunable by modifying formulation, flours granulometry and production techniques. The
porous structure of FDM samples, induced by the process itself, promote the water transport across
the devices allowing the release of the NPK also from the more inner layer. In particular,
FDM_MB/OFI-A/NPK-A act as the best CRF device showing a remarkable burst delivery with about
70% of NPK released in the first 24 hours and a 100% release after 30 days. Compression molded
specimens showed the same behaviour of FDM ones but the compact structure of them significantly
slow down the release of NPK. Considering release kinetics results, it is possible to conclude that by
adding filler, varying fertilizer and filler granulometry and by employing different production
technique it is possible to tune NPK release in order to be suitable to crops different life cycle or to
environmental conditions of specific soils or climates. More in detail, by addig OFI particles to the
polymeric matrix and select 75 um NPK and OFTI particles it is possible to obtain CRFs devices
characterized by a faster release. Biodegradable, cost effective and easy to produce CRF green
composites could be prepared through FDM by adding NPK and OFI flours to a biodegradable
polymeric matrix. The addition of OF]I, in fact, leads to a decrease of the amount of polymer needed
and consequently to a lowering in the cost of the final device. Moreover, by using FDM it is possible
to reduce production time and costs, create extremely elaborated geometries as well as easy tune the

NPK release rate.
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6.3.5 Multifunctional 3D-Printed Composites Based on Biopolymeric Matrices and
Tomato Plant (Solanum Lycopersicum) Waste for Contextual Fertilizer

Release And Cu(Il) lons Removal

The subsequent text and images have been fully extracted from the published article authored by the candidate
“Scaffaro, R., Gulino, E.F. & Citarrella, M.C. Multifunctional 3D-printed composites based on biopolymeric matrices
and tomato plant (Solanum lycopersicum) waste for contextual fertilizer release and Cu(Il) ions removal. Adv Compos
Hybrid Mater 7, 95 (2024). https.//doi.org/10.1007/s42114-024-00908-4 [223]” and are reproduced here with the
necessary permissions from Elsevier.

Author contribution: writings—original draft, writing—review and editing, software, formal analysis,
investigation, visualization, conceptualization, data curation, methodology, validation.

6.3.5.1 Abstract

The production of tomatoes faces significant challenges, including the high amount of waste
generated during the harvest stage and copper-contaminated soil due to pesticide use. To address
these issues and to promote a more sustainable agriculture, innovative biodegradable green
composites for contextual controlled soil fertilization and Cu removal were produced by 3D-printing
technology. These composites were made by incorporating NPK fertilizer flour and tomato plant
waste particles (SLP) into three different biodegradable polymeric matrices: polylactic acid (PLA); a
commercial blend of biodegradable co-polyesters (Mater-Bi®, MB) and their blend (MB/PLA,
50:50). Rheological characterization suggested the potential processability of all of the composites
by FDM. Morphological analysis of printed samples confirmed the good dispersion of both filler and
fertilizer, which also acted as reinforcement for MB and MB/PLA composites. SLP and NPK moduli
were evaluated by powder nanoindentation and, for almost composites, the theoretical Halpin-Tsai
model satisfactorily fitted the actual tensile moduli. The decrease in NPK fertilize release rate and
the increase in Cu(Il) removal efficiency were achieved using whole 3D-printed composites. By
selecting the appropriate matrix and incorporating SLP particles, it was possible to tune the NPK
release rate and achieve copper absorption efficiency. Notably, MB samples containing SLP particles

displayed the fastest release and the highest Cu(Il) removal efficiency.
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6.3.5.2 Preparation of MB, PLA and MB/PLA neat and composites filaments

Aiming to obtain a good dispersion of the fillers and achieve good printability, specific
amounts of SLP and NPK were chosen to prepare hybrid bio-composites, not overcoming a total
amount of 20 wt% of filler added. More in detail, nine different formulation were prepared. An
internal mixer was used in order to melt mix 10% of SPL and (or) 10 % of NPK to all the selected
matrices. The three neat matrices (MB, PLA, and MB/PLA) were also processed under identical
conditions for the purpose of comparison. The obtained formulations were then extruded and a
conveyor belt system (6 m/min) was used to draw the output extrudate aiming to obtain filaments
with a diameter of ~ 1.75 mm. The filaments were named based on the selected matrix and their filler
contents. Formulations of the matrices and the produced composites, together with their code names,

are reported in Table 4.3.5.1.

Table 4.3.5.1 Formulations of used polymeric matrices and prepared bio-composites.

Sample code name MB [wt%] PLA [wt%] SLP [wt%] NPK [wt%)]
MB 100 0 0 0
PLA 0 100 0 0
MB/PLA 50 50 0 0
MB-SLP 90 0 10 0
MB-NPK 90 0 0 10
MB-SLP-NPK 80 0 10 10
PLA-SLP 0 90 10 0
PLA-NPK 0 90 0 10
PLA-SLP-NPK 0 80 10 10
MB/PLA-SLP 45 45 10 0
MB/PLA-NPK 45 45 0 10
MB/PLA-SLP-NPK 40 40 10 10

6.3.5.3 Morphology of SPL and NPK powders

After the drying process, small pieces of tomato plant stems were examined using SEM to
evaluate their internal morphological structure. SEM images (Figure 4.3.5.1a, 4.3.5.1b) revealed that
the tomato plants used in this work are characterized by circular and square-shaped voids regularly

distributed along the entire length of the stem. These features could be particularly useful to achieve
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infiltration of the polymeric matrices into the filler, thereby potentially obtaining a mechanical

reinforcing effect with the formation of an interphase [224,225].
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Figure 4.3.5.1 SEM micrographs of tomato plant steam (a) and close-up view (b); SLP powder (c, d) and
close-up view (e) and NPK powder (f; g). Highlighted area in panel b and e providing a detailed examination of the
material's microstructure.

After this preliminary characterization, the plant was then ground into fine particles and the
obtained powder was sieved, selecting the fraction under 150 um. Relevant SEM micrographs of SLP

powder are shown in Figure 4.3.5.1c and 4.3.5.1d. SLP flour is characterized by an hybrid
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morphology: some particles showed a fibrous shape (yellow arrows), while others had a flakes-like
geometry (red arrows) due to the fact that whole tomato plant was ground as received without
separating the different parts: the fibrous-shaped particles likely belong to the stems, while the flakes-
like ones belong to the leaves. Moreover, fibrous-shaped particles are characterized by lengths greater
than 150 pm but with high aspect ratio. This feature allowing them to pass through the sieve when
aligned perpendicularly to the mesh. SEM images in Figure 4.3.5.1d and 4.3.5.1¢ (close-up view and
arrow) revealed that the porous structure of the stem was partially preserved even after grinding, and

that some skein-shaped particles (green circle) were also sporadically present.

Relevant micrographs of ground NPK fertilizer particles are shown in Figure 4.3.5.1f and
4.3.5.1g. Although they displayed some inhomogeneity in shape and size, they all exhibited a rounded

geometric shape. Furthermore, NPK and SLP particles have distinct morphologies.

6.3.5.4 Processing and morphological analysis of filaments

First, all the different formulations (included neat MB and PLA) were melt-mixed for two
minutes (T = 160 °C for MB and MB/PLA series and T = 190 °C for PLA series). The obtained
mixtures were ground into pellets and then extruded into filaments using a cylindrical nozzle and a
conveyor belt system. Melt mixing was performed aiming to improve the dispersion of the fillers in
the polymeric matrices. This preliminary mixing enables the production of composite filaments with
a homogeneous dispersion of the filler and a rounded shape, improving properties and printing
performance of them. Both neat matrices and SLP and/or NPK-containing filament (diameter: ~ 1.75
mm) were successfully extruded, their morphology was analyzed, and relative optical images and

SEM micrograph of their cryofractured cross section are reported in Figure 4.3.5.2.

SEM micrographs confirm that all the filament showed a diameter of ~ 1.75 mm and an almost
regular cylindrical shape (Figure 4.3.5.2a-c; e-g; i-k) but -SLP-NPK ones that exhibited a non-totally

uniform and quite rough surface (Figure 4.3.5.2d, h, 1). More in detail, MB (Figure 4.3.5.2a), PLA
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(Figure 4.3.5.2e) and MB/PLA (Figure 4.3.5.21) neat filaments showed a very regular cylindrical

shape.

MB-SLP-NPK

Figure 4.3.5.2 SEM micrograph of MB (a); MB-SLP (b); MB-NPK (c); MB-SLP-NPK (d); PLA (e); PLA-SLP
(f); PLA-NPK (g); PLA-SLP-NPK (h); MB/PLA (i); MB/PLA-SLP (j); MB/PLA-NPK (k); MB/PLA-SLP-NPK (1)
filaments cross section.

Furthermore, when blend together, MB and PLA, form an apparently homogeneous structure,
at least at this scale, as shown in Figure 4.3.5.2i. When just SLP is added to the different polymeric
matrices (Figure 4.3.5.2b; f; j), the regular cylindrical shape and homogeneous dispersion of filler are
almost preserved. SLP exhibited a good adhesion with the matrices and limited presence of voids can
be noted in all the three filament samples. On the other hand, the addition of NPK (Figure 4.3.5.2¢c;
g; k), had no adverse effect on the geometric regularity of the filament. Moreover, in all filament

samples, an almost homogeneous dispersion of the fertilizer with very limited presence of voids could
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be noted and the interfacial adhesion between the particles and the polymeric matrices seems to be
good. MB-SLP-NPK (Figure 4.3.5.2d), PLA-SLP-NPK (Figure 4.3.5.2h) and MB/PLA-SLP-NPK
(Figure 4.3.5.21) exhibit uneven edges with some voids along them. This can be explained taking into
account that in this latter case the total amount of fillers (i.e. SLP and NPK) is 20%, and no more
10%. However, the cylindrical shape is sufficiently preserved in order to be 3D printed, and both the
filler and the fertilizer are homogeneously dispersed throughout the filaments. The neat matrices and
the SLP and(or) NPK containing formulations showed morphology potentially suitable for FDM

printing process.

6.3.5.5 Rheological behaviours and thermal properties of filaments
Filaments printability by FDM technology is strongly related to their rheological behaviour
[199]. Therefore, rheological analyses were investigated by using rotational rheometer and results are

reported in Figure 4.3.5.3a-c.
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Figure 4.3.5.3 Complex viscosities of MB (a), PLA (b) and MB/PLA (c) series performed at 160 °C, 190 °C
and 160 °C respectively and DSC curves (d) of the polymeric matrices.
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Based on our previous works [202,226], all the formulations based on MB, PLA, and MB/PLA
displayed viscosity values that are potentially suitable for be 3D-printed. More in detail, MB (Figure
4.3.5.3a) shows an almost Newtonian behaviour at lower frequencies and a shear-thinning behaviour
at higher ones. The presence of SLP or NPK lead to an increase in viscosity values across the whole
range of frequency, and a more pronounced non-Newtonian behaviour. When compared to MB-NPK,
MB-SLP displayed higher viscosity value, possibly due to the porous and spongy structure of SLP
particles that allows the polymeric matrix to infiltrate it. This tendency further increases when both
SLP and NPK were present in the composite and the onset of yield stress phenomena could be
observed. In this latter case, it is necessary to consider that the total amount of the dispersed phase
was 20% (10 % SLP and 10 % NPK) and no more 10% (SLP or NPK only) like in the previous
analyzed systems. On the other hand, neat PLA (Figure 4.3.5.3b) displayed its typical [227,228]
Newtonian behaviour at lower frequencies and a slight shear-thinning in the higher region. The
addition of SLP or NPK into the PLA matrix significantly lowered the complex viscosity over the
entire investigated frequencies range (0.1-100 rad/s), as already reported for similar composite
systems [199], suggesting a decrease of the molecular weight (My) due to a deterioration of the
polymer phase upon processing. In the PLA composites filament (Figure 4.3.5.3b), a slight change in
the shape of the curve was observed: PLA-SLP, PLA-NPK and PLA-SLP-NPK exhibited a non-
Newtonian behaviour at lower angular frequencies and pronounced shear-thinning behaviour at
higher frequencies. Moreover, for PLA-SLP-NPK the presence of yield stress phenomena could be
observed. The presence of yield stress, in fact, is typical of composites systems. In Figure 4.3.5.3c,
the complex viscosities of the MB/PLA series are reported. The rheological behaviour of MB/PLA
blend was mostly influenced by the PLA phase. In the case of MB/PLA series, in fact, it should be
considered that the temperature of 160 °C (used for filament preparation and sample printing), was
chosen in order to limit MB thermal degradation. Therefore, at this temperature, the PLA phase was
not completely molten. Due to the presence of this partially molten phase, neat MB/PLA exhibited a

non-Newtonian behaviour characterized by a shear-thinning behaviour at high angular frequencies
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and the onset of yield stress phenomena at lower frequencies. The presence of SLP or NPK leads to
a decrease in viscosity values across the entire frequency range, but almost no change in the shape of
the curve was observed. When both SLP and NPK were present in the composite (MB/PLA-SLP-

NPK), a more pronounced non-Newtonian behaviour and yield stress phenomenon could be noted.

The results suggest that the rheological behaviours of all the composite filaments were
compatible with the 3D printing process, especially those of the MB/PLA series. Shear-thinning
properties are fundamental for lowering viscosity values, aiming to improve filament printability for

3D printing.

In order to deeply investigated the behaviour of the blend, DSC measurements were performed
on the neat matrices and the obtained results are presented in the form of thermogram plots in Figure
4.3.5.3d. MB and PLA exhibited the same glass transition temperature of about 75 °C and melting
point of 130 °C and 165 °C respectively. MB/PLA showed almost the same glass transition
temperature of the single polymeric component (about 75 °C) and two different melting points: the
first at about 125 °C followed by a second at about 160 °C likely related to the melting of the PLA
phase. Considering that MB is a blend of aromatic and aliphatic biodegradable co-polyesters
reasonably including PLA [229], the total melting enthalpy of the different matrices could be
compared in order to obtain information about the crystallinity of the materials. The thermal
properties of PLA confirm a typical almost amorphous behaviour of PLA, while MB exhibited a
much higher melting enthalpy value showing similar results to other research studies [229]. When
MB and PLA are mixed together a higher melting enthalpy is observed reasonably due to the

occurrence of a nucleation effect as already reported for similar systems [230].

6.3.5.6 3D printing and morphological analysis of composites
MB, PLA and MB/PLA composites filament with 10% of SLP and/or NPK powders were

successfully extruded obtaining a diameter of about 1.75 mm. Pure MB, PLA and MB/PLA filaments
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were also produced using identical procedure for comparison. All filaments were easily 3D printed
for FDM as was predicted considering SEM analysis (Figure 4.3.5.2) and their rheological behaviours
(Figure 4.3.5.3a-c). The FDM process, in fact, proceeded smoothly, without any interruption, (also
for -SLP-NPK ones despite the non-uniform surface of the filaments) and no nozzle clogging
occurred. All the composites formulations could be actually printed without varying the temperature
normally used for MB and PLA pure matrices (160 °C and 190 °C respectively). Neat MB/PLA and
its composites have been fluidly printed at 160 °C. Specimens of 60x10x1 mm have been successfully

printed with all the prepared formulations.

Morphological characterization was conducted on the cryofractured cross section of 3D

printed composite samples, see SEM micrographs in Figure 4.3.5.4.

A relatively uniform dispersion of both natural filler and fertilizer was observed in all the
composites (Figure 4.3.5.4a-1). In MB (Figure 4.3.5.4a-c) and PLA based composites (Figure
4.3.5.4d-f), imperfect adhesion was observed between the matrices and both SLP and NPK particles,
as noted by the presence of many voids in the fracture surface. This behaviour was more pronounced
with SLP particles. On the other hand, both SLP and NPK particles appeared to be well-embedded in
the MB/PLA matrix (Figure 4.3.5.4g-1) and the adhesion between matrices and particles seemed to
be good, especially for SLP particles (see red circle and arrow in Figure 4.3.5.4g and 4.3.5.4i
respectively). In this latter case, the matrix penetrated inside the SLP particles pores, anchoring the
particles to the matrix and achieving excellent adhesion. Moreover, all FDM-printed samples
exhibited a porous structure created by the separation points among adjacent raster layers due to the
selected raster angle (+ 45°). The production of porous devices is really interesting because it allows

water transport across the samples, enhancing fertilizer release and pollutant removal [154,231].
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MB-SLP MB-NPK MB-SLP-NPK

Figure 4.3.5.4 SEM micrograph of MB-SLP (a); MB-NPK (b); MB-SLP-NPK (c); PLA-SLP (d); PLA-NPK
(e); PLA-SLP-NPK (f); MB/PLA-SLP (g); MB/PLA-NPK (h); MB/PLA-SLP-NPK (i) cross section of 3D printed
samples.

6.3.5.7 Nanoindentation of SLP and NPK powders

Elastic modulus (E) of SLP and NPK particles have been investigated using nanoindentation.
The nanoindentation test showed that the elastic modulus of NPK fertilizer is significantly higher
than that of SLP. Specifically, Young’s modulus of NPK was found to be 12708(+ 8.7) MPa, while
SLP one was 171(+ 0.1) MPa. This difference in stiffness between NPK and SLP can be attributed to
the materials nature: NPK, in fact, is composed of a mixture of nitrogen, phosphorus, and potassium
salts, which are known for their hardness and strength. On the other hand, SLP is made up of organic

compounds, which tend to be relatively soft.
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6.3.5.8 Mechanical properties of 3D printed composites and Halpin-Tsai model

The mechanical performance of 3D-printed composites samples was investigated through
tensile tests and the outcomes of composite elastic modulus, normalized to those of each matrix, are
shown in Figure 4.3.5.5. The addition of SLP particles to MB (Figure 4.3.5.5a, first group of bars)
did not lead to any statistical relevant variation in the E value. To address this behaviour, the fractured
cross-section of MB-SLP was analyzed by SEM. As shown in Figure 4.3.5.5b, during the fracture
phase, SLP particles were pulled out of the polymeric matrix limiting their reinforcing effect. On the
other hand, the addition of NPK to MB (MB-NPK and MB-SLP-NPK) led to a slight but statistically
significant increase in E, going from 89 MPa of neat MB to 94 and 95 MPa of MB-NPK and MB-

SLP-NPK respectively.
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Figure 4.3.5.5 Reduced elastic modulus of the composites (E., i.e. normalized to those of each matrix En),
dashed line refers to neat matrices value of the reduced property (a); SEM micrograph of SLP particles behaviour
during tensile fracture in MB-SLP (b) and MB/PLA-SLP (c) printed samples; (b) theoretical and experimental elastic
modulus of MB (d), PLA (e) and MB/PLA (f) composites.

Regarding the PLA series (Figure 4.3.5.5a, second group of bars), the addition of SLP or NPK
particles, or both contextually, to PLA led to a slight but statistically significant decrease in E, going

195



from 891 MPa of neat PLA to 852, 820 and 850 MPa of PLA-SLP, PLA-NPK and PLA-SLP-NPK
respectively. These results appear to be in full agreement with those obtained during rheological
characterization. MB/PLA blend showed a different mechanical behaviour (Figure 4.3.5.5a, third
group of bars). The addition of SLP particles led to an increase in E, going from 503 MPa of neat
MB/PLA to 635 MPa of MB-SLP. In fact, the filler is currently well-integrated into the polymeric
matrix, acting as a reinforcement (see SEM images in Figure 4.3.5.4). This is evident from the
observed fracture behaviour during tensile testing (Figure 4.3.5.5¢), where SLP particles tend to break
rather than pull out from the matrix. These results suggest that the filler-matrix interface is strong,
allowing efficient load transfer and improved mechanical properties of the composite, in accordance
with the morphological analysis, (Figure 4.3.5.4h). The same trend was also observed when NPK is
added to the matrix, reaching a Young’s modulus of 674 MPa. Similarly, the hybrid composite
(MB/PLA-SLP-NPK) exhibited the highest increase in Young's modulus, exhibiting an E value of
707 MPa due to the fact that the total amount of particles (SLP and NPK) is 20%. For MB/PLA series,
all variations were statistically significant and the tensile behaviours seems to be mainly influenced
by the reinforcing effect given by the fillers that stiffen the composites reducing their flexural

deformability.

Nevertheless, it should be considered that the tensile properties of these types of systems can
be optimized if a raster angle of 0° is chosen. In fact, in a previous work [198], we prepared green
composites based on MB and tomato plant and we printed them with a 0° or +£45° raster angle in order
to evaluate its influence on the tensile properties of the composites. Tensile test result reveal that the
0° raster angle definitively optimizes the tensile properties, confirming data from the literature,
obtained on similar systems, where 0° raster angle usually optimizes tensile properties [232].
However, in this case, a raster angle of £45° was chosen aiming to produce a more porous structure
by creating separation points among adjacent raster layers. This promotes NPK release and Cu

absorption, generates channels along the devices, and allows water to be conveyed inside the sample.
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The experimental data obtained in tensile tests and those predicted by Halpin—Tsai model,
were analyzed. Eg; p and Eypg were determined by nanoindentation, as reported in the experimental
part. Density measurements were performed on matrices, SLP and NPK. Figure 4.3.5.5d-f provides
a comparison between the experimentally measured tensile moduli of MB, PLA and MB/PLA printed
composites and those predicted by the Halpin-Tsai model. For MB based composites, the theoretical
model satisfactorily fitted the actual tensile moduli. On the other hand, for PLA composites, the
theoretical model almost fitted the tensile modulus of PLA-SLP but overestimated PLA-NPK and
PLA-SLP-NPK ones. This behaviour could be attributed to the imperfect adhesion between the matrix
and filler and the variable aspect ratio of the fillers, especially SLP. For MB/PLA blend composites
a similar behaviour to that observed for PLA was noticed for MB/PLA-SLP and MB/PLA-NPK.
However, for MB/PLA-SLP-NPK, the theoretical model clearly underestimated the actual tensile
modulus. This issue could be addressed by considering that some SLP fibers were uniaxially oriented
in tensile direction (see Figure 4.3.5.6), while the used Halpin-Tsai model fitted composites

reinforced with randomly oriented fibers only.

Figure 4.3.5.6 SEM micrograph of MB/PLA-SLP-NPK cross section of printed samples fractured in liquid

nitrogen lengthwise.

The performances of SLP-filled composites in tensile test were strongly influenced by

uniaxially oriented fibers. Moreover, the presence of SLP, NPK or both during the preparation of the
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MB/PLA composites blend led to the production of matrices that were slightly different from the neat

one, allowing to obtain a finer dispersion of one polymeric phase in the other.

6.3.5.9 NPK release and Peppas-Korsmeyer model

Conductivity measurements were used to determine the release profile of NPK from the 3D-
printed samples. More in detail, electrolyte resistance was measured and correlated to the total
concentration of electrolytes in solution. All tests were performed in water at 25 °C. It should be
noted that this evaluation method, performed in water, may overestimate the NPK release compared
to what typically occurs in soil. As a control, conductivity measurements were also performed for
free NPK and for composites that do not contain NPK (see Figure 4.3.5.7a). When immersed in water,
free NPK immediately achieved a plateau region, releasing all fertilizer within the first 24 hours.
Devices without NPK (MB, MB-SLP, PLA, PLA-SLP, MB/PLA, MB/PLA-SLP) did not release any

significant concentration of electrolytes after 30 days of immersion.

Conductivity tests were also conducted on NPK-filled composites to determine their release
kinetics and the results are shown in Figure 4.3.5.7b. The NPK release kinetics of all the 3D-printed
composites were characterized by three phases: a burst release in the initial 24 hours of immersion, a
subsequent phase of progressive and slower release, and a final plateau region observed after 15 days
of immersion, in agreement with already reported similar systems [203,233]. The sustained release
of NPK fertilizer was achieved for both composites (-NPK) and hybrid composites (SLP-NPK)
prepared using the three different matrices. All composites showed a significant reduction in the
amount of released NPK and therefore in conductivity values, especially in the first 24 hours,
compared to free NPK. Moreover, the NPK release rate could be modulated by adding SPL particles.
In detail, MB-SLP-NPK showed the fastest delivery with about 80% of NPK released in the first
week of the test, followed by PLA-SLP-NPK with 70% of NPK released. Other composites exhibited

a lower release of NPK: after 7 days, MB/PLA-SLP-NPK released about 60% of NPK while all the
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composited that not contain SLP released about 55% of it. In fact, when the samples were immersed
in water, SLP particles were also released into the aqueous medium, generating channels along the

devices and allowing the water to be conveyed inside the sample.

This suggests that NPK particles, found within the interior of the samples, may have a higher
potential to be released. Moreover, a weak adhesion between matrix and filler would promote filler
and fertilize release, thus justifying the more inhibited release of MB/PLA systems. Therefore, the
results imply that, if a faster and complete release is required, SLP particles should be added to the
composites and MB should be preferred as polymeric matrix. MB-SLP-NPK system, in fact, release
100% of NPK after 30 day of immersion, achieving a complete release of the fertilize. When
compared to other controlled-release fertilizer devices mentioned in the scientific literature, the
devices produced in this study displayed a remarkable capacity to reduce the release rate of NPK, as

evident in Figure 4.3.5.7¢c [234-236].

The obtained NPK release data was evaluated by plotting logarithmic graphs as a function of
time (Figure 4.3.5.7d) to gain a better understanding of the fertilizer release mechanism. During the
firsts 24 hours of release test, burst release was observed. This phase can be divided in two sub-
phases: at first the fertilizer available on composites surface was rapidly delivered (within the first 15

minutes) and subsequently the delivery was driven by diffusive phenomena (colored portion of the
plot).

As the release progressed, the release curves showed an increase in slope likely due to the
occurrence of swelling phenomena across the polymeric matrix possibly caused by the higher
porosity induced by the printing process that reasonably led to a relevant increase in water uptake for
FDM structures [203]. In the final stage, fertilizer delivery was reasonably governed by both swelling
and diffusive phenomena. Peppas-Korsmeyer mathematical model [128] was used to fit the obtained

release data and confirm the hypotheses on NPK release mechanism [219].
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Figure 4.3.5.7 Fertilizer release as function of time for free NPK, composites that not contain NPK (a) and 3D-printed
devices (b); comparison of release rate of MB-SLP-NPK with other CRF’s device obtained with different methods (c);
logarithmic plots of Peppas-Korsmeyer model power law applied to the release data collected in the burst region, M;

/M < 0.6 was highlighted by colored portion of the plot (d); pictorial description of NPK release mechanism (e).

This model has previously been successfully used to describe fertilizer release kinetics from
CRFs devices [203,221]. The values of K and n of the different formulations were determined and

reported Table 4.3.5.2.
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Table 4.3.5.2 Values of slopes (n) and intercepts (k) of fitting of power law applied to the release data collected in the
burst region (M: /Mx < 0.6).

Sample K n

MB-NPK 0.46 0.42
MB-SLP-NPK 0.41 0.43
PLA-NPK 0.48 0.33
PLA-SLP-NPK 0.59 0.41
MB/PLA-NPK 0.48 0.32
MB/PLA-SLP-NPK 0.53 0.36

By analysing the calculated n value is possible to make assumption about the release
mechanism: n approximately 0.5 indicate a diffusion-driven release; when n = 1 swelling occurs and
when n values are between 0.5 and 1 both swelling and diffusive phenomena occurs [54]. A value of
n < 0.5 may indicate that the matrix hinders the diffusion of the particles. As seen previously, the
release curves of all composites are characterized by a burst region that represent two different effect:
NPK particles readily available on the device’s surface are immediately delivered in the aqueous
media (t = 15 min); the real capability of the 3D-printed devices to perform a controlled release. In
this second region all the systems displayed n < 0.5 (see n value in Table 3), therefore the fillers
could indeed slow the fertilizer release. In general, in the first 24 hours, all the composites showed a
hindered diffusion of the NPK, especially PLA-NPK, MB/PLA-NPK and MB/PLA-NPK (n = 0.33,
0.32, 0.36 respectively). CRFs composites showed an almost diffusive release mechanism, unlike
NPK grains. In fact, in this latter case, NPK is immediately released for erosive dissolution. Figure
4.3.5.7¢e provides a pictorial representation of the release mechanism of the CRFs composites

described above.

Morphology of CRFs devices were analyzed also after 30 days of soaking in water. Optical
image (Figure 4.3.5.8a-f) and SEM micrograph (Figure 4.3.5.8a’-f”) of the 3D-ptinted samples before

(Figure 4.3.5.8a-c and 4.3.5.8a’-c’) and after (Figure 4.3.5.8d-f and 4.3.5.8d’-f) NPK release were
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reported. Before the release all the samples exhibited a satisfying adhesion of adjacent layer

especially MB/PLA one (Figure 4.3.5.8c and 4.3.5.8¢”) that also showed an excellent print definition.

before immersion

after immersion

Figure 8. Optical image (a-f) and SEM micrograph (a’-f°) of good adhesion between layers in FDM samples
before NPK release (a-c and a’-c’) and layers detachment in FDM samples after soaking in water for 30 days due to
occurrence of swelling (d-f and d’-f").

After soaking in water for 30 days, instead, PLA sample (Figure 4.3.5.8e and 4.3.5.8¢’)
showed a clear detachment of the layers, which was even more marked for MB one (Figure 4.3.5.8d
and 4.3.5.8d’). This behaviour testifies the occurrence of swelling of the polymeric matrices
confirming the supposed mechanism of release. Moreover, the PLA samples appear discoloured after
release, likely due to filler loss, as observed by comparing the optical images in Figure 4.3.5.8b and

4.3.5.8e. With regard to the MB/PLA samples, the swelling phenomenon was less evident compared
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to MB and PLA ones. From the SEM micrograph in Figure 4.3.5.8¢’, it is possible to observe that the
layers do not show any detachment, but on the contrary, they appear to be better adherent to each
other. Once again, this different behaviour may be caused by the greater crystallinity of the blend
compared to the one of the single components. Moreover, this behaviour reasonably explains the
slower NPK release obtained for the MB/PLA samples compared to that recorded for MB and PLA

ones.

6.3.5.10 Cu(ll) absorption

All the 3D-printed green composites were separately immersed in copper sulfate aqueous
solutions for 30 days. UV spectroscopy was employed to test the Cu(Il) ion removal efficiency of the
samples and the outcomes are reported in Figure 4.3.5.9a. All the green composites exhibited a
significant increment in the removal efficiency over the neat MB, PLA and MB/PLA that were 14,
10 and 8 % respectively. Despite plastics are considered inert, previous studies have reported the
adsorption of metal ions onto various biopolymeric material, including PLA and PBAT [237,238].
The highest removal efficiency for all the three type of matrices was observed for the -SLP an -SLP-
NPK composites. In detail, the maximum removal efficiency was achieved by MB-SLP-NPK with
78% of Cu removed from the aqueous solution, followed by MB-SLP with 74%. MB-NPK showed
a removal efficiency of 46%. Both PLA and MB/PLA composites showed the same trend. However,
in both cases, a lower removal efficiency was achieved, especially for MB/PLA composites, which
exhibited the lowest values. This behaviour can be explained by considering the more compact
structure of the MB/PLA samples, which remains almost unchanged after immersion in water for 30
days, preventing water from being conveyed inside the sample and thus reducing the surface area

available for the absorption.
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Figure 4.3.5.9 Removal efficiency of the devices (a) and SEM micrographs (b-j) and optical images (c’, [, i’)
of the green composites after the immersion in copper sulfate aqueous solutions for 30 days.

These results clearly demonstrated that Cu removal efficiency of the composites could be
modulated by adding SPL particles. Indeed, the composites that do not contain SLP exhibited the
lowest removal efficiency values of the series. This behaviour could be reasonably explained by
taking into account that, SLP contain natural compounds such as cellulose, lignin, and hemicellulose
that have a high affinity for metal ions [239,240]. It is reasonable to assume that these compounds
can absorb copper ions, effectively removing them from the aqueous solution. Moreover, the release
of NPK particles generated channels along the polymeric matrices, facilitating the water to be

conveyed inside the sample. This promoted the contact with more SLP particles, resulting in higher
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removal efficiency for -SLP-NPK samples. SEM images in Figure 4.3.5.9b-j reveal that, for the -SLP
and -SLP-NPK samples, the majority of the copper was absorbed by the SLP particles, identifiable
as white spots in the micrographs (confirmed by punctual EDAX analysis; sample test identifying
copper on white spots). On the other hand, for the -NPK samples (as shown in SEM and optical
images in Figure 4.3.5.9¢c-c’, f-f* and i-i’) Cu(Il) clusters formed on the polymeric matrices
(confirmed by punctual EDAX analysis; sample test identifying copper on white spots) which could

also be easily identified through visual inspection thanks to the pale colour of the composites.

6.3.5.11 Conclusions

Biodegradable green composites for contextual controlled soil fertilization and Cu removal
were produced by 3D-printing. NPK fertilizer flour and tomato plant waste particles (SLP) were
added to three different biodegradable polymeric matrices: polylactic acid (PLA), a commercial blend
of biodegradable co-polyesters (Mater-Bi®, MB) and their blend (MB/PLA, 50:50). All the obtained
filaments were successfully printed by FDM, in agreement with morphological analysis and
rheological characterization. Morphological analysis performed on the cross section of 3D printed
composite samples confirmed a relatively uniform dispersion of both natural filler and fertilizer in all
composite samples. Moreover, MB and MB/PLA samples displayed good adhesion between the
fillers and the matrix, unlike PLA ones where imperfect adhesion was observed. These behaviours
affect the mechanical performance of the composites. For MB and MB/PLA the filler and the fertilize
effectively act as reinforcement. SLP and NPK elastic moduli were evaluated by powder
nanoindentation and, for the majority of the composites, the theoretical Halpin-Tsai model
satisfactorily fitted the actual tensile moduli. NPK release tests showed the ability of all the obtained
composites to slow the release rate of the fertilize up to 30 days. Moreover, it was possible to tune
the release kinetics by changing the polymeric matrix and adding the natural filler (SLP). Cu(Il)

removal tests confirmed that all the green composites exhibited a significant increment in the removal
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efficiency over the neat matrices. More in detail, the Cu removal efficiency could be increased by
adding SPL particles that, as expected, have been very successful in absorbing copper. MB-SLP-NPK
showed 100 % release of NPK after 30 days and the highest copper removal ability with 78 % of Cu
removed from the aqueous solution. Moreover, the addition SLP particles leads to a decrease in the
amount of polymer needed, resulting in a lower cost of the final device. In addition, the use of FDM
as the selected production technique allows to reduce production time and costs. Considering the
release kinetics results and Cu absorption test, it is possible to conclude that by adding tomato plant
waste particles to polymeric matrices, it was possible to produce biodegradable, cost-effective and

easy-to-produce devices for contextual and efficient fertilizer release and Cu(II) ions capture.
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6.3.6 Green composites based on biodegradable polymers and anchovy (Engraulis

Encrasicolus) waste suitable for 3D printing applications

Note: This study is ongoing, with further application tests planned to enhance and finalize the
research findings.

The subsequent text and images have been fully extracted from the published article authored by the candidate
“Roberto Scaffaro, Maria Clara Citarrella, Anna Catania, Luca Settanni, Green composites based on biodegradable
polymers and anchovy (Engraulis Encrasicolus) waste suitable for 3D printing applications, Composites Science and
Technology, Volume 230, Part 1, 2022, 109768, ISSN 0266-3538, https://doi.org/10.1016/j.compscitech.2022.109768.
[226]” and are reproduced here with the necessary permissions from Elsevier. However, this paragraph also includes
additional experimental results that were obtained after the publication and have not been previously reported.

Author contribution: Methodology, Software, Validation, Formal Analysis, Investigation, Data Curation,
Writing - Original Draft, Writing -Review & Editing, Visualization.

6.3.6.1 Abstract

Every day large amounts of fish waste are produced and grossly discarded in markets around
the world causing environmental and hygiene issue. The use of these scraps for the production of
materials with higher added value can definitely contributed to solve this problem. In this work, 10%
and 20% of anchovy fishbone powder (EE), obtained by market waste, were microbiological and
mechanical tested and subsequently added to polylactic acid (PLA) and to a commercial blend of
biodegradable co-polyesters (Mater-Bi®). Rheological characterization suggests the potential
printability of all prepared composites filaments. 10% EE filled composites showed outstanding
printability. Morphological analysis confirmed the obtainment of good dispersion of the filler and the
excellent adhesion of EE particles with the matrices in the composites filament and in 10% printed
samples. The filler effectively acted as reinforcement in flexural and impact test: for MB and PLA,
the addition of EE leads to an increase of flexural modulus of about 23% and 32% respectively. In
tensile test both composites turn out to be influenced by the oil contained in the filler that act as
plasticizer: the elongation at break of MB increased by 364% when 10% of EE was added. The
experimental data obtained by tensile tests showed an opposites behaviour than those predicted by
Halpin—Tsai model, presumably due to the presence of residual fish oil acting as internal slipping

agent.

207



6.3.6.2 Preparation of EE flour, processing of EE composites and 3D printing

Firstly, anchovy fishbone flour (EE) was obtained by anchovy scraps collected directly at the
market following the process reported in Scheme 4.3.6.1. Fish wastes were first immersed in water
and cleaned individually at room temperature. Subsequently, they were air dried on paper and then
oven-dried for 30 minutes at 100 °C at room pressure. After that, they were removed from the oven
and let to air dry for 100 hours at room temperature. The dried fishbones were then finely ground for
3 min in a mixer and the obtained particles were sieved selecting the mesh sizes under 75 pm. Particle
size were selected to be suitable for the 3D printer trying to prevent nozzle obstruction. In order to
achieve good printability and homogeneous dispersion of the filler, two different amounts of fillers

(10 wt% and 20 wt%) were tested.

anchovy scrap
collected at
the market

washing in water clean anchovy ¥
- fishbone %"
&

T=25°C

fishbone fishbone fishbone
grounding m air drying - __ ovendrying
: - T = 25°C ‘.lf " T=100°C

Scheme 4.3.6.1 Schematic representation of anchovy fishbone flour preparation.

Four different formulations were prepared by melt mixing 10 or 20 wt% of EE to MB and
PLA in a Brabender internal mixer. Pure MB and PLA were melt mixed under the same conditions
for comparison. Both the obtained blends and the pure matrices were then extruded. In order to obtain

filaments suitable to be used for the 3D printer (diameter ~ 1.75 mm), the output extrudate were then
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drawn using a conveyor belt system. The composite filaments were named according to matrix and
their EE contents: MB/EE10, MB/EE20, PLA/EE10 and PLA/EE20. In addition, neat MB and neat

PLA filaments, used as a control, were extruded using the same parameter.

For each neat matrix and EE composites, the following specimens were designed and printed
using a Sharebot Next Generation (Italy) 3D printer: 60 mm X 10 mm X 1 mm for tensile tests, 60
mm % 13 mm x 3 mm for flexural tests and 80 mm % 13 mm % 3 mm for impact tests. A rectilinear
infill pattern with a 0° raster angle was chosen to optimize the tensile properties while + 45° raster
angle was chosen to optimize mechanical properties in flexural and impact tests; 80% infill rate and
45 mm/s printing speed were chosen as a compromise solution between better properties and higher

production rate.

6.3.6.3 EE powder microbiological analysis

Viable count technique did not show the presence of any pathogenic bacterium or mold.
Detectable levels of food contaminants were only detected among yeasts and TMM. Barely, yeasts
developed at levels of 102 colony forming units (CFU)/g, while TMM at little higher levels (103
CFU/g). Both groups represent environmental microorganisms [241-243] and the levels registered
are quite negligible in terms of risks for humans. Although fishbones from various edible species
have been characterized for their content in lipids, proteins, minerals and ash [244], this is the first

work aimed to characterize the microbiological profile of this fish by-product.

6.3.6.4 EE particles characterizations
Morphology of EE particles were analyzed by SEM. Optical image and relevant micrographs
of the natural filler are shown in Figure 4.3.6.1a and 4.3.6.1b respectively. EE particles displayed a

peculiar morphology: the filler is composed by heterogeneously shaped particles that form heaps of
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different dimensions due to the presence of oily phase contained in the fishbone powder. Elemental
composition of EE particles (Figure 4.3.6.1c) revealed that calcium and phosphorus were the main
mineral components, in accordance with the scientific literature [245,246]. The chemical composition
of anchovy fishbone powder was also analyzed through FTIR spectroscopy and results are reported
in Figure 4.3.6.1d. In the spectra the characteristic bands of group of PO}~ can be easily identifiable
in the peaks at 1070, 1015 and 860 cm!, according to previous studies on anchovy fishbone [246].
Peaks at 1533 and 1628 cm™! can be assigned to the amide-II (bending vibration of N—H groups and
stretching vibrations of C—N groups) and amide-I (C=O stretching/hydrogen bonding coupled with
COO) respectively [245]. The band at 3251 cm ™! is assigned to —OH stretching [246]. Band at 3016
cm ! is assigned to C—H stretching of cis-alkene (-HC=CH-) that represent unsaturated fatty acids in
the oil, while bands at 2921 and 2851 cm™! are assigned to stretching vibrations of -CH, of methyl
and methylene groups of lipids in anchovy oil and band at 1740 cm™! is assigned to C=O stretching
of ester groups [247]. The presence of these latter bands certifies a residual presence of anchovy oil

in the filler.

L4b4982 comrm i 50 socensn $ : Wavenumeber [em™|

Figure 4.3.6.1 (a) optical image; (b) SEM micrograph, (c) EDS spectrum; (d) FTIR spectra of EE powder.
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6.3.6.5 Processing and morphological analysis of EE composites filament

MB and PLA with 10% or 20% of EE were preliminary melt mixed for two minutes at 160
and 190 °C respectively and the four obtained formulations were ground into pellets and subsequently
extruded in filaments. The mixing process enable to produce pellets in which the filler is already well
dispersed in the polymeric matrices allowing to obtain, in the extrusion process, composites filament
with homogeneous composition and shape. All filament displayed a quite regular cylindrical shape
with a diameter suitable for 3D printing (~ 1.75 mm) except for MB/EE20 for which it is possible to
notice uneven edges and the presence of many voids along its entire length. Morphology of
composites filaments were also analyzed by SEM and micrograph of their cross section are reported
in Figure 4.3.6.2a-d. It is possible to observe an almost homogeneous dispersion of filler in all
filament samples with limited voids. Moreover, EE particles appear well embedded in the polymeric
matrices and presenting a good interfacial adhesion with them. However, more agglomerations of

anchovy fishbone were present in composites filament with 20% of EE (Figure 4.3.6.2b, d).

Figure 4.3.6.2 SEM micrograph of composites filaments cryo-fractured cross section.

6.3.6.6 FTIR spectroscopy and rheological behaviours of EE composites filament

The effects of EE addition to MB and PLA polymeric matrices have been analyzed through
FTIR spectroscopy and outcomes are reported in Figure 4.3.6.3. In MB series (Figure 4.3.6.3a), the
influence of the filler on the chemical groups of the composites can be observed due to the presence
of band at 1628 cm™!, assigned to amide-I, in EE and MB/EE spectra but not in neat MB ones and
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the presence of the band at 1740 cm™!

, assigned to C=0 stretching of ester groups. Moreover, bands
at 2921 and 2851 cm™! (stretching vibrations of —CH of methyl and methylene groups of lipids in
anchovy oil) in the MB/EE spectra appear more evident if compared with neat MB one, reasonably
because of the presence of the filler and its oil. For PLA series (Figure 4.3.6.3b), a band at 3251 cm ™!,
assigned to —OH stretching, can be observed in EE and PLA/EE spectra but not in neat PLA ones.
The same behaviour can be noticed also for bands at 1533 and 1628 cm ™! (amide-II and amide-I
respectively). The presence of these peaks in PLA/EE sample confirm that the addition of filler leads

to some change in the matrices response and behaviour, reasonably due to the presence of the oily

phase, that may have influenced its viscosity of the composites.

B E AL A

PLA ! YA AN

MB/EE A A /i1 \
AN - I | §.| SN\ . ’ i r,‘ﬁ‘/ \

) ! TA A

| ] naJu "

)\

e/ = LS \Jj \ - / ;\w“%}’:m‘r&/ﬂ \ }“

-y

T T T T 1 T
4000 3400 2800 2200 1600 1000 400 4000 3400 2800 2200 1600 1000 400

Wavenumeber [em| Wavenumeber [em™|

Figure 4.3.6.3 FTIR spectra of the effect of EE addition on MB composites (a) and PLA composites (b).

In order to go deeper inside this aspect and considering that printability is strongly related
with their rheological behaviours [199], rheological analysis of the extruded filaments were

performed and results are reported in Figure 4.3.6.4.

Neat MB (Figure 4.3.6.4a) displays a pseudoplastic behaviour. In MB/EE composites the
appearance of yield in the low frequency region can be noted probably due to a reinforcing effect of

the filler. Moreover, in the high frequencies region, viscosity decreases on increasing EE content, in
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agreement with what occurs in other similar composites structured in the melt [248]. Neat PLA
(Figure 4.3.6.4b) displays a Newtonian behaviour at lower frequencies regions and a slight shear
thinning at higher ones. In PLA/EE composites, even if a slight change in the shape of the curve can
be noted due to the reinforcing effect of the filler, it seems to be predominant, in the whole frequency
range, the effect likely given by the oily component contained in the filler that lead to a lowering of
viscosity value in the whole investigated range of frequencies. It is necessary to consider that, in
general, rheological behaviour of fish oil is characterized by a shear-thinning non-Newtonian
behaviour with a strong decrease in viscosity on increasing the shear rate [249-251]. Moreover, this
behaviour is enhanced reasonably due to the decomposition of the lighter oil components that occurs
at 240 °C [249,250]. Based on our previous works [190,202], all composites formulations displayed
viscosity values potentially compatible with FDM printing process. Shear-thinning properties, in fact,

improving filament printability for 3D printing (FDM) [252].
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Figure 4.3.6.4 Complex viscosities of MB/EE composites (a) and PLA/EE composites (b) performed at 160 °C
and 240 °C respectively.

6.3.6.7 Mechanical properties of EE composites filament
Filament printability is also related with their mechanical properties [253]. Tensile tests were
performed on composites filaments and the values of elastic modulus (E), tensile strength (TS) and

elongation at break (EB) are reported in Figure 4.3.6.5. Tensile properties of MB composites
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filaments (Figure 4.3.6.5a) were affected by the filler content and their morphological structure. The
addition of 10% of filler leads to a slight decrease in E and TS and a remarkable increase in EB (going
from 185.5 to 284 %) probably due to the predominant plasticizing effect of the oily phase compared
to the reinforcement given by EE powder (all variations were statistically significant). However,
when 20% of EE is added to the matrix, an inversion of mechanical properties behaviour of the
composites filament can be noted. Elastic modulus value of MB/EE20 drastically increase if
compared with the pure MB one (going from 48.7 to 183 MPa), while EB decrease to 112.7 % (both
variations were statistically significant). This behaviour could be reasonably ascribed to a dominant
reinforcement effect of the filler over the plasticizing oil and to the poor morphology of the extruded
filament, full of voids along its entire length. This latter is likely responsible of the observed EB drop.
The non-uniform and void-rich structure of MB/EE20, moreover, suggests that the composite is
unlikely to be printed. For PLA based systems, the situation is different, the addition of EE to PLA
matrix lead to a monotonically increase in E value and a contextual monotonically decrease in TS
and EB on increase the filler content (Figure 4.3.6.5b; all variations were statistically significant). In
this case, EE powder effectively acted as reinforcement deeply prevailing on the oil plasticization.
Furthermore, moving from 10% to 20% of filler added, no dramatic difference can be noted in TS

and EB value, only the increase in E can be considered significant.
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Figure 4.3.6.5 Effects of EE contents on mechanical properties of MB/EE (a) and PLA/EE (b) composites

filaments.
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6.3.6.8 EE composites filament printing process

MBV/EE and PLA/EE composites filament (diameter: ~ 1.75 mm) with 10% and 20% of
anchovy fishbone powder were successfully extruded. Also pure MB and PLA filaments were
produced with the same procedure for comparison. MB/EE10 and PLA/EE10 composite filaments
were able to be 3D printed for FDM into flat (Figure 4.3.6.6a) or geometrically complex (Figure
4.3.6.6b) products. For pure MB, MB/EE10, PLA and PLA/EEI10 the printing process proceeded
smoothly and no clogging of the nozzle was observed. MB/EE10 can be easily printed using the same
temperature usually adopted for pure MB (160 °C). PLA/EE10, instead, needs higher temperatures
to be fluidly printed than that commonly used for pure PLA (190-220 °C). After some trial, it was

found out that the optimum temperature for PLA/EE10 printing is 240 °C.

Figure 4.3.6.6 Specimen for impact test 3D printed for FDM (a) and product with complex geometry printed
with MB/EE10 composites filament (b).

As predicted by observing the morphology of the filament, MB/EE20 cannot be printed for
FDM. The filament, in fact, due to the voids present along its entire length, is not strong enough to
push itself inside the melting chamber but, instead, it bends on itself, twisting around the gear.
PLA/EE20 composite filament can actually be printed for FDM, as predicted by its good mechanical
and rheological behaviour. However, clogging of the nozzle occurs sporadically due to the high filler

content. This occlusion, actually, resolves itself after a few seconds, probably thanks to the presence
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of the oily phase which facilitates the blocked anchovy particles to get out of the nozzle. This

behaviour, however, leads to the production of defective specimens.

6.3.6.9 Morphological analysis of EE 3D printed composites

The effects of the addition of EE filler on the morphology of 3D-printed MB/EE10 and
PLA/EE10 composites are shown in Figure 4.3.6.7. MB/EE10 and PLA/EE10 exhibited relatively
uniform filler dispersion with limited voids (Figure 4.3.6.7a and c respectively). Moreover, EE
particles appear well embedded in the polymeric matrices and a good interfacial adhesion between

anchovy fishbone particles and the polymeric matrices can be noticed in Figure 4.3.6.7b and 4.3.6.7d.

PLA/EE10

Figure 4.3.6.7 SEM micrograph of cryo-fractured cross-section of 3D-printed MB/EE10 (a) and PLA/EE10 (c)
with a relatively close-up of an embedded EE particle (b and d respectively).

In Figure 4.3.6.8, it is possible to notice that good adhesion between layers was achieved for
samples printed with raster angle of + 45° (Figure 4.3.6.8a) and 90° (figure 4.3.6.8b) both. Moreover,
when a raster angle of + 45° is selected, it is possible to obtain a porous structure by creating
separation points among adjacent raster layers. The possibility of obtaining porous structures can be
of particular interest in order to obtain devices to be potentially used for controlled release

applications [54,203].
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PLA/EE10

Figure 4.3.6.8 SEM micrograph of cryofractured cross-section of MB/EE10 printed with raster angle of + 45°
and PLA/EE10 printed with raster angle of 90°.

6.3.6.10 Mechanical properties of PLA-EE and MB-EE 3D printed composites

In order to evaluate the influence of the filler on the mechanical performance of the
composites, tensile, flexural and impact tests were performed on printed samples and outcomes are
reported in Figure 4.3.6.9, 4.3.6.10 and 4.3.6.11 respectively. In Figure 4.3.6.9a can be noted that the
addition of 10% of EE to MB lead to a decrease in E and TS but the ductility of the composite
displayed a strong increase if compared with pure matrices, with EB value going from 55.6 to 258%
(all variations were statistically significant), reasonably due to the presence of the oily phase in the
filler that act as plasticizer. Pure MB and MB/EE10 fractured cross-section were analyzed with SEM.
Micrograph of the neat matrix (Figure 4.3.6.9b) and the EE composite (Figure 4.3.6.9¢) showed both
a typical ductile fracture. Likewise, the addition of 10% of anchovy fishbone to PLA (Figure
4.3.6.9d), leads to a decrease in E (going from 2885 to 2437 MPa) and TS value and a slight increase
in ductility, with EB going from 3.8 to 5.6 % (all variations were statistically significant). From SEM
micrographs of fractured cross-section of the printed sample, in fact, could be noted that PLA (Figure
4.3.6.9¢) displayed a typical brittle fracture while PLA/EE10 (Figure 4.3.6.9f) showed a more ductile
fracture. Considering these results, tensile performances of MB/EE10 and PLA/EE10 composite
seem to be mainly influenced by the oily phase contained in the filler that effectively act as plasticizer

improving composites elongation. The existing differences in mechanical behaviours of extruded-
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filaments and 3D-printed samples can be mainly attributed to voids and grooves present in the

specimen that can induce inter-layer weakness lowering composites strength [254,255].

E(MPa)
TS (MPa)
EB (%)

E (MPa)

Figure 4.3.6.9 Elastic modulus (E), tensile strength (TS), and elongation at break (EB) of 3D-printed MB and
MB/EE10 (a) and relative SEM micrograph of their fractured cross-section (b, c); elastic modulus (E), tensile strength
(TS), and elongation at break (EB) of 3D-printed PLA and PLA/EE10 (d) and relative SEM micrograph of their
fractured cross-section (e, f).

In Figure 4.3.6.10a the values of flexural modulus (E), flexural strength (FS) and flexural
break (FB) of EE composites is reported. Only flexural modulus is present for MB series since no
fracture occurs either for MB or MB/EE10 due to their ductile behaviour. However, a slight but
statistically significant increase of E can be noted when 10% of EE is added to MB. The same
behaviour can be found in PLA/EE10, in which the addition of the filler leads to an increase of
flexural modulus and flexural strength and a slight decrease in flexural break (all variations were
statistically significant). Flexural performance of PLA/EE10 seems to be mainly influenced by the

reinforcing effect given by the filler that stiffen the composite reducing its flexural deformability.

Optical images and SEM micrographs of PLA and PLA/EE10 flexural fracture cross section

are reported in Figure 4.3.6.10b, 4.3.6.10c and Figure 4.3.6.10d, 4.3.6.10e respectively. In each of
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them it is possible to clearly distinguish zones that were under compression (top) and tensile (bottom)
during the flexural test. In detail, SEM micrograph of PLA/EE10 after flexural testing shows regular
fracture of particles all over the matrix (Figure 4.3.6.10¢) with limited voids confirming good
interfacial adhesion between anchovy fishbone particles and the polymeric matrix. However, some
voids, also present in neat PLA sample (Figure 4.3.6.10c), are inevitably created between rasters and
layers due to the peculiar morphology imparted by the 3D printed process itself [256]. The fracture
of the EE particles in the matrix confirms that the stress is well propagated between the filler and

PLA matrix, resulting in an increase flexural modulus and flexural strength [257].
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Figure 4.3.6.10 Flexural modulus (E) of 3D-printed MB and MB/EE10 and flexural modulus (E), flexural
strength (FS) and flexural break (FB) of 3D-printed PLA and PLA/EE10 (a). Optical images (b, d) and SEM
micrographs (c, e) of 3D-printed PLA and PLA/EE10 flexural fracture cross-section.

Impact properties of EE composites were measured by Charpy tests and result are reported in
Figure 4.3.6.11. Again, no fractur occur either for MB or MB/EE10 due to their ductile behaviour.
The addition of 10% of anchovy fishbone scraps to PLA lead to an increase in impact strength
(statistically significant) as shown in Figure 4.3.6.11a. SEM micrograph of PLA (Figure 4.3.6.11b)
and PLA/EE10 (Figure 4.3.6.11c¢) after impact testing shows that, also in this case, a regular fracture

of particles all over the matrix is obtained confirming their contribution in impact strength increase.
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Figure 4.3.6.11 Impact strength (IS) of PLA and PLA/EE10 (a) and relative SEM micrograph of their impact
fractured cross-section (b, c).

6.3.6.11 Halpin-Tsai model

The experimental data carried out by tensile tests on 3D printed EE composites were compared
with those predicted by Halpin—Tsai model, for composites reinforced with fibers randomly oriented.
Ef was determined by performing tensile tests on 20 dried fishbones taken from the spine column of
different anchovy waste, prior to be grounded, and it was found to be equal to 640 + 3.6 MPa. Density
measurements were performed on MB, PLA and EE giving as a result 1.26 = 0.0, 1.27 £ 0.0, 1.69 +
0.1 g/cm? respectively. Aspect ratio (I/d) of anchovy fishbone particles tour out to be equal to 2.17
+ 0.8. Figure 4.3.6.12 provides a comparison between the tensile moduli experimentally measured
for MB/EE10 and PLA/EE10 printed composites and those predicted by the Halpin-Tsai model and
the above reported data. Can be noted that this model is not able to describe the behaviour of either
MB or PLA EE composites. These could be easily explained considering that Halpin-Tsai model only
takes into account the effect of the filler, intended as a solid particle, for predicted the mechanical
behaviour of the composites. However, EE composites performance in tensile test are strongly
influenced by the oil phase contained in the anchovy powder that is not considered in the model. The
model, therefore, overestimated mechanical performance of the composites ignoring the plasticizing

effect given by the oil.
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Figure 4.3.6.12 Comparison of Halpin—Tsai model (dashed lines) and experimental results (solid lines) for
tensile modulus of MB/EE10 and PLA/EE10 3D printed samples.

6.3.6.12 Cu(ll) absorption (ongoing tests)
PLA/EE10 and MB/EE10 3D-printed green composites were separately immersed in copper
sulphate aqueous solutions for 30 days. UV spectroscopy will be employ to test the Cu(Il) ion removal

efficiency of the samples.

6.3.6.13 Conclusions
In this work, innovative and green composites filaments were produced by adding 10 or 20%
of anchovy fishbone waste to two different biopolymeric matrices (PLA and MB). For both matrices,

formulation with 10% of filler turned out to be easy printable for FDM. Moreover, considering that:

a) microbiological analyses revealed that anchovy fishbone powder does not contain
microorganisms which, by type or quantity, may represent a risk to human health and,
therefore, the filler is safe to handle;

b) all prepared composites formulation displayed viscosity values potentially compatible for be
processed by 3D printing;

c) good interfacial adhesion between anchovy fishbone particles and the polymeric matrices is

obtained;
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d) in tensile performance the addition of 10% of fishbone waste allow to improve elongation
(in both matrices) due to the anchovy oil that act as plasticizer;

e) consideration about mechanical behaviour were confirmed by Halpin—Tsai model;

f) as regards flexural and impact performance of the composites the filler proved to reinforce
the composites leading to an increase of flexural modulus, flexural strength and impact
strength;
utilizing 10% of anchovy fishbone waste to produce composite filaments for 3D printing is a

feasible and value-added prospect of dispose such scraps that usually accumulate in fish markets,
generating bad odours and attracting insects, with a high risk of bacterial proliferation. The produced
composite filaments, in fact, can be employed for the manufacture for 3D printing (FDM) fields that

need biodegradable, renewable and cost-effective raw material.
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6.3.7 3D-printed bio-composites based on PLA and Juncus Maritimus Plant for

heavy metals removal

Note: In this study characterizations and heavy metals removal tests are currently ongoing.

6.3.7.1 Abstract

Heavy metal contamination poses a significant threat to both environmental and human health
due to its persistence, bioaccumulation, and toxicity. Addressing this issue requires efficient and
sustainable solutions for heavy metal removal from soil. In this study, biodegradable and
environmentally friendly composite were developed by combining polylactic acid (PLA) with Juncus
Maritimus plant (JMP), that is naturally abundant in salt marshes. The JMP stems were utilized in
their entirety and as separated outer sheaths and inner cores to explore the influence of morphological
and compositional variations on metal adsorption efficiency. JM fillers (10% by weight) were mixed
with polylactide acid (PLA) to produce composite filaments, followed by the fabrication of 3D-
printed devices using fused deposition modelling (FDM). The materials will be characterized in
detail, with analyses of their morphology, rheological properties and mechanical behaviour.
Additionally, the tensile properties of the composites will be modelled using the Halpin-Tsai
equations to predict the contribution of JM fillers to the mechanical performance of the composites.
Preliminary tests assessed their printability and structural integrity. The adsorption capacity of the
3D-printed devices will be evaluated using heavy metals solutions (Cu, Mn, Ni, and Fe) under

controlled conditions. The removal efficiency will be monitored over 30 days.

6.3.7.2 Preparation of JM fibers
In this study, the stems of JMP were processed in two configurations: as whole stems and
separated into their outer sheath and inner core. The outer sheath, primarily composed of lignin and

cellulose, provides structural rigidity, while the inner core contains polysaccharides and proteins,
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giving it a more porous and flexible nature [258,259]. These structural and compositional differences
were hypothesized to influence the heavy metals adsorption capacity. The JMP were firstly cleaned
by immersing them in water at room temperature. After cleaning, the plants were dried under sun
light for 7 days and then further oven-dried overnight at 40°C to ensure complete drying. The whole
stems (JMP) the outer sheath (JMPS) and the inner core (JMPC) were separated, chopped and then
ground in a ball milling for 30 minutes at 20 Hz. The obtained product was composed of powder and
fibers. The fibers were separated from the powder sieving them selecting a mesh size under 500 pm
aiming to achieve a smooth printing avoid nozzle clogging during the 3D printing process (diameter

of the nozzle is 0.4 mm).

6.3.7.3 Preparation of composites filaments

In order to produce the composites filaments, as first step 10 % of JMP, JMPS and JMPC
were separately mixed with PLA. The neat PLA was also processed under identical conditions for
the purpose of comparison. The obtained formulations were then extruded aiming to obtain filaments
with a diameter of ~ 1.75 mm. The filaments were named based on the selected matrix and their type

of filler as: PLA/JMP, PLA/JIMPS and PLA/JIMPC.

6.3.7.4 Characterization and heavy metal removal test

The characterization and heavy metals removal tests are currently ongoing.
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Conclusions

This thesis has explored the development of bio-polymeric devices for the removal of
pollutants from air, water, and soil, emphasizing sustainability and the valorisation of natural waste
biomass. By integrating biodegradable polymers such as PLA and Mater-Bi® with fillers derived
from vegetal and animal waste, innovative bio-composite membranes and 3D-printed devices were
fabricated using advanced manufacturing techniques, including electrospinning, solution blow
spinning, and 3D printing. The results demonstrated that these materials effectively capture
particulate matter from the air, adsorb dyes, oils, and greases from wastewater, and facilitate soil

remediation by trapping heavy metals while simultaneously providing controlled fertilize release.

One of the major strengths of this work lies in its sustainability approach, as the use of
biodegradable materials combined with waste-derived fillers significantly reduces environmental
impact and promotes circular economy principles. The ability to repurpose biomass waste into
functional materials for pollution remediation highlights an innovative and eco-friendly alternative
to conventional synthetic filtration technologies. Moreover, the integration of advanced fabrication
methods allowed for the precise control of structural properties, leading to high-performance filtration

systems adaptable to different environmental contexts.

However, despite these advantages, one of the main limitations concerns the hydrolytic
degradation of the biodegradable polyesters used in the study. Since these materials are susceptible
to hydrolysis in humid environments, their long-term stability is limited, particularly in aqueous
applications [260,261]. Experimental observations showed that after approximately five reuse cycles,
the filtration/removal efficiency of the devices began to decline, likely due to both fouling effects and
polymer degradation. This issue represents a challenge for the widespread application of these bio-

based filters, as their durability remains a critical factor.
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To address this limitation, the literature suggests several strategies that could be explored in
future studies. Increasing the crystallinity of the polymer matrix could reduce its susceptibility to
hydrolysis, as more crystalline regions tend to be less permeable to water. Another promising
approach involves the incorporation of natural additives, which may enhance mechanical properties
while slowing down the degradation process. Additionally, the use of eco-friendly chemical
modifications or surface treatments could be investigated to create a protective barrier that delays
hydrolysis while maintaining the material’s biodegradability. These potential improvements align
with the broader goal of developing sustainable and efficient filtration systems without compromising

environmental compatibility [262].

In conclusion, while some challenges remain regarding the long-term stability of
biodegradable polyesters, this research provides a solid foundation for the development of advanced
bio-based filtration devices. By integrating sustainable materials, innovative processing techniques,
and environmental remediation applications, this work contributes to the growing field of eco-

friendly technologies for pollution control.

226



Future work

This research has established a solid foundation for the development of bio-polymeric
filtration devices for pollutant removal in air, water, and soil. However, several aspects remain to be
explored to enhance the efficiency and applicability of these systems. Future work will focus on
completing ongoing studies, improving the hydrolytic stability of biodegradable polyesters, and
integrating advanced fabrication techniques with artificial intelligence to optimize filtration
performance. A key challenge to address in future studies is the hydrolytic degradation of
biodegradable polyesters, which limits their long-term stability and reusability. Since these materials
are inherently susceptible to hydrolysis, particularly in humid environments, research efforts will
focus on strategies to enhance their resistance while preserving their eco-friendly nature. The
incorporation of natural additives, preferably sourced from agro-industrial waste, represents a
promising approach. Specific attention will be given to bio-based fillers capable of reinforcing the
polymer matrix, hydrophobic agents that can reduce water absorption, and surface modifications that
slow down degradation. These solutions could extend the life of bio-polymeric device, enabling their

reuse for additional reuse cycles and increasing their practical applicability.

Beyond material improvements, the next stage of research will integrate advanced
manufacturing techniques with artificial intelligence-driven optimization. The combination of 3D
printing, electrospinning, and solution blow spinning has already demonstrated the potential to create
highly efficient filtration structures. Future developments will focus on refining these methods to
achieve precise control over the structural and functional properties of the filters, maximizing their
efficiency in pollutant removal. The introduction of computational modelling and machine learning
techniques will further enhance this process by enabling predictive optimization of material

formulations, filter geometries, and operational conditions. By leveraging data-driven approaches, it
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will be possible to design intelligent devices capable of adapting to different environmental

conditions and improving performance over time.

The ultimate goal of these future investigations is to develop scalable and high-performance
bio-based pollutant removal technologies that combine sustainability, durability, and efficiency. By
addressing the key challenges related to material stability and process optimization, this research will
contribute to the advancement of next-generation pollutant removal systems that align with circular

economy principles and provide innovative solutions for environmental remediation.
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