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Giulia Infurna

Aim of work

How can we meet the great green challenge we face? How can we reduce the
environmental impact of urban and industrial waste? How can we give new life to

waste materials? And how can we continue to perform in the new industrial era?

All these questions have led to the following research, with a strong focus on how
industries are, or should be, moving from a linear to a circular economy. Within the
circular economy, we therefore started by giving new life to waste materials from
the agri-food industry. Through pyrolysis, we have started to convert matter into

energy by producing low molecular weight fuel and gas.

The aim of this work is the formulation and characterization of biocomposites
reinforced with biochar (BC) particles, the by-product of pyrolysis. In fact, biochar
is a second-level waste product that holds great promise for materials science. The
focus of this research was the employment of this particles to obtain biodegradable
materials, with particular attention to energy optimisation, through the slow pyrolysis

of two types of organic waste.

The first waste used was the residue of the carob fruits after their processing for the
extraction of sugars and nutrients to produce candies. The lignocellulose residue was
then subjected to pyrolysis and the resulting biochar was used as a reinforcing filler.
A careful study of the pyrolysis temperature was carried out with two goals: energy
optimization (quality and quantity of fuel) and optimization of the properties of the

resulting biochar as a reinforcing particle.



Aim of work

The second pyrolysed waste material with the same objectives as the previous one
was digestate, the product of anaerobic digestion of municipal solid organic waste
for the production of biogas and biofuels. The first energy optimisation was therefore
carried out on the waste. The resulting digestate was used as a feedstock for the
pyrolysis carried out in our laboratories, resulting in the production of the three
pyrolysis products: fuel, biogas and biochar. Once again, biochar was used as a

reinforcing filler.

Another question was whether the properties of biochar could be comparable or
better than carbonaceous particles widely used in materials science, such as carbon
black, or whether it could be a co-component with carbon black or graphene in high-

performance materials.

After answering these questions, supported by experimental work and literature
review, several experimental studies were carried out, firstly on commercial biochar
to define the operating conditions, optimise biochar concentration, for composite

processing, then using carob waste and digestate biochar.

Carob-waste derived biochar particles at two different concentrations, i.e. 10 and 20
wt.%, were added to poly(butylene adipate terephthalate) (PBAT). As previously
mentioned, in order to optimise the composition of the solid fractions and biofuels
produced in the pyrolysis process, the BC were produced using three pyrolysis
processing temperatures. The resulting particles from the pyrolysis process were
considered to be suitable as a filler for the PBAT. First, the properties of the BC
particles were characterized by elemental compositional and spectroscopic analysis,
particle size measurements and evaluation of scavenger activity and efficiency.
Furthermore, PBAT/BC composites were analysed regarding their rheological,
thermal, morphological and mechanical properties. Accelerated weathering,

monitored by both tensile test and spectroscopy analysis, was also performed and the
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results obtained show that the biochar particles may have a beneficial effect on the

photo-oxidative delay of the PBAT matrix.

Instead, digestate derived biochar has been added to the biopolymer blend with a
focus on the effect of the biopolymer weight ratio on the final BC composites. The
blends studied in this work were obtained by varying the weight ratio of poly
butylene adipate co-terephthalate (PBAT) and poly lactic acid (PLA), due to their
great importance in packaging and agricultural fields. It has been found that BC
affects PBAT and PLA biopolymer matrices in different ways, and that the relative
weight ratio between PBAT and PLA plays a significant role in blending
compositions. In order to better investigate the filler/polymer interactions, biochar
particles were dimensionally, morphologically and chemically characterised. The
biocomposites blend has been fully characterised: rheological, morphological,
mechanical and dynamic-mechanical characterisations have been carried out,
highlighting that a strong chemical interaction takes place between PLA and BC

particles.
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1. Literature Overview

A key contribution to the EU's efforts to develop a sustainable, low-carbon, resource-
efficient and competitive economy is the transition to a more circular economy,
where the value of products, materials and resources is retained in the economy for
as long as possible and the generation of waste is minimised. Such a transition is an
opportunity to transform our economy and create new and sustainable competitive
advantages for Europe [1].

In recent decades, scientific and industrial interest has been focused on the
formulation of advanced polymer-based composites, with improved performance
and properties through the addition of fillers, such as carbon-based fillers, and
additives that could improve the intrinsic properties of the polymer matrix,
combining the light weight, processability and flexibility of polymers with improved
mechanical, chemical and physical properties of added fillers. Anyway, the
generation of plastic waste and subsequent uncontrolled plastic pollution is one of
the major environmental issues facing governments and authorities. The transition to
a more sustainable society is closely linked to the production, use and disposal of
plastics.

Due to the increasing production of plastics assets production, more and more
studies have been focused on the conversion of polymer waste, municipal waste,
biomass, and various residues into energy, fuels, and other materials, with the aim of
achieving a circular economy and, above all, a zero-waste society.

In the competition for a circular economy, thermal decomposition processes, such as
pyrolysis or hydrothermal-cracking, could be a challenging process to convert waste
into three different new resources: gas (a mixed phase of light hydrocarbons), oil or

bio-oil (a mixture of the heaviest hydrocarbons) and biochar, a solid phase.

- 13-
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In addition, it is necessary to support the biobased industry and create a framework
for the use of bio-based plastics in order to address the shift towards a more
sustainable society. Thus, the introduction of bioplastic (considered as
biodegradable, bio-based or both polymer matrix) is under evaluation as a way to
reduce the need for fossil resources, and to mitigate some environmental risks, such
as plastic pollution.

An overview will be given of what biomasses are, their use as energy resources that
also produce a value-added by-product, the benefits of using carbon based materials,
their applications as reinforcing fillers for composites and biocomposites and their
formulation. A particular focus will be placed on biochar particles, a carbonaceous
filler produced as a by-product of thermal decomposition processes to recover

energy, and their applications in materials science.

- 14-
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Biomass: a waste or a resource?

“Biomass’ means the biodegradable fraction of products, waste and residues from

biological origin from agriculture (including vegetal and animal substances),

forestry and related industries including fisheries and aquaculture, as well as the

biodegradable fraction of industrial and municipal waste” [2].

Biomass is divided into four macro categories: woody, herbaceous, animal and

contaminated biomass. It can also be further subdivided into residual and non-

residual biomass, depending on whether it comes from dedicated crops or processing

waste.

Residual biomass can have a further classification on the basis of its field of origin:

Agriculture: Residues from agricultural activities and crops;

Forestry and agro-forestry: residues from agro-forestry activities such as
straw, prunings, branches, bark, etc;

Industrial: Residues from the wood or wood products processing industry and
the paper industry, as well as residues from the agro-food industry (e.g. marc,
vegetable waste, etc.).

Zootechnical: biotechnical waste for biogas production;

Municipal waste: residues from the maintenance of public green areas and

the organic fraction of municipal solid waste (OFMSW).

Non-residual biomass is classified according to the type of crop that produces it:

Alcoholic crops: characterised by a high sugar content (such as sugarcane,
sugar beets, corn, wheat, etc.) and used for the production of ethanol;

Oil crops: characterised by a high vegetable oil content, which can be used
as such or processed into biodiesel;

Lignocellulosic crops: characterised by high dry matter production that can
be used for various energy applications (perennial woody species such as

poplar and herbaceous species).

- 15-
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1.1.1. Lignocellulosic Biomass

Lignocellulosic biomass, one of the most abundant in nature, includes all compounds
derived from crop residues and dedicated agricultural crops, herbaceous and/or
woody in nature. Plant biomass is a complex mixture of organic compounds such as
carbohydrates, proteins and fats, and minerals such as sodium, calcium, iron and
phosphorus. The main components of lignocellulosic biomass are: extractives, cell
wall components and ash [3]. Cell wall components include cellulose, hemicellulose
and lignin, three essential polymers that give strength to the plant structure.
Cellulose, a polysaccharide consisting of glucose molecules linked by B-1-4
glycosidic linkages to form linear sugar chains, is the major component of plant
biomass (30-60 % by weight). These chains are arranged parallel to each other and
linked by hydrogen bonds to form fibrils. Fibrils are very long chains that are difficult
to dissolve. The formation of fibrils gives the plant fibre strength and elasticity.
Cellulose is characterised by the presence of six carbon atoms and is composed
mainly of d-glucose. Cellulose is very difficult to dissolve and, although it is a
carbohydrate, it cannot be digested by the human body. It is approximately 40-44%
by weight on a dry basis and is one of the major constituents of wood.
Hemicellulose is a mixture of polysaccharides, mainly anhydrous sugars with 5 and
6 carbon atoms. Hemicellulose is a smaller polymer than cellulose. It forms hydrogen
bonds with cellulose and, in combination with cellulose, acts as a structural material
for the cell wall. It is highly soluble and has a more amorphous and random
molecular structure than cellulose.Most hemicelluloses contain residues of simple
sugars such as d-xylose or d-glucose, although the composition and structure of
hemicellulose varies greatly depending on the type of biomass analysed. It makes up
about 20-30% of the weight of dry wood.

Lignin is a complex, non-fibrous structure of high molecular weight. Chemically, it
is an extremely branched three-dimensional polymer consisting of various acids and

phenyl-propyl alcohols. The polymer is therefore the result of a large number of
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combinations of polymerisation sites. It is mainly found in cell walls where it acts as
a binder, cementing the cellulose fibres together and making them stable and
resistant. It is highly insoluble, constituting 18-25% dry weight in hardwood and 25-
30% in softwood.

The conversion of atmospheric carbon dioxide into carbohydrates is the process by
which plant biomass is formed. This conversion uses sunlight as an energy source,
which is absorbed by plants through a special photosensitive pigment called
chlorophyll. Through chlorophyll, the incident solar radiation activates a chemical
conversion mechanism involving the reaction between CO2 present in the air and
water absorbed from the soil through the roots. This leads to the formation of organic
compounds (mainly glucose) that will make up the plant's structure, and the release

of oxygen as a waste product. This process is illustrated by the following equation

[31:

biomass + CO, + Hy0 + hv 2% (CH,.0,) + 0, — 480 kJ /mol

From the water that the plant has taken up from the atmosphere (in the form of water
vapour) or from the soil, for every mole of CO> absorbed, one mole of O; is released
into the atmosphere. The mechanism of photosynthesis is only one step in the
process of biomass formation, as summarised by the above reaction. Glucose is
subsequently converted into other, more complex molecules that are essential for
structuring and stabilising plant biomass. In addition, the entire process requires not
only light and water, but also appropriate environmental conditions and the
availability of nutrients such as nitrogen, phosphorus and potassium fertilisers. At
the end of their life cycle, plants give back to the environment the energy and
substances they have stored in them through natural processes of decomposition or
combustion.

Looking at the reaction described above, biomass can be considered a renewable

energy source. In fact, the rate at which new biomass is produced is comparable to
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the rate at which biomass is consumed, whereas fossil fuels take geological eras to
produce and are therefore classified as non-renewable.

The production of energy from biomass offers significant socio-economic and
environmental benefits, both locally and/or globally. For example, as discussed in
the previous paragraph, since the CO: released during the energy production process
is equal to the CO> absorbed during plant growth (photosynthesis process), the use
of plant biomass for energy production is considered one of the most efficient
systems for reducing greenhouse gas emissions. Fossil fuels, on the other hand, emit
a quantity of CO» that accumulates in the atmosphere, exacerbating the already
precarious environmental situation of modern society.

Biomass treatment processes for energy use can be divided into three macro-

categories, as shown in Figure 1.

Incineration

Heat
plant
Thermochemical Pyrolysis Bio-oil, Biogas
Process yroly and Biochar
Gasification Biogas

Transformation
Ne—————————

% Biomass — Fermentation Ethanol
Biological < J L

Digestion Biogas

- N - ~ - <
Physical
Transformation

Press Procedure Fuel Oil

Figure 1 Schematisation of the most important processes for the treatment of biomass for energy conversion

These conversion processes produce products with higher added value and, above
all, higher energy density. These products can be used for the production of
electricity, heat and/or biofuels (solid, liquid or gaseous) or as biochemicals for
industry. Choosing which process to use depends largely on the composition of the

biomass, its physical properties, and its availability. It will also be necessary to carry
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out pre-treatments to make the biomass to be processed suitable for the chosen
conversion treatment.

The most important thermochemical processes include combustion, pyrolysis and
gasification, and these will be discussed in more detail later on.

The most common biological processes used on an industrial scale include:

e Alcoholic fermentation: a biochemical conversion process that converts
sugars to ethyl alcohol. It is the most widely used industrial process for
producing liquid biofuels.

e Anaerobic digestion: conversion process carried out by bacteria that can
produce biogas very rich in methane. Anaerobic digestion produces solid
waste. Depending on the composition of the waste, it can be used as fertiliser,
converted by pyrolysis or gasification, or simply disposed of.

Finally, physical treatments are mostly pressing and/or grinding processes. These
can be used to obtain bio-oils. These may in turn undergo treatments to make them

specific.

1.1.1. Municipal Waste

The daily activities of living beings continuously generate an enormous amount of
waste, including organic and inorganic waste. The generation of solid waste is
particularly high in developing countries. This is due to population growth,
urbanisation, economic development and improved living standards.

Municipal waste consists of the organic fraction of municipal waste, defined as the
organic fraction of municipal solid waste (OFMSW), and of residues from the
maintenance of public green spaces. Partly due to waste disposal issues, but also due
to its high carbohydrate content, biodegradability and high hydrogen potential,
OFSMW is considered to be the substrate of choice for hydrogen production [4], [5].
Municipal solid waste generated by households is the third largest source of methane

emissions, accounting for around 11 per cent of global methane emissions. Trying to
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control and optimise the methane generated by fermenting this type of waste could
certainly shift from and issue of disposing and managing the waste to a value-added
process capable of creating a new resource. In this respect, a biological
transformation such as anaerobic digestion has a key role to play.[6]

Anaerobic digestion is a series of biochemical processes that convert organic
biomass into methane and carbon dioxide in the absence of oxygen, and more or less
accounts for 35% of bioenergy production [7].

The main product of anaerobic digestion is biogas, a gaseous mixture consisting
mainly of methane (50 to 75% by volume) and carbon dioxide. However, the main
by-product of anaerobic digestion is the digestate. It can be subjected to a compaction
and separation phase to separate a highly solid fraction from a predominantly liquid
fraction, sent to a wastewater treatment plant and/or returned to the composting plant
to be used as process water. After composting, the digestate can be used in gardening,
in nurseries with pots and soil, in the sowing of meadows, etc. and can also be used
and marketed as a "compost improver" on the basis of the provisions of the

legislation on fertilisers.
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1.2. Waste management and valorisation

In recent years, governments and the public have become increasingly aware and
concerned about the health and environmental impacts of poor waste management.
The best, and certainly most effective, way to tackle this problem is to intervene
upstream by reducing the generation of waste itself. Indeed, protecting the
environment by minimising the generation of waste is one of the basic principles of
the Basel Convention. With this in mind, there has been considerable interest and
progress in redesigning plants and, more generally, entire industrial processes.
However, this approach, while desirable, is not always feasible, particularly in the
area of hazardous waste. Where the generation of hazardous waste cannot be
avoided, the focus is on recycling. In addition, government programmes in many
countries encourage the recycling of consumer products to recover potentially
hazardous substances (such as heavy metals in batteries and electronic equipment)
that would otherwise be disposed of in landfills. Some hazardous wastes can
therefore be reused for purposes other than their original use. For example, some
solvents can be mixed with fuels and used in industrial burners, while mining wastes
can be used as aggregate in asphalt and reinforced concrete. However, the production
of non-recyclable hazardous waste is unavoidable. For the latter, appropriate and safe
treatment methods are required. Waste disposal represents a potentially huge loss of
resources in terms of materials and energy. As analysed above, landfilling is still
characterised by high volumes of treated waste, although in some countries
significant amounts of waste are incinerated. Account must also be taken of the
serious environmental impacts of waste management. Landfills, for example, occupy
large areas and cause more or less significant air, water and soil pollution. Modern
incineration technologies, on the other hand, have led to a drastic reduction in
potentially polluting emissions and to significant energy recovery (waste-to-energy
plants). The main techniques and technologies used to date for the disposal, treatment

and/or valorisation of large quantities of waste are: landfilling, recycling and
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incineration with or without energy recovery. Also worth mentioning are
thermochemical, hydrothermal, and biological treatment processes. These treat

smaller volumes than the above technologies but are expanding rapidly.

1.2.1. Recycling

Recycling refers to the set of strategies and methods used to recover useful materials
from waste that would otherwise go to landfill or incineration for reuse. Recycling
makes production/use cycles more sustainable, reducing raw material and energy
consumption and atmospheric emissions. It is important to emphasise that recycling
does not replace landfilling or incineration, but it significantly reduces the disposal
and/or treatment of waste by the latter, to the benefit of economic and environmental
sustainability. Mechanical and chemical recycling can be distinguished. Mechanical
recycling consists of processing the compounds to be recycled into secondary raw
materials (MPS) for the manufacture of new products.

Mechanical recycling starts with a sorting and separation phase, in which several
techniques can be used: manual selection, separation by density, flotation, separation
by aerodynamic properties, screening by blowing air, electrostatic separation.

After separation, the waste to be recycled is subjected to the grinding stage, using
mills that coarsely crush the material, resulting in a significant reduction in the initial
volume. The ground material is subsequently washed to eliminate any contaminants
which may affect the next stage of the process. In the most common washing system,
the ground material is passed through a tank in which a constant flow of water is
maintained.

After a preliminary centrifugation to remove all the free water, the drying phase is
carried out by drying in a stream of hot air or flue gas, with the aim of eliminating
the adsorbed water (approximately 15-20%). This allows the water content to be

reduced to 2-3% by weight so that the final conversion stage can be carried out. The
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final conversion stage will be strictly dependent on the nature of the material to be
recycled.

Chemical recycling, which is particularly popular for plastic waste, consists of
breaking down waste compounds using heat, chemical agents or catalysts. In the case
of plastics, a wide variety of raw materials can be recovered, ranging from monomers
to mixtures of compounds, mainly hydrocarbons, which become new sources of
chemicals or fuels. Products derived from chemical recycling have properties and
qualities similar to those of virgin materials. Among the processes used,

thermochemical process are of particular scientific and application interest.

1.2.2. Thermochemical Process

The main thermochemical decomposition processes studied are slow, fast and flash
pyrolysis, torrefaction, gasification and hydrothermal liquefaction. All these
processes essentially produce i. a solid phase, called char or biochar in the case of
biomass feedstock, ii. fuel, a mixed liquid phase of the heaviest hydrocarbons, iii.
syngas, a mixed gas phase of the lightest hydrocarbons [1]-[4]. Of course, depending
on the chemical composition of the treated materials (i.e. biomass, mixed waste,
synthetic polymers) and depending on the operating conditions (i.e. temperature
process, heating rate, presence or absence of oxygen, residence time), the relative
ratio between these three main products may change. Different thermal
decomposition processes differ in terms of operating conditions such as operating
temperatures, heating rates and pressures. Thermal decomposition processes are

summarized in Table 1 in which the primary product of the process is also explained.
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Table 1 Thermochemical Process and their main differences in terms of operative conditions, time of reactions
and primary products [5]

Thermochemical Temperature . Residence Primary
Range Heating Rate  Pressure .
Process °C] Time Product
Slow Pyrolysis 350-800 Slow Atmospheric ~ Hours — Days Char
oy (<10°C/min) P v
. Very Fast Vacuum- .

Fast Pyrolysis 400-600 (~1000°C/s) Atmospheric Seconds Oil

. Moderate . Biocarbon/
Flash Pyrolysis 300-800 Fast (2 - 25 atm) Minutes Char

. Slow . . . .
Torrefaction 200-300 (<10°C/min) Atmospheric  Minutes - Hours Friable Biomass
. . Moderate-Vary  Atmospheric - Seconds - Syngas/

Gasification 700-1800 Fast Moderate Minutes Producer gas
Hydrothermal Elevated . Bio-crude
Liquefaction 250-450 Moderate 100-300 atm Minutes - Hours (oil)

Slow pyrolysis, carried out in the absence of oxygen, is characterised by slow heating
rates and long residence times at atmospheric pressure with an operating temperature
that can vary from 350 to 800°C; the energy required to pyrolyze the feedstock is
usually provided internally by burning part of the feedstock; the main product is a
high carbon solid char and the by-products are an aqueous low molecular weight
liquid and a low energy combustible gas.

Like slow pyrolysis, fast pyrolysis is carried out in the absence of oxygen at
temperatures between 400 and 600°C. However, it is different in that it uses a very
high heating rate, a vacuum atmosphere, a short residence time and rapid quenching
of the vapours, since the main objective of this process is to produce bio-oil. [6]-[8].
Flash pyrolysis is a batch process with an operating temperature range between 300
and 800°C, similar to slow pyrolysis but with a high heating rate, which uses
moderate pressure (between 2 and 25 atm) to condense volatile elements and
promote secondary formation, since the aim of this process is to produce a liquid
biocarbon fraction or solid phase of biochar. [9].

Torrefaction differs from slow pyrolysis by the lower operating temperature range,
between 200 and 300°C, which mainly removes water and some volatiles from the
biomass, producing a "brown" char that is easy to grind, a stabilised and friable

biomass.
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Instead, gasification is characterised by a high process temperature (between 750 and
1800°C) with a limited and controlled oxygen concentration (usually calculated as
the amount relative to stoichiometric combustion) [10] and/or steam [11]; as the
name suggests, the primary products are a non-condensable gas mixture, called
syngas, composed mainly by the presence of CO, H2, with a smaller amount of
carbon dioxide, methane and other low molecular weight hydrocarbons [12].
Finally, hydrothermal liquefaction is a process carried out in the presence of water,
with a temperature range of 250-450°C and under 100-300 bar; the main product of
this process is called bio-crude, an energy dense intermediate renewable source
equivalent to oil that can be fractionated into a variety of liquid fuels [13].

In general, biochar produced at high temperatures has a higher surface area and
carbon content, mainly due to the increase of micro-pore volume caused by the
removal of volatile organic compounds [14]. However, the biochar yields decreased
with temperature increase [15].

As mentioned above, the quality and final chemical composition, as well as physical
properties such as porosity, are influenced by the operating conditions and therefore
the thermochemical process used to produce biochar, but also by the nature of the
feedstock used to carry out the decomposition process. Depending on the nature and
initial chemical composition of the feedstock, the final composition of the pyrolysis
by-products will vary. The primary analysis normally carried out to characterise the
feedstock, operating temperature and relative char quality is the proximate analysis.
This thermogravimetric analysis provides information on the moisture content of the
feedstock relative to the mass lost up to 110°C, the volatile matter relative to the
mass lost in an inert atmosphere at 950°C, the fixed carbon relative to the mass lost
in air at 750°C and the remainder relative to the ash content. To characterise the
quality of char in terms of carbon content, elemental analysis is normally used, a
technique in which a sample is burnt at a very high temperature in a small chamber
with excess oxygen content, the gases relative to the combustion are trapped and,

depending on the number of sensors available, it is possible to obtain information, in

-27-



Literature Overview

terms of percentage by weight, on carbon, hydrogen and nitrogen, CHN elemental
content (relative to CO., H>O, NO), but also sulphur content, CHNS, and
oxygen/sulphur content, CHNOS.

In general, organic or synthetic materials can be used as feedstock, with different
thermo-decomposition processes depending on the physico-chemical properties of
the feedstock and the desired product composition.

The value of a particular type of biomass depends on the chemical and physical
properties of the molecules from which it is made. From the literature study, biomass
is the main feedstock used for BC production for several advantageous reasons. First,
for environmental reasons, biomass is more readily available in a renewable form,
either through natural processes or as a product of human activities. In addition, if
biomass is produced in a sustainable manner, its conversion produces approximately
the same amount of carbon as is absorbed during plant growth, thus reducing the

amount of CO> in the atmosphere [16].
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1.3. Carbon particles: why use them in material science?

In composite science and technology, the use of carbon-based particles and
nanoparticles has been extensively studied due to their outstanding mechanical,
electrical, and thermal properties. Indeed, when incorporated into a polymer matrix,
they are expected to improve or significantly alter the properties of the host matrix,
with the addition of small amounts of filler. Among the wide variety of fillers, the
carbon-based materials play an important role in composite formulation. The carbon
atom, C, is the most versatile element due to its ability to combine with other atoms
to form sp, sp?and sp? hybridized structure and its ability to form a wide range of
stable molecules [1]-[3]. Elemental carbon has three main forms: diamond
(consisting of sp*-bonded carbon in crystalline form), graphite (consisting of sp*-
bonded carbon in planar layers) and fullerene. Various forms of carbon exhibit sp*-
bonded hybridization forms, and of interest to materials science are graphene, carbon
nanotubes and carbon black. The performance of carbon-based composites and
nanocomposites depends on the intrinsic properties of the nanofillers (geometric
dimension, surface area, aspect ratio, etc.), the interaction between filler and polymer
matrices, the degree of dispersion and the distribution of the filler in the polymer
matrix [4]-[8].

Carbon black (CB) differ from other forms of bulk carbon, such as diamond graphite
and cokes since they are composed of aggregates having complex configuration,
quasi-graphitic in structure, and colloidal dimension [9].

Carbon Nanotubes (CNT) are a hexagonal network of carbon atoms rolled up into a
seamless and hollow cylinder. CNTs can be divided into single-walled (SWNTs),
double-walled (DWNTs) and multi-walled carbon nanotubes (MWCNTs),
depending on the number of graphene sheets they consist of [10], [11]. However,
because of van der Waals interactions, CNT are susceptible to agglomeration and the
aggregates formed act as defects in the host matrix, leading to a reduction in

mechanical properties [11], [12]. In order to overcome the disadvantages related to
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the poor dispersion of CNTs in polymers, several strategies have been pursued,
including high shear mixing [25], the addition of surfactants or dispersants [13] and
the chemical functionalisation of the CNT surface [14]-[16]. Due to their unique
combination of mechanical, electrical and magnetic properties, carbon nanotubes are
one of the most promising candidates for the formulation of innovative
nanocomposites [17]-[19]. Moreover, their shape factor makes CNTs particularly
interesting for formulating engineered materials with enhanced anisotropic
properties such as electrical and thermal conductivity, etc. [20]. The high mechanical
properties of CNTs are well known in the literature, suggesting that they can be used
as reinforcing fibres in high-toughness nanocomposites, where stiffness, strength and
low weight are relevant properties, such as applications in aerospace structural
panels, sporting goods, ultra-lightweight thin-walled space structures for use in
space, and high stiffness-to-weight space mirror substrates [21]. In addition, the
excellent electrical and thermal properties of nanotubes are particularly important in
nanocomposites. In fact, thanks to their high aspect ratio, CNTs are able to impart a
percolation-like behaviour due to the random orientation of the CNTs, which could
create a conductive network even at extremely low CNT content [22]-[24].

Graphene, in nanoplatelets forms (GNP), is considered a two-dimensional carbon
nanofiller with a one-atom thick planar layer of sp’ hybridized carbon atoms [25].
GNP-based nanocomposites are ideal candidates for the development of protective
layers, chemical filters, adhesive layers, sensors and electrical devices due to the
multifunctional properties of GNP and its sp’-bonded carbon in planar layers [26],
[27]. Graphene has received much attention for its ability in improving the
mechanical [28], [29], thermal [30], [31] and electrical properties [30], [32] of
composites, as well as their thermo-mechanical and photo-oxidative degradation
behavior [33]. Furthermore, the presence of GNPs increases the effect of extensional
flow, thereby improving the mechanical properties with the draw ratio of the

composites compared to the matrix alone [34]. For these reasons, applications in
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energy devices such as fuel cells, supercapacitors and battery fabrication [35]-[37]
or for flexible electrochemical energy storage are well known [38], [39].

Thus, CNTs, GNPs and CB in different application field play a fundamental role in
the formulation of composites and nanocomposites in automotive industry,
aerospace, military industry, and other applications fields, imparting high
performance to the final product thanks to their light weight, hight strength and
toughness [40], [41]. Several studies have also been carried out with these different
carbon nanofillers, which have different geometric dimensions, showing that hybrid
concentrations can effectively inhibit the re-agglomeration/aggregation of fillers,
with the creation of a three-dimensional network. These properties allow them to
produce advanced multifunctional polymer materials with great mechanical, thermal

and electrical stability [26], [42]-[44].
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1.4. Biochar particles

1.4.1. Characteristics and properties

Biochar (BC) is a carbon-rich material, widely employed in environmental
applications such as soil remediation, carbon sequestration, water treatment, and
wastewater treatment because of its unique properties, such as high surface area,
recalcitrant, and catalysis [1]-[3], and it is undoubtedly a way of recovering waste at
the end of its life and giving it new added value. Nowadays Biochar has attracted
interest as a filler for polymer [4]-[8] and biopolymer [9]-[12] composites due to
the fact that it is characterised by a high amount of aromatic carbon atoms and
condensed aromatic structure, in different forms, including graphite. It also contains
hydrogen, oxygen, nitrogen, sulphur, calcium and silica, the ratio of which to carbon
is highly dependent on the type of biomass used and the thermal decomposition
conditions.

Biochar can be produced from a variety of waste feedstocks, either as a primary
product or as a by-product for energy recovery. Municipal solid waste and
agricultural waste are just two examples of the many organic wastes that can be used
as feedstocks for biochar production. Common wastes such as sewage sludge and
agricultural waste are produced in large quantities around the world, for sludge
production alone, it reached 6.25 million tonnes in China in 2013 [13]. Sludge is a
solid waste that must be treated and disposed of as it is produced during the
wastewater treatment process. However, because it is rich in carbon and nutrients
such as ammonia, it is a viable feedstock for biochar synthesis [14].

Converting common household wastes to biochar could be an option for
environmental sustainability. Different feedstock has different proportions of

element composition, and thus exhibits different properties, so the biochar derived
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from different feedstocks has various performances. How to deal with these wastes

is directly link to the impact they have on the environment.

Table 2 Proximate analysis of different biomass raw materials and relative elemental composition after pyrolysis
process [15]

Proximate Analysis Elemental Analysis

Feedstock Volatile Fixed Ash C H N (0]

Matter Carbon

[wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%]
Alfalfa [16] 78.90  15.80 530  49.90 6.30 2.80  40.80
(Medicago sativa) ’ ’ ' ’ ' ' ’
Almond Shell[17] 7490  21.80 330 50.30 6.20 1.00 4250
Bagasse [18] 71.00  13.70 210 5171 5.32 033  42.64
Bamboo[19] 81.60  17.50 090  52.00 5.10 040  42.50
[Cz"“lr]"b Waste[20] 3000 5280 380 4694 1.63 5.44 -
Coconut Fiber[22] 80.85  11.10 8.05  47.75 5.61 090 4551
Corncob [23] 69.50 1590 290  48.12 6.48 - 43.51
Cornstalk [23] 6530  15.60 1170 4621 6.01 - 45.87
Cocopeat [18] 49.10  25.30 460 6157 437 .02 33.04
Dead Eucalyptus 25 ¢ 6 99 0.80  52.90 8.10 030  47.90
leaves [24]
Hamlin citrus [16]  77.90  17.80 940  50.70 6.60 1.60  42.90
Hornbeem
Sholl[25] 78.83 937 9.52  41.78 5.36 060 5226
Loblolly Pine [16] - 7 ¢ 14 59 230 55.50 5.60 040 4590
(Pinus taeda)
Maize straw [26] - - 531 4220 7.21 128 4920
Mesocarp fibre[24] 7, gy 1599 830  51.50 6.60 1,50  40.10
(Oil palm)
Oak sawdust [27] 6924  16.51 081  52.28 5.74 006  41.92
Olive wood [28]  79.60  17.20 320 49.00 5.40 070  44.90
Paddy straw [18] 5640 1540 2090 4875 5.98 199 4328
Pinewood [22] 8545  13.15 140  48.15 6.70 135  43.60
Palm Kernel
Sholl[ 18] 66.80  17.90 340 55.82 5.62 084  37.73
E"“év]" Pine sawdust ¢35 1680 376 50.60 6.18 005  43.10
Rice husk 62.80  19.20 18.00  49.30 6.10 080  43.70
Sawdust [23] 7040 1850 120 4837 4.98 - 46.27
Tea waste [29] 7029 1857 388  48.60 5.43 380  42.17
Wood Stem [18]  80.10  10.70 040  50.52 5.81 023 4344
Wood Bark [18]  68.90  16.30 490 5342 6.12 140 39.06

In summary, the type of feedstock has a significant effect on the physicochemical

properties of biochar [30], the carbon content in biochar is an important parameter,
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and depending on the type of feedstock, different thermal processes discussed
previously could be used to optimise it to the desired product yield.

Due to different composition (carbon with presence of alkali metals e.g. Li, Na, and
K or alkaline metals e.g. Ca, Mg and Ba metals) depending on the nature of
feedstock, biochar could have versatile properties leading to many applications:
bioenergy (co-gasification co-firing and combustion), chemical field (as a catalyst or
catalyst support), agronomy ( as water retention, plant nutrients or soil conditioner),
pharmacy field (as adsorption of drugs and toxins), environment remediation (as
carbon sequestration and sorption of pollutants) and biomaterials for production of

biocomposites, fuel cells and photovoltaic plants [31].

1.4.2. How to tailor Biochar properties with Pyrolysis Operative

Condition

The temperature employed, together with the heating rate, pressure and residence
time, determines the type of plant required for biomass conversion and the preferred
products of the thermal decomposition section. Slow pyrolysis is characterized by
slow heating rates and long residence times at atmospheric pressure, with operating
temperatures varying from 350 to 800°C; the energy required for pyrolysis of the
feed is usually provided internally by combustion of a portion of the feed. The main
product is a high-carbon solid char, and the co-products are an aqueous, low-
molecular-weight liquid and a low-energy combustible gas [32]-[34]. Fast pyrolysis
is carried out at temperatures between 400 and 600 °C. In contrast to slow pyrolysis,
it uses a very high heating rate in a vacuum atmosphere, a short residence time and
rapid quenching of the vapour, as the main aim of this process is to produce bio-oil
[32], [35], [36]. Flash pyrolysis is a batch process with an operating temperature
range between 300 and 800 °C and is similar to slow pyrolysis, but with a high

heating rate, using moderate pressure (between 2 and 25 atm) to condense volatile
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elements and promote secondary formation, since the aim of this process is to
produce a liquid biocarbon fraction or a solid phase of biochar [37]. Torrefaction is
a slow pyrolysis process with a lower temperature range, between 200 and 300 °C,
which removes mainly water and some volatile compounds from the biomass to
produce a "brown" char that is easy to grind. This is a stabilised and friable biomass.
Gasification is characterised by a high process temperature (between 750 and
1800°C) with limited and controlled oxygen concentration (usually calculated
relative to stoichiometric combustion) [38] and/or steam [39]. As the name suggests,
the primary products are a non-condensable gas mixture, called syngas, which is
essentially composed by the presence of CO, H2, with a smaller amount of carbon
dioxide, methane and other low molecular weight hydrocarbons [40].

From this perspective, the yield of products such as biochar is primarily determined
by the influence of the operating conditions and the temperature used in the thermal
degradation process. For the same type of feedstock, the yield of biochar decreases
as the pyrolysis temperature increases. The results reported by Chen et al. [19] of the
slow pyrolysis of bamboo carried out at different temperatures (from 300 to 700 °C)
showed how the biochar yield decreases from 49.3% when the pyrolysis was carried
out at 300 °C to 23.6% when it was carried out at 700 °C. Instead, the co-products
increase: the yield of bio-oil increases from 26.5% to 34.1%, and the yield of non-
condensable gases increases from 23.2% to 42.3%. For corncob biochar obtained at
different pyrolysis temperatures, ranging from 300 to 600 °C, the biochar yield
decreases from 77.3% to 21.7% [23]. The yield of BCs was almost reduced from
37% to 22% for soybean- and peanut- shell derived biochar obtained by pyrolysis at
300 and 700°C [41]. Similarly, when pyrolysis temperatures were increased, biochar
yields decreased for several type of feedstock: hickory and hamlin citrus [16], [22],
[42] for sewage sludge [43] the residual wastes after palm oi extraction [44], residual
shell of carob fruit after sugar extraction [21] woody fraction of mallee eucalyptus
loxophleba [45], wheat straw and oat straw [46], pineapple peel [47] douglas fir
wood, douglas fir bark, and hybrid poplar wood[30]. For lignocellulosic feedstocks,
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the low pyrolysis temperature determines minimal condensation of aliphatic
compounds and lower losses of CHs, H2 and CO. Above a certain temperature, which
depends on the nature of the lignocellulosic feedstock, the yield decreases
significantly due to dehydration of hydroxyl groups and thermal degradation of
lignocellulosic structures [48], [49]. For the same reasons, also in the fast pyrolysis
regime, which implies a higher heating rate, a study of the effect of operating
conditions, such as temperature, on pine wood-derived biochar was carried out. In
terms of biochar yield as a function of temperature, the trend remains unchanged; in
fact, a decrease from about 0.42 kg/kg dry biomass (obtained by fast pyrolysis at 325
°C) to about 0.11 kg/kg dry biomass (obtained by fast pyrolysis at 575 °C) was
shown, with a decrease curve that shows an exponential decrease [50].

Proximate analysis is a useful analysis carried out on feedstock to determine the
suitability of the feedstock for conversion to biogas, biofuel or biochar, as it provides
information on the fixed carbon, volatile matters and ash in the feedstock [51]. The
fixed carbon represents the solid carbon in the biomass that is expected to remain in
the char after devolatilisation in the pyrolysis process [52].

At the same time, proximate analysis could be a great resource for characterising the
biochar after the pyrolysis process, as the fixed carbon of the char represents the
material that remains after the volatiles have been driven off [53], and this data is
certainly highly dependent on the process temperature. Proximate analysis can be
used also to understand the amount of residual volatiles in biochar samples, which
are the product of insufficient thermal degradation during the pyrolysis process.
Thus, as the process temperature increase as volatile matter decrease and fixed
carbon increase. Moreover, due to the accumulation of mineral components resulting
from the decomposition of organic constituents, the ash content of biochar increased
with increasing production temperature. Several studies confirm these trends in
fixed carbon, volatile matter and ash contents a function of pyrolysis temperature.
Chen et al. [19] pyrolysed Bamboo from 300 to 700 °C, and performed proximate

analysis on resulting biochar showing that volatile matters decrease as the increases
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of temperature: from 30% at 300°C to 9% at 700°C, and the relative fixed carbon
increase from 65% at 300°C to 86% at 700°C. The same trend has been reported by
proximate analysis of resulting biochar derived from pyrolysis of soybean stover and
peanut shell [41] corn cob [23], cocoa pods waste coming from cocoa industry, and
resulting digestate of cocoa pods for biogas production [54], coconut fiber and pine
wood [22] wood hybrid poplar (Populous deltoids) and Douglas fir (Pseudotsuga
Menziessii) wood and bark [30].

An important parameter of biochar is its elemental composition: total carbon,
nitrogen and hydrogen in biochar samples, and in some study sulphur, are often
analysed with a CHN elemental analyser and oxygen content is often obtained as the
weight difference between raw biochar and sum of C, H, N and non-volatile
elements. C, H, N and O are elements that are really sensitive to pyrolysis
temperature unlike non-volatile and inorganic elements whose total content depends
more on the nature of the pyrolysed feedstock. In particular, as the pyrolysis
temperature increased, the biochar became richer in carbon, while the oxygen and
hydrogen contents decreased. The ratios of hydrogen to carbon (H/C) and oxygen to
carbon (O/C), which are considered pyrolysis indicators, can be calculated as a ratio
of the amount of carbon, hydrogen and oxygen, respectively. In fact, there is a
correlation between these two ratios and the chemical structure of the resulting
biochar. In fact, as hydrogen or oxygen decreases relative to the feedstock and
relative to the total carbon content, the formation of aromatic structures occurs, as
well as the condensation of carbon atoms through the loss of O-containing functional
groups. As mentioned earlier, if biochar became richer in carbon while the oxygen
and hydrogen contents decreased with increasing temperature, it follows that the H/C
and O/C ratios decrease with increasing pyrolysis temperature. Thus, at a higher
temperature, the biochar gradually became richer in carbon with an aromatic
structure. This results are largely confirmed by the experimental study present in the
literature and for several type of biomass, woody and non woody waste: moso

bamboo [19], corn-cob, sawdust and cornstalk [23], soybean stover and peanut shells
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[41], loblolly pine, citrus, alfalfa, and switchgrass [16], pine wood and coconut fiber
[22], hickory wood, bagasse and bamboo [42], peanut hull, pecan shell, poulty litter
and switchgrass [48], carob waste [20], wood apple shells [55], cassava rhizome,
durian peel and pineapple peel [56], wood [57], cocoa pods waste coming from cocoa
industry, and resulting digestate of cocoa pods for biogas production [54], palm
waste [1], pine needle [58] and others [59]-[72]. The H/C and O/C ratios decrease
as the pyrolysis temperature increases, regardless of the variation in heating rate and
thus, in a sense, the type of pyrolysis used (slow or fast). In fact, Amine Hmid ef al.
have shown that pyrolysis of olive mill waste at pyrolysis temperatures of 430, 480
and 530 °C at different heating rates (i.e. 25, 35 and 45 °C/min) results in an increase
in carbon content and a decrease in oxygen and hydrogen content with increasing
pyrolysis temperature [28]. Likewise, Onay fast pyrolysed safflower seeds for
biochar production at pyrolysis temperatures of 400, 600 and 700 °C at much higher
heating rates (i.e. 100, 300 and 800 °C/min), confirming the same carbon, hydrogen
and oxygen content trends as previously shown [73].

Considering how the variation in elemental composition contributes to the variation
in biochar chemical structure as pyrolysis temperature varies, complex molecular
chains (such as cellulose, lignin and hemicellulose) are transformed into very
different chemical structures, with the appearance or disappearance of functional
groups on the biochar surface, strictly dependent on pyrolysis temperature. In fact,
functional groups typical of oxygenated hydrocarbons, reflecting the carbohydrate
structure of cellulose and hemicelluloses, dominate the FT-IR spectra of biochar.
Pyrolysis can cause absorption bands characteristic of raw materials to disappear and
new bands typical of biochar samples to appear. A typical FT-IR spectra is normally
composed by: a broad band from 3000-3600 cm'! attributed to the presence of OH
functional groups (alcoholic and phenolic) [74], [75], a smaller band from 2700 to
3000 cm!, attributed to alkyl C—H stretching [76], a band at 1600 cm™ attributed to
aromatic C—C and C-O stretching of conjugated ketones and quinones [55], a band

occurring at 1735 cm™! attributed to C=0 stretching of ketones, aldehydes and esters
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[78], [79], a band centered at 1238 cm™! attributed to the presence of C-O—-C groups
and aryl ethers, phenolic associated with lignin [80], a band at 1130 cm! attributed
to of C—O—C stretching of ester groups in cellulose and hemicelluloses [76]. When
heated to a high temperature, the chemical bonds are broken and rearranged and new
functional groups are formed, which it is possible to distinguish as acidic (i.e.
carboxyl, carbonyl, lacton, phenol, pyrone, ether, anhydride) and basic groups (i.e.
pyridine, pyridine, pyrrole) [81]. Suliman et al. showed how the increase of pyrolysis
temperature of three different biomass, determines a linear decrease in the content of
oxygenated functional groups (i.e. phenolic, lactone and carboxylic group) and a
reverse trend for the total basic surface functional groups [30]. All of these functional
group are present on outer surface of biochar and on its pore [82]-[85]. Biochar
produced at low temperature displays more of this functional groups due to the
retainment of aliphatic and cellulose structure [48], [76], higher temperature leads to
dehydration and deoxidation of the biomass with a consequent high hydrophobic
nature with well-organized C layers [78], [86]. In particular, the band related to the
-OH stretching due to hydrogen-bonded hydroxyl groups (3200-3500 cm™) is the
first to disappear with increasing pyrolysis temperature for biomass-derived biochar.
Then the asymmetric (2935 c¢m™) and symmetric (2885 ¢m™') CH stretching of
aliphatic functional groups decreases and then disappears, as does the symmetric C-
O stretching (1030 and 1110 cm™). Instead, for the carboxylic acid C=0 (1700-1740
cm!), the aromatic C=C stretching of conjugated ketones and quinones (1600 cm!)
first increases and then decreases with the increase of the pyrolysis temperature. As
the temperature increases, the CH bending for aromatic out-of-plane deformation
(750, 815 and 885 cm™!) becomes more prominent, reaching a spectrum at the highest
temperature that could be related to that of pure graphite [57], [64], [80], [87]-[89].
The pH of biochar depends firstly on the pH of the biomass feedstock. However,
biochar is generally alkaline or has a higher pH than the starting biomass. The
alkaline nature of biochar can be attributed to two factors: (i) the acidic functional

groups, such as carboxyl, hydroxyl or formyl groups, in the biomass are stripped off
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during pyrolysis and (ii) the pyrolysis process led to an increase in the concentration
of metals (present as ash). Liu et al. [23] pyrolysed corncob at 300 400 500 and
600°C, founding that corncob pH results slightly acid and equal to 6.4, but already
pyrolyzing at 300°C pH results equal to 8.1, and at high temperature equal to 10.4.
Organic functional groups and inorganic alkali influenced the alkalinity of biochar.
The contribution of inorganic alkali such as Na and K became significant at
temperatures above 500 °C, whereas the contribution of organic functional groups
decreased with increasing pyrolysis temperature as thermal decomposition
progressed [18]. As noted above, as the pyrolysis temperature increases, the
functional group concentration of the biochar surface decreases and the ash content
increases. It follows, that pH increases with pyrolysis temperature, tending to be
more alkaline, and this result is well documented in the literature [30], [41], [42],
[48], [65], [67], [90].

The surface area of the biochar is one of the key characteristics that can greatly
influence its behaviour, helping to absorb chemical compound, affecting its
reactivity and the combustion characteristics of the biochar. It is a parameter that
depends on the nature of the feedstock, since a complex lignocellulosic structure
already has a high surface area with a relative high pore volume, and on the
temperature used in the pyrolysis process. The devolatilisation step promoted
pyrolysis process, seems to be responsible on the formation of pores [16]. By
increasing the driving force of the devolatilisation process, the increase in pyrolysis
temperature changes the morphology of the char particles. The higher temperature
causes a rapid release of volatiles during pyrolysis, this leads to an internal
overpressure which causes smaller pores to merge. This merging process results in
the formation of large internal voids with a porous biochar structure, hence, the
macroporosity increases with increasing temperature [23], [41], [42], [64], [88]. A
higher temperature pyrolysis creates also a porous structure due to several cracks and
holes generated by the releasing of volatile matter [91]. Sizirici et al. shown a BET

surface area that increase from 1.1 m? g'and 3.5 m? g'! of frond and leaf respectively
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of palme waste pyrolysed at 400°C to 246 m? g'! and 289 m? g! pyrolysing them at
600°C [1]. The orange peels derived biochar shown a surface area of 22.8 m? g!
when pyrolysed at 150 °C, and of 201 m? g'! when pyrolysed at 700°C [61]. A
complete characterization of pore structure and surface area done by Tsai et al. [47],
correlated the pore structure on their adsorption-desorption isotherms, showing a
coexistence of microporous and mesoporous in biochar structure, and their value
increases as the increases of pyrolysis temperature and of residence time. In contrast,
fast pyrolysis with higher heating rates results in faster devolatilization step that
affects the resulting morphology of the biochar. Onay et al. [73] that pyrolysed at
heating rate of 100, 300 and 800 °C/min, at three different temperatures, i.e. 400,
600 and 800 °C, shown low values of surface area at every heating rate and pyrolysis
temperature, and for all heating rates the surface area firstly slightly increases, then
it decreases as the increase of pyrolysis temperatures. The decrease in surface area
value observed at high temperature is due to structural ordering and the decrease in
the number of micropores and increase in macropores due to the evolution of volatile
bubbles at higher devolatilization rates.

Another important parameter affected by the pyrolysis temperature is the high
heating value (HHV), which is defined as the energy released per unit mass or
volume of fuel when the fuel is completely burnt. In the case of solid fuels, such as
biochar, this is referred to unit mass. There are two methods of assessing HHV, the
first is experimental and is carried out using bomb calorimeters, the second is
theoretical and uses elemental composition for the calculation. Since elemental
composition is known to be affected by pyrolysis temperature, this property is again
dependent on pyrolysis temperature. Generally, the theoretical methos employed for
HHYV calculation are based on Dulong’ s formula [92] and its modification after

experimental data fitting [63], [93] are summarize in the following relation:

HHV = ant.% + wat.% + COwt.% + dSwt.% + ert.% + wat.%
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C,H, O, N, S, and A represents carbon, hydrogen, oxygen, nitrogen, sulphur and ash,
respectively, and the coefficients depend on the nature of the fuel. From an
experimental point of view, Azargohar ef al. [67] found that for biochars produced
from wheat straw and flax straw, the heating value increased by an increase in the
pyrolysis temperature, while for biochars derived from sawdust and poultry litter no
trends has been found. This maybe due to a decrease in the oxygen content by
pyrolysis temperature for the first two raw materials, differently to the others. Again
the highest value of HHV has been correlated to the lower oxygen content and lower

H/C ratio when canola meal has been pyrolysed at different temperature [62].

The HHVs of biochars prepared at 300, 400, 500, 600, and 700 °C were 25.9, 29.8,
27.4,26.1, and 27.2 MJ/kg, respectively. These data show that the biochar produced
at a pyrolysis temperature of 400 °C had the largest HHV and that the maximum
difference between HHVs was 15%. The larger HHVs of biochars relative the parent
biomass (20.1 MJ/kg) were expected on the basis of the lower oxygen content and
H/ C ratio for the biochars relative to canola meal (see Table 1). The energy recovery
of biochar is defined as the percent energy content (yield x HHV) of biochar relative
to that for a unit mass of canola meal. The energy recovery of biochar decreased
from 64.9 to 43.0% with increasing temperature from 300 to 700 °C. The decrease
in the energy recovery of biochar with pyrolysis temperature is due to the decrease
in biochar yield with increasing pyrolysis temperature and the narrow range of
biochar HHVs (25.9-29.8 MJ/kg). Other studies demonstrates how as the increase
of pyrolysis temperature, the decrease of H and O content in synergy with the
increase of carbon content increases the HHV values [19], [21], [22], [28], [63].
However, it has been reported that the ash content increases as the pyrolysis
temperature increases. The contribution of ash to the HHV is contradictory to the
increase in carbon content. In fact, as the ash contribution increases, the HHV
decreases. In some study the ash content results predominant, decreasing strongly

the HHV value [43]. In another study, as the pyrolysis temperature is increased, first
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the contribution of carbon is predominant, thus HHV increases its value, then the

amount of ash determines the decrease of HHV [65].
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1.5. Biochar-based composites

1.5.1. Biochar as a Filler of Polymer-based composites

In recent times, biochar (BC) has attracted increasing interest for its use as a filler in
polymer-based composite materials, either in thermoplastics or in thermosetting
plastics [1], [2]. As discussed previously, the final properties of BC particulates are
a function of several factors including the nature of the raw material from which the
BC particulates are produced, the type of process employed and the relative
operating conditions. The final properties of the composites in terms of interfacial
adhesion, dispersion, thermal and mechanical stability, and ageing resistance are
therefore determined by the final fixed carbon and ash content, the grinding and
screening process used to control the final particle size, surface area and pore volume
sill, and also by the polymer matrix used.

In order to assess how pyrolysis temperature and type of feedstock could determine
a difference in the final properties of composites, Das et al. [3] added biochar
particles as a co-filler for the production of wood plastic polypropylene-based
composites, pyrolyzing different feedstocks (landfill pine sawdust, sewage sludge,
and poultry litter) at a different temperatures, with the aim of identifying a routing
process for waste employing. Keeping the weight of landfill pine at 30 wt.%, the 24
wt.% of biochar particles obtained from the different feedstocks with different
pyrolysis conditions (i.e. temperature, heating rate and residence time, see [3] for
more details) were added. The fixed biochar concentration of 24 wt.% was
determined thanks to a previous work by the same research group [4], in which BC
produced from pine wood was added to the PP matrix at different loadings ranging
from 6 to 30 wt.%. In this study, a BC content of 24 wt.% showed a general
improvement in tensile and flexural strength and in the young modulus of the final

composite. Taking these results into account, it was found that the increase in tensile
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strength and the modulus is strongly related to the increase in surface area.
Furthermore, the presence of residual minerals (i.e. CaCO; found in BC from poultry
litter and relative ash content) increases the composite impact strength and exhibits
lower heat release rate during combustion compared to the other composite. These
results can be explained by the fact that inorganic particles generally impede the
diffusion of oxygen through the material, thus creating a physical barrier between
the combustible and the oxidising agent. This allows BC composites to be used in a
flame-retardant field.

In addition, a generally good dispersion of BC particles and infiltration of
polypropylene into biochar pores was also observed for all composites, thanks to the
maleic anhydride grafted polypropylene/maleated anhydride polypropylene (MAPP)
used as coupling agent.

Without the presence of wood for PP-based composites, a flame retardant ability of
pine wood biochar was demonstrated in a study by Das et al. [5], in which by varying
the BC loading from 0 to 35 wt%, the composites exhibited an increasingly stable
compact char structure during controlled combustion tests that masked O diffusion
in the polypropylene matrix. In addition, the addition of char significantly reduced
the peak heat release and smoke production. The increase in flame retardancy
conferred by the presence of biochar particles in wood-polypropylene composites
has also been investigated in the presence of conventional inorganic flame retardants
such as magnesium hydroxide and ammonium polyphosphates [6], [7]. On the other
hand, the presence of biochar, the two flame retardant particles were trapped in BC
pores instead of polypropylene with a final reduction of PP flow during processing
and consequent reduction of interfacial adhesion and relative mechanical stability.
Furthermore, the addition of biochar particles to wood-polypropylene composites
imparts water resistance to the composite. This result remains valid without
exceeding a threshold concentration above which the composites become more
susceptible to water. In addition, it has been found that a high pyrolysis temperature

generates a more hydrophilic particle, due to an absorption by capillary action of the
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pores [8]. Furthermore, the reason for the addition of biochar particles to a wood-
polypropylene composite is that WPCs usually suffer from thermal instability and
thickness swelling due to the high hydrophilic behaviour of wood dust. Ayrilmis et
al. [9] gradually reduced the concentration of wood dust from 60 to 0 wt% and
increased the concentration of commercial Quercus charcoal flour from 0 to 60 wt%,
respectively, and showed that thickness swelling is reduced by 50% after 30 days
when wood dust is completely replaced by BC, thus increasing the global
dimensional stability. The same stabilization behaviour is observed for the water
absorption after 30 days of WPC, which decreases from about 21% for PP/wood
composites to about 15% for PP/char composites. A study by DeVallance et al.
confirms the same result of dimensional stabilization and overall improvement in
resistance to thermal degradation by adding BC particles to WPC [10], [11].

Giorcelli et al. [12] also investigated the relationship between the pyrolysis
temperature and the electrical conductivity of the biochar particles, with the aim of
using biochar particles as a filler in epoxy resin based conductive composites. The
residues of Miscantus residues were pyrolyzed at 650, 700 and 750°C and activated
with COz to increase the surface area, then 20 wt.% of the particles were incorporated
into and epoxy resins and electrically characterized. As already shown by other
studies, it was found that an increase in pyrolysis temperature corresponds to and
increase in carbon content with a corresponding reduction of other elements (i.e. O,
Mg, Si, K, Ca) [13], and the ratio between disordered and graphitized structure of
the carbon structure increases with the increase in pyrolysis temperature. All these
properties allow an increase in the conductivity of the biochar particles as a function
of the pyrolysis temperature, with a consequent increase in the electrical performance
of the composites obtained with the adding of particles produced at higher pyrolysis
temperature. In the same low viscosity Epoxy resin LPL, two different biochar
obtained by pyrolyzing Maple tree waste at low and high temperatures (600 and
1000°C) were added at different weight percentages in order to improve mechanical

properties of the resin [1]. It was observed that an addition of small amounts of
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carbon fillers, lower than 2 wt.%, increased the load bearing capacity of the epoxy
matrix, modifying the mechanical properties of the polymer matrix; on the other
hand, a concentration equal or higher to 2 wt.% transformed the pristine epoxy resin
from brittle to a ductile composite, different from what it has already seen for
polypropylene-based composites.

The optimum filler concentration depends on the type of polymer, the pyrolysis
temperature and the type of feedstock used for biochar production, as well as the
presence of other additives in composites production. By adding a curing agent (i.e.
cycloaliphatic polyamine) and an embedding medium during the processing of
epoxy-based composite, it is possible to increase the filler content above a critical
level that normally reduces the tensile strength. In this configuration, a critical level
of chars obtained from natural substance is found to be equal to 25 wt.%, and in
composites with plastic waste char, the critical level appears to be quite low, equal
to 15 wt% [14]. Nevertheless, waste plastic char, PWC (obtained from the pyrolysis
of polyethylene terephthalate, PET) increases the global conductivity of a polymer
composite due to the terephthalic acid present in the char structure [15].

Another way to activate biochar particles was investigated by Zhang et al. [16] by
impregnating the biomass feedstock in H3POs solution prior to the carbonization
process by varying the concentration of H3POs in the solutions. In general, the
activation of BC improved the thermal stability of the resulting composites, but a
different concentration of activating agent affected the characteristics of biochar in
terms of chemical and morphological structure. In fact, a low concentration of H3PO4
improved the porous structure, which improved the resulting mechanical properties,
thanks to better adhesion between particles and HDPE polymer matrix, including
flexural properties, stiffness elasticity, creep resistance and anti-stress relaxation. On
the other hand, a high concentration of H;PO4 in the activation solution, generated
fouling in the porous structure, reducing all mechanical properties.

The electrical properties of UHMWPE/LLDPE [17], [18] blends have been obtained
by adding a char obtained by carbonization of bamboo at 1110°C. Irregular shaped
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particles have been obtained with a global transformation of the amorphous structure
into a graphite-like structure with a higher degree of crystallinity, with high specific
surface due to the creation of a nanoporous structure. These particles were added to
UHMWPE blended with LLDPE as a flow accelerator to reduce the melt viscosity
of UHMDPE and improve the processability of the composite and the final particle
dispersion. The highly filled composites (with carbon loading up to 80 wt%) showed
excellent electromagnetic interference shielding performance and one of the highest
values reported for conductive polymer composites was found, in fact at maximum
biochar concentration a conductivity of 107.6 S/m was found. An increase in
nanoporous structure, crystallinity, hardness and thermal stability was found to be
higher for biochar obtained by carbonisation at 800 °C followed by pyrolysis at 1110
°C as the biochar activation step [19]. At the same time, if the goal is bicompatibility,
achieving a high temperature is not useful because of the global reduction in
hydrophilicity and higher specific surface energy, which promote protein adhesion
and cell proliferation.

With the aim of reducing waste for environmental purposes, Kane et al. [20] recently
compared recycled high-density polyethylene, rtHDPE, with and without biochar,
looking at both improvements in mechanical properties and environmental impact.
From a mechanical point of view, the tensile behaviour of rtHDPE was significantly
modified by the addition of biochar particles derived from forest residues, increasing
the strength and stiffness due to the global increase in the crystallinity of rtHDPE, to
the reinforcing effect of the polymer matrix, and thanks to a good interfacial adhesion
that led to a polymer interlocking with the porous structure of biochar. In addition,
using life cycle assessment, it has been found that the addition of biochar as a filler
reduces the global amount of plastic used to produce a manufactured product, which
of course provides a benefit in terms of global warming potential when referring to
the CO; emitted in the production of plastic. It has been calculated that rtHDPE CO2
equivalent by adding less than 40 wt% of biochar particles, giving a composite with

similar strength and stiffness to that obtained by adding 40 - 50 wt% of biochar
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particles to virgin HDPE [21]. Another way to reduce the amount of polyolefin waste
and the amount of virgin polyolefin used in the industrial field was addressed in a
study by Idress et al. [22], in which a composite based on recycled polyethylene
terephthalate rPET was produced by adding biochar. The biochar used in this work
was obtained from high-temperature pyrolysis (1100 °C) under autogenous pressure
of approximately 150 bar of PET waste. In this study, the researchers were able to
extrude recycled PET and PET/BC composites, highlighting that the incorporation
of biochar improves the mechanical properties and imparts thermal properties to
PET, suggesting that BC could supply the need for commercial graphene materials
in polymer composites. As noted with other polyolefins, the responsibility of the
improvement in mechanical properties must be related to high surface porosity of
BC particles and high affinity between BC particles and polymer matrix. Instead, the
improvement in thermal properties must be attributed to the known barrier effect of

BC.

1.5.2. Biochar as a Filler of Bio-Polymer-based composites

In the context of a sustainable and circular economy, the recovery of bio-waste and
its incorporation into bioplastic for the formulation of sustainable biocomposites is
a challenging issue. Bioplastics should be defined as polymers that meet one or both
of two criteria: the polymer is bio-based and biodegradable [23].

Among the biopolymer-based composites containing biochar particles, a significant
number of studies are reported in the literature. One of the most biochar-added
polyester matrices is polylactic acid (PLA), which suffers from poor thermal
stability, high brittleness that reduce its use in many fields, i.e. textile, biomedical
and food packaging [24]. In short, the use of BC in PLA can lead to a growth in the
PLA market thanks to a global improvement in the mechanical stability of this
polymer [25]-[27]. Kane et al. [28] investigated BC-added PLA composites and
compared them with high density polyethylene (HDPE) composites. Unlike HDPE,
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for PLA/BC composites this work highlights an impact of BC in the thermal
degradation behaviour, shown in a decrease of the onset degradation temperature and
a global reduction of the melt viscosity of PLA, probably due to the presence of
inorganic element of the BC surface, responsible of catalysing the thermal
decomposition of PLA. The same behaviour was found in the study by Arrigo et al.
[29] in which BC particles derived from spent ground coffee were added to the PLA
matrix and the composites were processed by melt mixing and solvent casting
methods. A significant change in the rheological behaviour of PLA was found when
the composites were obtained by melt processing. In fact, the author reports a
progressive increase of the melt viscosity in composites obtained by solvent casting
and a progressive decrease of the melt viscosity in composites obtained by melt
mixing, as the BC content increases, suggesting in the latter case a strong reduction
of the polymer molar mass due to thermal degradation [30], and a preservation of
PLA when processing has been carried out at room temperature by solvent casting.
In any case, a strong polymer-filler or filler-filler interaction has been found, as
evidenced by the appearance of a yield stress behaviour. A significant reduction in
the molecular weight of poly(3-hydroxybutyrate) (PHB) processed at high
temperature with the addition of biochar particles has been demonstrated by
Haeldermans ef al. [31]. In this study, different PHB/char with BC loading (from 20
wt% to 50 wt%) were produced and this formulation was compared with
PHB/thermoplastic starch (TPS)/BC composites. Despite the best biodegradability
compared to other biopolymers, it is well known in the literature that PHB suffers a
significant reduction in molecular weight after processing, which limits its
application due to a really small operational processing window [32], e.g.
unprocessed PHB-My, of 611 Kg/mol and melt-processed PHB-My, of approx. 463
Kg/mol [31]. Unfortunately, increasing the amount of biochar particles from 20 to
50 wt% reduces PHB-Mw even more, reaching a reduction of 218 Kg/mol for 50
wt% BC, which reduces the global thermal stability of BC biocomposites. Consistent

with the reduction in molecular weight, a reduction in thermal properties has been
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found, such as a decrease in melting point with the decrease in molecular weight
[33]. Thanks to the presence of thermoplastic starch in the biocomposites, the
decrease in Mw is more gradual and controlled, and molecular weight analysis
showed that at low BC load, TPS can act as an intermediary between PHB and PHB,
controlling the decrease in molecular weight.

Differently, the addition of BC particles as a filler in Ecovio commercial polymer
blend containing of poly (1,4-butylene adiphat-co-1,4-butylene terephthalate),
PBAT, 47 mol% of aromatic segment, and PLA, 25 mol%, significantly increase the
application field of BC particles in biopolymers matrix [34]. In fact, it has been found
a significantly reduction of resistivity of obtained-biocomposites as the increase of
BC load, added up to 30 wt.%, suggesting and employment of the composites in
equipment element in laboratories for precise measurement or as an antistatic agent
in the packaging industry. Moreover, thermal stability has not been affected by the
presence of BC compared to Ecovio polymer matrix. Moreover, thanks to a global
improvement of modulus showed in DMA analysis in all temperature range (-50 to
120°C), mechanical properties result higher for composites with respect to neat
matrix, suggesting a better mechanical stability.

Polyvinyl alcohol (PVA)/corn starch/BC biocomposites have been successfully
formulated by means of the solvent casing method in the presence of citric acid and
glutaraldehyde, which were added for the fixing effect before the casting period [35].
The interaction between the biopolymer blend and the BC particles significantly
affects the degradation path of PVA/starch composites. In fact, a significant
decrease, a narrowing of the peak relative to the hydroxy band, was observed with
increasing BC loading. This phenomenon was attributed by the author to the good
compatibility of the PVA, the starch and the BC [36]. In any case, as was the case
for composites based on PLA and PHB, the overall thermal stability of the
biocomposites is lower when BC is added in the blend.

A noticeable improving of mechanical properties has been obtained introducing a

suitable concentration of biochar particles in a eco-friendly biocomposites
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manufactured by a green epoxy matrix reinforced with short agave fibers for
replacing synthetic materials in structural applications [37]. In this case, with the
optimum amount of BC particles (in this case founded equal to 2 wt.%) by means of
synergic effect of short fiber and biochar particles, a better adhesion has been
achieved between epoxy matrix and fiber, demonstrated by fiber pull-out test. This
aspect involves in an increase of global Young’s modulus and tensile strength, and,
moreover in an increase of fatigue performance with an increase of fatigue strength
by about 67% and fatigue lifetime by least 3 order of magnitude. This remarkable
enhancement of mechanical performance increases the possibility of employing a
green epoxy matrix fiber reinforced for structural and semi-structural applications,
especially in automotive and naval applications.

Green composites have been formulated adding biochar particles in partially
biobased polymer or biobased polymers that are non-biodegradable. Nagarajan et al.
[38] performed a study varying particle size distribution of biochar particles
produced from low-temperature slow pyrolysis process of Miscanthus fibers. After
pyrolysis, size-fractionation of BC was performed with sieves having different
opening, e.g., 300, 212, 150, 125, 75 and 20 gm. The different size-fractioned BC
were added to poly(trimethylene terephthalate) (PTT) 70 /poly(lactic acid) (PLA)
30- ethylene-methyl acrylate-glycidyl methacrylate terpolymer (EMAGMA)
polymer blend (85-15), using in some formulation an epoxy-functionalized chain
extender (CE). A good range of particle size distribution, combined with the presence
of chain extender, helps to obtain a morphology with better dispersion of the blend
components, i.e. particle size distribution of 75-20 um. Biochar particles under 20
um of size diameter stabilized the blend morphologies, showing a coalescence PLA-
EMAGMA particles that turn in smaller and finer morphologies in presence of CE.
This evaluation obtained from SEM images observation are consistent with
rheological test and mechanical analysis, showing that with an appropriate BC
particle size and shape, morphologies and properties can be tailored achieving

desired properties, with solid cost reduction. The partially biobased PTT was
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combined with 20 wt.% high temperature biocarbon from peanut hulls pyrolysis,
founding superior mechanical performance that could be optimize for non-structural
automotive components or electrical housing applications [39]. Also in this case,
particle size distribution and particle size of the original biomass can play a crucial
role on the resulting biochar and impact the concentration of volatiles and bio-oil of
pyrolysis process [40], [41] and, as expected, in biocomposites properties, reason
why a milling process before pyrolysis has been conducted [39]. The adding of
peanut hulls biochar, its sheet-like surface morphology with high graphitic carbon
content and its relatively low electrical conductivity, improved thermal stability of
PTT based green composites, increasing both in flexural and tensile moduli,

suggesting nonstructural and anti-static applications.
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2. Experimental part

2.1. Biochar production from slow pyrolysis

The recovery of biowaste for sustainable biocomposites formulation is a challenging
issue in the context of sustainable and circular economy. The aim of this chapter is
the characterisation of (i) the two biowastes used as feedstock for the pyrolysis
process and (ii) the resultant biochar. The first feedstock used was carob waste after
glucose extraction from a local carob candy factory. The second bio-waste used was
digestate from the anaerobic digestion of organic fraction of municipal solid waste
(OFMSW).

Thus, the two biomasses were first characterised. A pyrolysis process was performed
on biowaste to produce biofuel and later the solid residual fraction of pyrolysis was
characterised as an interesting filler for biocomposites production.

Since it was investigated that the pyrolysis temperature could affect the properties of
the resulting biochar, carob waste was pyrolysed at three processing temperatures
(i.e. 280, 340 and 400 °C) to optimise the compositions of the produced solid
fractions and biofuels. Instead, the digestate was subjected to pyrolysis at 400 °C.
Subsequently, the properties of the resulting BC particles were chemically
characterised by elemental composition and/or EDX analysis and spectroscopic
analysis. Morphology, particle size distribution and evaluation of radical scavenging

activity and efficiency were also investigated.
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2.1.1. Materials and Methods

2.1.1.1. Materials

In this dissertation study two kind of organic waste has been used as a feedstock for
slow pyrolysis process:
- Carob Waste, residual waste after syrup extraction for candies production,
kindly provided by Terranova Candy Factory, Palermo, Sicily, Italy;
- Digestate, residual waste after anaerobic digestion for biogas production of
OFMSW, Organic Fraction of Municipal Solid Waste, kindly supplied by

Archimede s.r.1., Caltanisetta.

2.1.1.2. Analysis of Feedstock

A Netzsch STA 449 F1 Jupiter thermogravimetric analyser was used for the
proximate analysis and thermogravimetric study of the waste. Approximately 90 + 5
mg of the sample under consideration was crushed to reduce the waste to powder.
The powder was transferred to the crucible of the analyser. Each analysis was
repeated at least in duplicate. Tests were performed at a flow rate of 40 ml/min under
an inert nitrogen atmosphere. The sample was heated to a temperature of 600°C at
four different heating rates: 5°C/min, 10°C/min, 20°C/min and 40°C/min. Both
thermodynamic aspects (global exo- or endothermicity of the process) and kinetic
aspects of processes involving mass loss, such as pyrolysis, can thus be studied.

In the case of proximate analysis, 100 = 5 mg of the sample was heated from room
temperature to 900 °C in a nitrogen atmosphere. In this case, in the last part of the
analysis, the sample is exposed to air for oxidation and determination of the ash

content.
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2.1.1.3. Operative Condition

In order to carry out the experimental analyses, it is necessary to determine the
appropriate operating temperatures. These are chosen on the basis of the results of
the thermogravimetric analysis. From the TG curve, it is possible to determine the
degradation temperature range of the sample under study; looking at both the TG
curve and the corresponding derived curve (DTG), it is possible to identify the
temperature of maximum degradation rate as the minimum of the DTG curve and
the corresponding inflection point of the TG curve.

The thermogravimetric study is carried out by heating a sample quantity (of the order
of mg), specific for each model compound analysed, from room temperature to 600
°C in an inert atmosphere at a heating rate of 10 °C/min.

On the basis of the curves obtained, the operating temperature for each compound to
be pyrolysed is selected around the temperature of maximum degradation rate. This
is done in order to optimise the pyrolysis process and to evaluate the effect of
temperature on it. Pyrolysis of the feedstock is carried out once the operating

temperatures have been determined.

2.1.14. Experimental apparatus and Procedure

A half-batch reactor under atmospheric pressure and an inert atmosphere of argon
was used to thermally treat the waste used in this thesis. The piping and

instrumentation diagram (P&ID) of the apparatus is shown in Figure 2.
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Figure 2 P&ID of the experimental apparatus used for slow pyrolysis

The R-101 reactor is an autoclave stirred reactor with a volume of 500 mL. It was
purged with argon to remove air from the system and to avoid oxidation phenomena.
The reactor was heated by electric heating bands at an average rate of 10°C/min from
room temperature to the temperature selected for pyrolysis according to the
maximum degradation rate of the feedstock determined by thermogravimetric tests.
The gas stream produced was sent to the E-102 condenser and cooled with a water-
glycol mixture. The heavier and condensable species were collected in the separator.
The temperature was kept constant at 20°C by the E-101 refrigeration unit. In this
way, the gas fraction was sent to the gas chromatograph (GC) for analysis of its
composition. The adsorption column with activated carbon is necessary for the
significant reduction of the content of hazardous compounds from the gas stream
prior to venting. All experiments were performed at least twice. Finally, the biochar
that was produced was collected.

Biochar produced by pyrolysing carob waste at three different temperatures (i.e. 280,
340 and 400°C) is referred to as BC280, BC340 and BC400. Biochar produced from
carob waste is generally referred to as cwBC. Biochar produced by pyrolysis of

digestate is called dBC.
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2.1.1.5. Biochar Particle Characterization

Solid fractions higher heating value, HHVs, were determined with Parr 6200
calorimeter. In this case, 1 g of the sample was introduced in Parr 1108 style oxygen
bomb and each analysis was repeated in duplicates.

The size of biochar particles was measured using a Malvern Mastersizer 2000
granulometer. The Mastersizer 2000 granulometer was equipped with Malvern
Hydro 2000 MU that uses a stirrer for the dispersion of 1 gr of samples into 800 mL
of deionized water. All the analyses were carried out at two different stirrer velocities
0f 2000 and 3000 rpm, after 5 min of sonication. The diameter size distribution was
plotted after performing measurements on six different samples. From this
measurement, it was extrapolated the particle distribution curves. Three factors, d10,
d50 and d90, have been calculated, they represent the maximum diameter value of
10%, 50% and 90% of the particles, respectively.

The microstructure of biochar particles obtained after pyrolysis treatment was
investigated using a scanning electron microscope (SEM, Quanta 200 ESEM, FEI,
Hillsboro, OR, USA). Prior to SEM analysis, biochar particles were sputtered
(Scancoat Six Edwards, Crawley, UK), with a thin layer of gold under argon
atmosphere for 90 s, in order to avoid electrostatic charging under electron beam.

A Spectrum One (Perkin Elmer, Shelton, CT, USA) was used to record IR spectra
using eight scans at a resolution of 4 cm™!, on attenuated total reflectance (ATR)
mode in the range 4000450 cm™!.

On biochar obtained from carob waste (cwBC), the elemental analysis, i.e. the
determination of carbon hydrogen and nitrogen has been performed by means of a
TruSpec CHN LECO 628 (ASTM D5373) analyser. In this case, about 100 + 150
mg of dried grinded and homogenized sample was introduced in the apparatus.

On biochar obtained from digestate (dBC), EDX analysis has been carried out for

the characterisation of the elemental composition of the dBC surface at two different
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magnifications: 50x and 1000x, to evaluate the elemental concentration of the dBC
in qualitative and quantitative terms.

The 1,1.diphenyl-2-pycryl (DPPH, supplied by Sigma Aldrich) free radical
scavenging assay was carried out [1]-[3]. First, a methanol solution of DPPH
(10~* M) was prepared, then 1 mg of solid was placed in 2 ml of this solution for 24h
at 25 °C. The solutions were kept at 25 °C during the time required by the
measurement. Then the supernatant liquid was removed, and the UV-vis spectrum
recorded at different step times achieving 24h in a Beckmann DU-800 spectrometer.
Spectra were recorded on a spectrophotometer equipped with a Peltier temperature
controller. Moreover, a study of ¢wBC and dBC concentration was performed,
adding 1, 2, 5 and 10 mg of solid in the methanol solution of DPPH (107* M),
recording spectra at the end of 24h. Scavenging activities were determined from the
drop in absorbance at 517 nm of each sample compared with that of the DPPH
solution in the absence of contact with the material. Scavenging efficiency values

were calculated by the following equation:

A—-01
where A is the absorbance at 517 nm of the DPPH solution and B the one of the

x 100

Radical Scavenging Ef ficiency (%) =

DPPH solution after contact with the solid.
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2.1.2. Results and discussion

2.1.2.1. Carob Waste Properties

In order to evaluate the suitability of the carob waste as a feedstock for pyrolysis
conversion to biochar, the proximate analysis (air-dried basis) was performed using
thermogravimetric analysis. The trend obtained is shown in Figure 3. It is well
known that the content of fixed carbon is related to the yield of solids, while the
content of volatiles is related to the yield of gases and liquids [4].

The carob waste is characterised by a relatively low moisture content, which is 5.1
% by weight (on an air-dried basis). The volatile matter and the fixed carbon are 38.3
% by weight and 52.8 % by weight, respectively. Furthermore, the final ash value is
3.8 %wt. Therefore, the high value of fixed carbon suggests that the carob waste can

be considered as a suitable feedstock for producing biochar particles.

Moisture

Volatile Matter

1-x

Fixed Carbon

0 10 20 30 40 50 ! 60
Time (min)

Figure 3 Proximate Analysis of carob waste
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The Figure 4 shows the TG and DTG curves of carob waste obtained in an inert
atmosphere at different heating rates (5, 10, 20 and 40 °C/min), heating 90+5 mg of

the sample from room temperature to 600 °C.
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Figure 4 TG and DTG curves of carob waste

Table 3 Degradation temperature and weight loss as a function of heating rate of Carob Waste

15t Peak 2" Peak 314 Peak 4'h Peak Weight Loss

[°C] [°C] [°C] [°C] [%o]
5 °C/min 99.98 270.49 328.98 416.48 60,29
10 °C/min | 116.05 274.55 336.55 464.54 61.93
20 °C/min | 128.50 284.01 344.00 498.50 67.21
40 °C/min | 135.01 286.51 342.51 470.51 -

As the heating rate is increased, there is a slight shift in the TG and DTG curves
towards values of higher temperature, even though the TG curves can be considered
to overlap on the whole. It is possible to deduce a slight influence of heating rate on
pyrolysis of feedstock. In addition, the DTG trends show four different well-
differentiated peaks corresponding to four different stages of carob waste
degradation phenomena. The thermal degradation of carob waste, comparable to a
biomass degradation pathway, is a complex process consisting of:
- Moisture Removal (related to moisture and very high volatiles components)

- Hemicellulose degradation (270 +286 °C)
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- Cellulose and lignin degradation (329 + 343 °C)

- Lignin decomposition (416 + 470°C).
Thus, carob waste was pyrolysed at three different operating temperatures, i.e. 280,
340 and 400 °C, considering a slow pyrolysis heating rate of 10 °C/min and based
on TG/DTG curves. In fact, at this heating rate, the carob waste shows that the
degradation of hemicellulose takes place at 274.5 -C, while the degradation of lignin
and cellulose structure and the decomposition of lignin take place at 336.3 °C and
464.5 °C, respectively. The temperatures at 280 °C and 340 °C were chosen to
maximize the rate of decomposition, while the temperature at 400 °C was chosen as
a compromise between the need for high weight loss and the need for energy
conservation compared to 464.5 °C.
The pyrolysis was carried out at a heating rate of 10 °C/min from room temperature
to the final temperature. With regard to the mass yield of the products, the mass of
the gas phase produced was calculated from the mass balance of the system as

follows:

Myas = Mgeea — Miiquid — Mbiochar

Figure 5 compares the yields obtained for each experiment, considering the three
different pyrolysis temperatures, i.e. 280, 340 and 400°C. At the end of each
pyrolysis experiment, when the temperature of the system was low enough, the liquid
phase and the biochar were collected and weighed. Liquid phase yields increase with
increasing temperature from 17% wt at 280°C to 27% wt at 400°C. The solid phase
is the predominant fraction, and the mass yields decrease with increasing temperature
from 67 wt% at 280 °C to 48 wt% at 400 °C. This is typical for slow biomass
pyrolysis [5], [6]. The results obtained can be understood by considering that the
slow pyrolysis regime maximises the production of the solid fraction. This is also
reported in the literature [7]. Furthermore, a high value of fixed carbon, which
typically leads to a higher solid yield, was observed in the proximate analysis of the

carob waste.
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Figure 5 Product's yields at each pyrolysis temperature

2.1.2.2. Carob Waste-derived Biochar (cwBC) Properties

Carob waste biochar (cwBC) has been fully characterised. Firstly, the HHV of the
solid fractions, which is the amount of heat released by the unit mass once it has been
burned and the products have returned to a temperature of 25 °C (including the latent
heat of vaporisation of water), was determined using a Parr 6200 calorimeter. The
HHVs of the solid fractions are 23.5 MJ/kg at 280 °C, 25.1 MJ/kg at 340 °C and 28.6
MJ/kg at 400 °C and increase with increasing temperature.

The size of the cwBC particles obtained at the three different pyrolysis temperatures
were measured using a sonic granulometer, which allowed the size distribution
curves of the particles to be obtained, see Figure 6(a). Since the grinding conditions
were the same for all three particles, the difference in the dimensions of the three
different cwBC is a direct result of the pyrolysis conditions and the resulting fragility.
The factors d10, d50 and d90 were also calculated. They represent the maximum
diameter values of 10%, 50% and 90% of the particles, respectively, see Figure 6(b).
Looking at the decrease of d90, as the pyrolysis temperature increases, and at the
size distribution curves, it's possible to assume that overall BC400 show the smaller

dimension compared to the other particles. As far as d50 is concerned, the maximum
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value was obtained for the particles pyrolysed at 340°C. Interestingly, the d10

remains almost the same for the three different particles.

700 —

[ ——BC280 ] BC280 620.8

600-] W BC340

T NN BC400
[ ——BC400

//\ 100

o' 10° 10’ 10° 10° o
Particle size

(@) (®)
Figure 6 (a) Curve of diameter distribution and (b) d10, d50 and d90 factors for cwBC produced at different
temperatures from the pyrolysis of carob waste.
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In Figure 7(a), the ATR-FTIR spectra of the carob waste prior to the pyrolysis
process and of the biochar obtained at the three different process temperatures are
shown. The ATR-FTIR spectra show the reduction of typical lignocellulosic peaks
with increasing pyrolysis temperature. In fact, the ATR-FTIR spectrum of carob
waste shows a broad band between 3300-3600 cm! due to von. This band decreases
significantly for BC280 and even more so for BC340 and BC400. Furthermore, in
agreement with the DTG curve, the signals of the saturated symmetric and
asymmetric peaks of ve.n at 2930 and 2850 cm™! begin to disappear at BC340, the
temperature at which the maximum degradation rate of hemicellulose occurs, and no
signal is detected at BC400. In addition, vc=o (1732 ¢cm™) and ve=c between 1680
and 1480 cm™!, usually attributed to the presence of aromatic structures, remain also
for BC400. This is because lignin degradation occurs at a higher temperature
according to the DTG curve. Thus, the predominant functional group related to the
hemicellulose structure and part of the lignin structure are lost as the temperature
increases. This result is also apparent in the following SEM micrograph. In fact,

Figure 7(b), the micrograph of BC280, shows a typical lignocellulosic structure,
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whereas Figure 7(d), the micrograph of BC400, appears as a carbonaceous particle.
In addition, the morphology of BC340 in Figure 7(c), shows an intermediate
structure.

Furthermore, CHN elemental analysis was performed on the ground carob waste and
cwBC particles pyrolysed at different temperatures. The results obtained are
presented in Table 4. The results show that, according to the literature [8], the carbon
content in cwBC increases with increasing pyrolysis temperature. This is due to the
carbonisation and thermochemical decomposition of the biomass. Thus, the
structures of cellulose, hemicellulose and lignin are involved to a different resistant
graphitic bond, which can be related to the different dimension of the particles after
the same milling process.

The radical scavenging activities of the cwBC particles were investigated in order to
assess their chemical activity. In particular, the scavenger activities of cwBC were
determined from the decrease in absorbance at 517 nm of each sample caused by the
interaction of DPPH and cwBC upon dispersion in methanol solution. Initially, the
kinetics of the scavenger activity was studied by monitoring the scavenger efficiency
as a function of time, see Figure 8(a), keeping the amount of cwBC constant.

The graph in Figure 8(a) shows a similar scavenging efficiency from BC280 to
BC340, although in the latter case a slightly slower scavenging kinetic was observed.
On the other hand, for BC400, there is a significant decrease in both the efficiency

and the rate of scavenging, with the efficiency never exceeding 40% even after 24 h.
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Figure 7 (a) ATR-FTIR spectra of carob waste before pyrolysis process and of biochar obtained at different
pyrolysis temperature and SEM morphologies of (b) BC280, (c) BC340 and (d) BC400.

%C %H %N
Carob Waste 46.94 £ 0.7 1.63 +£0.04 5.44 +£0.04
BC 280 65.20+£0.2 1.75+0.07 429+ 0.02
BC 340 68.90+ 0.3 1.87 £ 0.09 3.79+0.03
BC 400 73.10£0.2 2.09+0.02 3.34+0.06
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Figure 8 Scavenging Efficiency of (a) 1 mg/ml of solid as function of time and (b) varying the content of solid
in DPPH solution after 24h

The above result is in perfect agreement with the information obtained from the FT-
IR and SEM studies, taking into account the carbonaceous nature of the BC400
sample. An analysis was then carried out by increasing the amount of cwBC and
measuring after 24 hours, see Figure 8(b). Owing to the presence of some residual
functional groups in BC280 and BC340, the particles show faster kinetics in
scavenging free radicals in solution and the scavenging efficiency remains almost
constant with increasing cwBC amount, see Figure 3b. Instead, it is necessary to
increase the amount of BC400 to 5 mg in 2 ml of DPPH solution to achieve

approximately 100% scavenging efficiency for BC400.
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2.1.2.3. Digestate Properties

Anaerobic digestion is a biological treatment that uses micro-organisms that degrade
biodegradable material in the absence of oxygen, in our case the organic fraction of
municipal solid waste (OFMSW), for waste management or energy production. The
products of anaerobic digestion are: Biogas, which is essentially a mixture of CH4
and CO: (and trace amounts of molecular nitrogen and hydrogen), digestate and
water [9]-[11]. Thus, digestate represents a by-product of anaerobic digestion and it
can be used in horticulture, nursery in pots and in soil, in seeding meadows, etc. and
also be used and marketed as "compost improver" based on the provisions of the
fertiliser legislation.

In this thesis digestate has been used as a feedstock for biochar production after
characterisation. Firstly, a proximate analysis was carried out on dried digestate to
determine the partitioning into moisture, volatiles, fixed carbon and ash. Figure 9

and Table 5 show the results of this analysis.
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Figure 9 Proximate Analysis of Digestate
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Table 5 Proximate Analysis air-dried basis

[%wt]
Moisture 14,8
Volatile Matter 32,0
Fixed Carbon 19,1
Ash 34,1

As can be seen from the Table 5, the digestate has a relatively high moisture content
of 14.8 wt.%. This means that it must be dried prior to pyrolysis in order to reduce
its content. At 19.1 wt.% and 34.1 wt.% respectively, the amount of fixed carbon and
ash exceeds 50 wt.% of the initial weight of the sample. From this it can be concluded
that the predominant fraction produced by the pyrolysis process will be the solid
fraction. In fact, the percentage of fixed carbon is related to the biochar yield of the
pyrolysis process. Finally, the content of volatile compounds is 32 wt.% by weight.
These results are consistent with those reported in the literature for similar feedstocks

[12].

Figure 10 shows the TG and DTG curves of digestate obtained in an inert atmosphere
at different heating rates (5, 10, 20 and 40 °C/min), heating 605 mg of the sample
from room temperature to 600 °C. It is evident that as the heating speed rises, the TG
and DTG curves shift towards higher temperatures. In this case, this phenomenon is
more pronounced compared to the curves for carob waste (see Figure 4). From this,
it is possible to deduce that the heating rate has a more significant effect on the
degradation process of the digestate. Due to the heterogeneity of the digestate, the
DTG curves have four peaks for each heating rate analysed. This implies that the
degradation process takes place in at least three reactive steps and that at each
detectable peak temperature will correspond to the degradation of a specific

compound that constitutes the digestate.
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Table 6 Degradation temperature and weight loss as a function of heating rate of Digestate
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1% Peak 21 Peak 31 Peak 4" Peak  Weight Loss
[°C] [°C] [°C] [°C] [Yo]
5 °C/min 86.45 206.94 316.92 412.44 50.1
10 °C/min 103.88 214.87 325.38 428.88 49.6
20 °C/min 114.58 221.56 326.08 452.08 49.3
40 °C/min 116.97 220.47 327.96 460.94 -

The Table 6 summarizes the peak temperatures and their weight loss obtained by

thermogravimetric analyses at different heating speeds. Also in this case, the peak in

the around of 100°C is characteristic of the removal of moisture and very light

volatile components. As can be seen from the TG curves, the mass of the sample

begins to decrease from about 100 °C for each heating rate analysed. The second

peak is excluded because it is located at around 200°C, which is too low for a

pyrolysis process.

On the basis of the thermogravimetric analysis carried out at a heating rate of

10°C/min and following the considerations made for the carob samples, the operating

temperatures for the experimental test of slow pyrolysis of the digestate under

investigation were chosen.
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The pyrolysis was carried out at a heating rate of 10 °C/min from room temperature
to i.e. 400°C, close to the last peak of thermal degradation. The mass yield of the
products, calculated from the mass balance of the system as in following equation,

is shown in Figure 11.

Mpiochar = Mreed — Miiquid — Mgas

i Liquid =
60 Gas
Biochar

40 —

Products’ Yields (wt.%)

]

Figure 11 Products' Yields of digestate pyrolysis

As expected, the yield of biochar is high and is equal to 66 wt.%. Indeed, the
proximate analysis of the digestate, characterised by high fixed carbon content and
residual ash, predicted this result. However, the yields of the liquid and gaseous
fractions are comparable, both around 17% by weight. These results correspond to

those reported in the literature for similar compounds [13], [14].

2.1.2.4. Digestate-derived Biochar (dBC) Properies

The biochar obtained from pyrolysis of digestate (dBC) has been fully characterized.
Firstly, the HHV of the solid fractions, which is the amount of heat released by the
unit mass once it has been burned and the products have returned to a temperature of
25 °C (including the latent heat of vaporisation of water), was determined using a

Parr 6200 calorimeter. The HHVs of the solid fractions is equal to 9.7 MJ/kg.
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Figure 12 Curve of diameter distribution and d10, d50 and d90 factors for dBC produced at different
temperatures from the pyrolysis of digestate.

To improve quality of dBC particles, after pyrolysis, the resulting biochar was
ground in a mechanic mortar and sieved to below 45 pm. In Figure 12 the particle-
size distribution curve after milling and sieving process is reported. The final size of
dBC particles has been measured using a granulometer with ultrasound treatment
with a stirrer velocity of 3000 rpm. The factor, d10, d50 and d90 that represent the
maximum diameter values of 10%, 50% and 90% of the particles, respectively, were
calculated. According to the SEM morphology (see Figure 13 (b,c)), almost all the
particles have a diameter smaller than 100 um: thanks to the d10 factor, it is possible
to state that at least 10% of the particles have a diameter smaller than 2.3 um. In
fact, sonication during the Mastersizer measurement breaks up the agglomerates and
brings them into solution. The sieving process was efficient: the maximum of the
particle size distribution curves is equal to 35.4 pm and it is certain that 90 v.% of

the particles have a diameter lower than 53.7 um.
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In order to chemically characterise the biochar, ATR-FTIR analysis of the dBC was
carried out and compared with the digestate prior to pyrolysis, and EDX
measurements of the char were carried out. It is possible to compare the digestate
spectra with a biomass spectrum, knowing that the digestate was mainly composed
of the organic fraction. Indeed, the ATR-FTIR spectra show a reduction of several
characteristic lignocellulosic bands, for example: The broad band between 3300-
3600 cm™! with a maximum at 3288 cm™! (von, OH stretching vibrations of hydrogen-
bonded hydroxyl groups), the two peaks at 2920 and 2948 cm'! (asymmetric and
symmetric CH stretching vibrations of aliphatic groups), the peak at 1628 cm!
(related to aromatic C=C stretching and C=0 stretching modes). Instead, there are
bands whose intensity increases after the pyrolysis process: the peak at 1420 cm™!,
related to aromatic structural vibrations, the peak at 1026 cm!, normally related to
C-O stretching, the two peaks at 876 and 778 c¢m, related to aromatic C-H
deformation modes [15]-[17].

Thermal cracking is responsible for breaking chemical bonds to rearrange them
into new functional groups. The reduction of hydrogen-bonded hydroxyl groups,
aliphatic groups, and C=C and C=0 aromatic groups (which appears to be partial
rather than complete) can be attributed to incomplete thermal degradation of the
feedstock. As stated before, at 400°C, hemicellulose, cellulose and some lignin
degradation occurred. The rearrangement of these chemical structures as a result of
the pyrolysis process can be seen by the increase in certain bands, such as: the peak
at 1420 cm’!, related to aromatic structural vibrations, the peak at 1026 cm,
normally related to C-O stretching, the two peaks at 876 and 778 cm’!, related to

aromatic C-H deformation modes [15]-[17].
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Figure 13 (a) ATR-FTIR spectra before and after pyrolysis and SEM micrographs at (b) 10000x and (c)
20000x

Furthermore, EDX analysis has been carried out for the characterisation of the
elemental composition of the dBC surface at two different magnifications: 50x and
1000x, to evaluate the elemental concentration of the dBC in qualitative and
quantitative terms. Although some elemental concentrations differ by a few
percentage points, the sample results are homogeneous. However, there is an
intrinsic error in weight determination for all atoms with an atomic weight less than
sodium. Nevertheless, several elements have been detected by EDX spectroscopy,
from carbon to iron and titanium, as shown in Figure 4 and Table 2. It can be stated

that dBC is mainly carbon and oxygen. Other components present in significant
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amounts include: aluminium, silica, phosphorus, potassium and calcium. It is
important to highlight the presence of iron in low concentration [18]-[20], for the
following characterisation of the composite. The inhomogeneity of OFMSW and its
inorganic components, such as bones and table salt, present in the initial food waste,

are responsible for the high diversity and quantity of inorganic contents.

(@)
Figure 14 EDX spectra of biochar obtained by slow pyrolysis of digestate at 400 °C and I atm at (a) 50x and
(b) 1000x of magnitude.

Table 7 EDAX analysis and Elemental concentration

Element 50x 1000x Element 50x 1000x
[wt.%] [wt.%] [wt.%] [wt. %]
C 49.44 62.74 P 1.40 1.29
N 3.68 4.09 S 0.37 0.34
0] 24.99 16.23 Cl 0.61 0.69
Na 0.85 0.72 K 1.38 1.12
Mg 1.11 0.78 Ca 8.30 5.49
Al 2.06 1.66 Ti 0.24 0.15
Si 4.37 3.84 Fe 1.20 0.83

The radical scavenging activities of the dBC particles were investigated in order to
assess their chemical activity. In particular, the kinetics of scavenger activities of
dBC was determined from the decrease in absorbance at 517 nm of each sample
caused by the interaction of DPPH and dBC upon dispersion in methanol solution as
a function of time keeping constant the JBC amount, see Figure 15. The graph shows
that after 15 min the scavenging efficiency is already equal to 25 %, and it achieve

50 % after less than 4 hours. At 24h, at the end of measurement, results equal to 90%.
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2.1.3. Endings

In this chapter, two different bio-wastes were first characterised in order to select the
operating conditions for the slow pyrolysis process. Later, the slow pyrolysis has
been counted, also characterising the product yields of the pyrolysis. Finally, the
particles were characterised with the intention of using the solid residue as a filler
for reinforced photo-resistant composite materials. Chemical characterisation by
elemental composition and/or EDX analysis and spectroscopic analysis was carried
out. Morphology, particle size distribution and evaluation of radical scavenging
activity and efficiency were also studied.

Regarding the carob waste, it has a high level of fixed carbon that makes it suitable
for converting into value-added biochar to reinforce biocomposite applications. After
pyrolysis, the carbon content of cwBC increases as the temperature of the pyrolysis
process increases. However, at lower pyrolysis temperatures, cwBC particles showed
higher scavenging efficiency. In fact, BC280 showed the faster free radical
scavenging kinetics in DPPH solution, which will be confirmed in the composite
photo-oxidation study in a later chapter. However, the study of the scavenging
efficiency as a function of cwBC concentration in DPPH solution showed that above
a concentration of 5 mg/ml, BC340 and BC400 offered comparable scavenging
efficiencies to BC280. Moreover, the three different size distribution curves are a
direct result of the differences in chemical structure and composition related to the
pyrolysis temperature condition and the consequent fragility, since the grinding
conditions were the same for the three particles. In particular, the particle size
decreases as the pyrolysis temperature increases. This result will obviously have an
impact on the dispersion and mechanical stability of the composites produced, which
will be discussed in the later chapter (see 2.4.).

On the other hand, digestate, the result of the digestion of the organic fraction of
municipal solid waste (OFMSW), is suitable for biogas production due to its high

concentration of volatile compounds. Moreover, a high amount of ash was also
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found, and the high variety and quantity of inorganic contents are attributed to the
inhomogeneity of OFMSW and its inorganic components, such as bones and
common salt, present in the original food waste. Furthermore, a better particle size
distribution curve than that obtained with locust bean was obtained by pressing and
sieving the biochar after the pyrolysis process. Good radical scavenging kinetics
were obtained and a higher concentration of functional groups on the surface was

detected.
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2.2. Preliminary Experimental Feasibility Study. Could

Biochar replace conventional carbon particles?

Thanks to the study in the previous chapter, it is clear to us how the use of biomass
for the production of carbonaceous particles can lead to advantages in the production
of reinforcing and antioxidant fillers. It is known from the literature that carbon
particles such as carbon black, graphene and carbon nanotubes have largely played
this role over the last few decades.

Therefore, in this chapter, a comparison was made between the radical scavenging
efficiency of carbon black (CB) and a commercial biochar (¢BC) in order to compare
the antioxidant activity of these two particles and the suitability of ¢BC to replace
CB. Polypropylene (PP), a material for which we have a good understanding of
carbon black behaviour, was chosen to compare the contribution to rheological and
mechanical behaviour.

Considering that among carbonaceous particles, biochar (¢cBC) is more similar to
carbon black (CB) in terms of shape ratio and chemical structure, the following
section compares composites filled with biochar and carbon black at a concentration
of 4 wt%. Furthermore, hybrid composites filled with both ¢BC and CB (¢BC: CB
weight ratios of 1:3, 2:2 and 3:1 wt%) have been studied, also considering partial
substitution of CB with ¢BC. This comparison was also carried out in the case of
composites in which the filler concentration of CB and ¢BC was in a hybrid form

with the concentration of graphene.
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2.2.1. Materials and Methods

2.2.1.1. Materials

Polypropylene Moplen ® X30G produced by LyondellBasell (LyondellBasell,
Ferrara, Italy) with a melt flow index (M.F.1.) of 8 g/10 min (230 °C/2.16 Kg) and
density 0.90 g/cm® was used for nanocomposite preparation.

Carbon Black, CB, (Super P®) is a fine black powder and it has been supplied by
MTI Corporation, Richmond, CA 94804-3809, USA. Its main properties are:
density: 0.16 g/cm?; volatiles <0.15%; particles size =40 nm; specific surface
area = 62 m?/g; ash <0.10%;

Graphene nanoplatelets (GnPs), under the trade name xGnP®, grade C, with average
diameter between 1 and 2 pm, an average thickness lower than 2 nm, and a specific
surface area of about 750 m2/g were supplied by XG Sciences Inc (Lansing, MI,
USA).

Commercial Biochar powder (¢BC), used in the food industry (Spigadoro, Perugia,
Italy) was selected as filler. In particular, as indicated in the supplier's technical data

sheet, this biochar was obtained from the pyrolysis of birch and beech wood.

2.2.1.2. Composites formulation

Polypropylene was used as the polymer matrix and was melt-mixed with
carbonaceous filler using a coronating twin-screw extruder OMC (OMC, Saronno,
Italy) with a screw diameter of 19 mm and length to diameter ratio of 35 mm. The
temperature profile for polypropylene and nanocomposites was 130—-140-150—-160—
170-180-190 °C (die), with screw speed set at 220 rpm and the gravimetric feeder
setat 12 rpm.
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Carbonaceous fillers in the PP matrix were either pure additives or in hybrid
concentrations to achieve a total carbon content of 4 wt%. The carbonaceous
particles used are described below. Sample codes with relative polymer and filler

concentrations are given in Table 8.

Table 8 Sample code name with relative weight concentration

Sample PP cBC CB GNP
[wt.%] [wt.%] [wt.%] [wt.%]

PP 100

PP/4¢BC 96 4

PP/4CB 96 4

PP/4GNP 96 4

PP/2¢BC2CB 96 2 2

PP/1¢cBC3CB 96 1 3

PP/3¢BCICB 96 3 1

PP/2¢cBC2GNP 96 2 2

PP/2CB2GNP 96 2 2

2.2.1.3. Particles Characterizations

The 1,1.diphenyl-2-pycryl (DPPH, supplied by Sigma Aldrich) free radical
scavenging assay was carried out [1]-[3]. First, a methanol solution of DPPH
(10~* M) was prepared, then 1 mg of solid was placed in 2 ml of this solution for 24h
at 25 °C. The solutions were kept at 25 °C during the time required by the
measurement. Then the supernatant liquid was removed, and the UV-vis spectrum
recorded at different step times achieving 24h in a Beckmann DU-800 spectrometer.
Spectra were recorded on a spectrophotometer equipped with a Peltier temperature

controller. Scavenging efficiency values were calculated by the following equation:

A—-01
where A is the absorbance at 517 nm of the DPPH solution and B the one of the

x 100

Radical Scavenging Ef ficiency (%) =

DPPH solution after contact with the solid.
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2.2.14. Composites characterization

Rheological tests were performed using a strain-controlled rheometer (mod. ARES

G2 by TA Instrument, New Castle, DE, USA) in parallel plate geometry (plate
diameter 25 mm). The complex viscosity (n*) and storage (G') and loss (G”) moduli

were measured by performing frequency scans from o = 1072 to 102 rad/s at the
same processing temperatures. The strain amplitude was y = 5%, which preliminary
strain sweep experiments proved to be low enough to be in the linear viscoelastic
regime.

Tensile tests were performed on rectangular specimens using a universal testing
machine (Instron model 3365, Rochdale, UK) according to ASTM D882. The tests
were performed at a tensile speed of 1 mm/min for 1 min to evaluate the Young's
modulus, calculated as the slope of the initial linear portion of the engineering stress-
strain curves, and then the speed was increased to 10 mm/min until the specimen
broke. The average values for elongation at break, EB, modulus of elasticity, E, and

tensile strength, TS, were calculated.
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2.2.2. Results and Discussion

The radical scavenging activities of CB and ¢BC particles were investigated in order
to assess their chemical activity. In particular, the kinetics of scavenger activities was
determined from the decrease in absorbance at 517 nm of each sample caused by the
interaction of DPPH and carbonaceous particle upon dispersion in methanol solution
as a function of time keeping constant the particle amount, see Figure 16. The graph
shows that carbon black and biochar have similar kinetics of radical scavenging, with
an increase in the first 6 hours and then remaining constant. Furthermore, the
scavenging efficiency of biochar is always higher than that of carbon black,

regardless of time.
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Figure 16 Scavenging efficiency as a function of time

The rheological behaviour of ¢BC-containing composites compared to that of
unfilled PP was evaluated by oscillatory measurements. Figure 17(a-e) shows the
complex viscosity, dynamic storage and loss modulus, distinguishing between the

PP matrix filled with only one type of carbonaceous particle and the PP-based
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composites filled with a hybrid concentration of carbonaceous particles, with the aim
of achieving 4 wt% of the total amount of filler. For PP/4cBC, a global decrease in
complex viscosity is highlighted by the curve, with an increase in complex viscosity
at low angular frequency, due to the irregular shape of ¢cBC and the consequent high
interaction between the polymer chain and the biochar particles, which reduces chain
mobility. In contrast, the addition of 4 wt% CB and GNP reduces the Newtonian
behaviour of the pure PP matrix, showing an increase in the complex viscosity value,
especially for the CB composite. In composite materials containing hybrid fillers,
conventional carbonaceous fillers (CB and GNP) have been partially replaced by
biochar particles. For PP/3cBC1CB, again a plasticising effect is highlighted by the
curve, more similar to the composite with only 4 wt. % of ¢BC. By the decreasing of
cBC particles from 3 to the 2 wt. % the complex viscosity values increase to be
comparable to the ones of PP matrix, and moreover for the PP/1cBC3CB sample.
Since biochar shown conductive properties [4], a further comparison was made for
the replacement of carbon black with biochar particles in hybrid composites
containing CB and GNP, which are well known for thermal and electrical conduction
applications[5]. For processability point of view, complex viscosity of the two-
hybrid composite (PP/2CB2GNP and PP/2cBCGNP) showed the same rheologic
behaviour, improving the sustainability with the reducing of oil derived carbon
fillers, such as CB and GNP.

Figure 17(c-e) shows the dynamic storage and loss modulus as a function of
frequency, distinguishing all the samples studied into three groups: (c¢) PP-based with
only one carbonaceous particle added, (d) hybrid composition of ¢cBC and CB
composites, varying the ratio between the two carbonaceous particles, and (e) hybrid
composition in the presence of GNP particles; all the composite systems are
compared with a pure PP matrix. In all frequency range, all investigated sample
showed a liquid-like behaviour, with G’’>G’. With the addition of carbon particles,
the low frequency terminal slopes of G' and G" vary depending on the carbonaceous

particles added to the PP matrix as shown in Table 1. When 4 wt% of oil derived
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carbonaceous particles are added, a significant increase in the terminal slope of both
G' and G" is highlighted. The situation is different for PP/4cBC where there is an
imperceptible increase in the G' slope and a significant reduction in the G" slope.
Consistent with these results, for composites containing biochar and carbon black at
different weight ratios, as the carbon black content increases, both the G' and G"
slopes increase. On the other hand, for hybrid composites based on GNP,
corresponding to a complex viscosity curve, nothing changes with the addition of
biochar or carbon black as a complementary filler, but the G' and G" slopes are higher
with respect to the pure PP matrix.

The mechanical properties of the PP-based composites were evaluated by tensile
analysis and the mechanical properties obtained, Young's modulus, tensile strength
and elongation at break are summarised in Figure 18. Looking at PP-based
composites with only one carbonaceous particle added, carbon black and biochar
showed a great influence on the mechanical properties, increasing the Young's
modulus by about 25% without reducing the elongation at break too much. 4 wt%
GNP made no difference to the mechanical properties. For hybrid composite of cBC
and CB, as the increase of ¢cBC with respect to CB concentration, Young modulus
increase, while maintaining constant tensile strength, and with no different
contribution in varying elongation at break. For hybrid composites, unlike CB, the
ability of ¢BC to disperse creates a network capable of increasing stiffness while

maintaining a constant elongation at break of the final composites.
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Figure 17 Rheological behaviour of PP-based composite: (a-b) Complex Viscosity, (c-d-e) Storage G’ and
Loss G’” Modulus for neat PP and carbon-containing composites
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PP PP/4¢BC PP/CB PP/4AGNP
G’ [Pa/rad 5] 100.47 110.66 294.37 219.36
G’’[Pa/rad s!] 557.63 378.51 813.32 934.12
PP/1¢cBC3CB  PP/2¢BC2CB PP/3¢cBC1CB  PP/2cBC2GNP PP/2CB2GNP

G’ [Pa/rad 5] 164.35 152.28 137.17 197.17 815.81
G’’[Pa/rad s!] 624.15 565.61 465.6 197.19 834.46
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Figure 18 (a) Young Modulus (b) Tensile Strength and (c) Elongation at Break of pp-based composites
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2.2.3. Endings

In this short chapter, an attempt was made to understand whether biochar particles
could partially or fully replace carbon black as a reinforcing and antioxidant filler.
Firstly, the scavenging efficiency in DPPH solution was investigated and it was
shown that the scavenging efficiency of commercial biochar, cBC particles is much
higher than that of carbon black, CB.

In terms of the rheological behaviour of the composites, the presence of ¢BC in
polypropylene appears to have a plasticising effect, which can be advantageous
depending on the processing chosen for the composite formulation. This plasticising
effect is shown both for the pure ¢BC filled composite and, proportionally to the
concentration of cBC with respect to CB, for the hybrid cBC:CB composites. When
¢BC replaces CB in the hybrid compound with GNP, the rheological behaviour
remains unchanged.

In terms of mechanical properties, the presence of cBC particles acts as a reinforcing
agent that is absolutely comparable to that offered by carbon black. This behaviour
is confirmed both in pure addition and in comparison with pure CB in the PP matrix,
as well as in the presence of hybrid fillers, both as co-fillers with carbon black or

with graphene.
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2.3. Preliminary Experimental Feasibility Study.
Commercial Biochar as a filler for PBAT-based

composites

This chapter discusses the preparation of a biocomposite based on poly(butylene
adipate-co-terephthalate) (PBAT) as a biopolymer matrix and commercial biochar
(cBC) as a filler. The ¢BC used in this chapter is commercially available in order to
define the useful concentration of ¢cBC particles in the PBAT matrix and to evaluate
the PBAT/cBC interaction. The addition of ¢BC resulted in an improvement of the
modulus of elasticity while maintaining high values of deformation. The commercial
biochar was characterised by DPPH assay to evaluate the radical scavenging
efficiency. The biochar was then added to PBAT at different concentrations. The
formulated composite was characterised by morphological, mechanical and thermal
analysis. In addition, accelerated degradation tests monitored by spectroscopic
analysis and tensile tests showed that the filler induced a photo-oxidative resistance

on PBAT by delaying the degradation phenomena.

2.3.1. Materials and Methods

2.3.1.1. Materials

PBAT (ecoflex® F Blend C1200, BASF, SE, Ludwigshafen, Germany) is a film
grade with a melt flow rate (MFR) of 2.7-4.9 g/10 min (190 -C, 2.16 kg), density in
the range 1.25-1.27 g/cm3 and melting temperature in the range 110-120 -C.
Commercial biochar powder (hereafter referred to as ¢cBC) used in the food industry
(Spigadoro, Perugia, Italy) was selected as filler. As indicated in the supplier's
technical data sheet, this biochar was obtained from the pyrolysis of birch and beech

wood.
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2.3.1.2. Composites Formulation

PBAT/cBC composites were melt-mixed using a Brabender batch mixer (Brabender,
model PLE330, Duisburg, Germany). PBAT was also processed under the same
conditions for comparison. To avoid hydrolytic chain scission during processing,
PBAT and biochar were dried overnight under vacuum at 70 °C and 105 °C,
respectively. In addition, prior to melt processing, PBAT and 5 wt.%, 10 wt.% or 20
wt.% of ¢BC particles were pre-mixed in the solid state and then fed into the batch
mixer at 170 °C with a rotor speed of 60 rpm for 5 min. Specimens were then
obtained by compression moulding using a laboratory press (Carver, Wabash, IN,

USA) at 170 ~C for 2 min at a pressure of 100 bar.

2.3.1.3. Particle Characterization

The 1,1.diphenyl-2-pycryl (DPPH, supplied by Sigma Aldrich) free radical
scavenging assay was carried out [1]-[3]. First, a methanol solution of DPPH
(10~* M) was prepared, then 1 mg of solid was placed in 2 ml of this solution for 24h
at 25 °C. The solutions were kept at 25 °C during the time required by the
measurement. Then the supernatant liquid was removed, and the UV-vis spectrum
recorded at different step times achieving 24h in a Beckmann DU-800 spectrometer.
Spectra were recorded on a spectrophotometer equipped with a Peltier temperature

controller. Scavenging efficiency values were calculated by the following equation:

A—-01
where A is the absorbance at 517 nm of the DPPH solution and B the one of the

x 100

Radical Scavenging Ef ficiency (%) =

DPPH solution after contact with the solid.
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2.3.14. Composites Characterization

The morphology of biochar particles and biocomposites has been under
investigation. A Quanta 200 ESEM, FEI (Hillsboro, OR, USA) Scanning Electron
Microscope (SEM) was used to observe the morphology of all materials. For PBAT-
based biocomposites, each sample was fractured in liquid nitrogen and the fracture
surface analysed; biochar particles were observed unaltered.
Tensile tests were performed on rectangular specimens using a universal testing
machine (Instron model 3365, Rochdale, UK) according to ASTM D882. The tests
were performed at a tensile speed of 1 mm/min for 1 min to evaluate the Young's
modulus, calculated as the slope of the initial linear portion of the engineering stress-
strain curves, and then the speed was increased to 10 mm/min until the specimen
broke. The average values for elongation at break, EB, modulus of elasticity, E, and
tensile strength, TS, were calculated.
For the thermal characterisation of the materials, differential scanning calorimetry
(Setaram, model DSC131, Lyon, France) was performed. Analyses were carried out
under a protective atmosphere (nitrogen). Samples of similar weight (~5 mg) were
subjected to heat/cool/heat ramps at a scanning speed of 10 °C/min in the
temperature range of 30-190 °C. The PBAT crystallinity ()) was calculated using the
following equation [4]:
AH,,

X = Bl < 7y
where AHn is the enthalpy of fusion, AHigo is the enthalpy of fusion of 100%
crystalline polymer and W, is the weight fraction of polymer. For PBAT AHio0 =
114 J g1 [5].
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2.3.1.5. Degradation Study

A Q-UV/se accelerated weathering tester (Q-Labs Corp., Westlake, OH, USA) with
eight UVB-313 lamps was used to subject all samples to photo-oxidation. Samples
were exposed at 70 °C to an irradiance of 0.89 W/m? (at a wavelength of A = 313 nm)
and monitored every 24 h.

To understand the chemical composition and follow the functional group changes
during accelerated weathering, FTIR-ATR analysis was performed on both the pure
PBAT matrix and the PBAT/cBC composites (Perkin-Elmer FT-IR/NIR Spectrum
400, Waltham, MA, USA). Tensile tests were also carried out on photo-oxidised

samples to monitor the evolution of main mechanical properties.
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2.3.2. Results and Discussion

The radical scavenging activities of cBC particles were investigated in order to assess
their chemical activity (see also chapter 2.2.2). In particular, the kinetics of scavenger
activities was determined from the decrease in absorbance at 517 nm of each sample
caused by the interaction of DPPH and carbonaceous particle upon dispersion in
methanol solution as a function of time keeping constant the particle amount, see
Figure 19. The graph shows that the kinetics of biochar radical scavenging efficiency
consists of an increase in the first 6 hours and then remaining constant. Furthermore,

the scavenging efficiency of biochar is high regardless of time.
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Figure 19 Scavenging efficiency as a function of time
SEM analysis was carried out to investigate the morphology of both ¢BC
microparticles and PBAT/cBC composites. In Figure 20, micrographs of ¢BC
particles are shown at two different magnitudes in order to observe the cBC surface
and 3D structure and the general dimension of all particles. cBC showed porous and
almost parallelepipedal structure, with different granulometry: from 65 um to lower
dimension. The porous structure is imparted by the fact that birch and beech wood is

pyrolysed for the production of ¢BC, and the lignocellulose structure is preserved by
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the process. The elongated and coarse pores are due to the retention of the original
wood skeleton, which is also preserved by the rapid release of gaseous products
during pyrolysis [6].

Figure 21 shows micrographs of the nitrogen cracked surface of PBAT and
PBAT/cBC composites. The PBAT cross section, see Figure 21 (a), appears smooth
and homogeneous. No variation in dispersion is observed as the cBC concentration
is varied, all composites show uniform dispersion of the embedded filler. In addition,
as already noted in Figure 20(b), a wide granulometry distribution is also evident in
the case of the biocomposites. The morphology suggests a good matrix/filler
interfacial adhesion, it is not always easy to distinguish where the particle ends, and
the matrix begins. Furthermore, in Figure 21(c), it appears that some PBAT matrix
has penetrated into the porous structure of the biochar particles. This result is
probably due to the affinity between the PBAT polymer and the biochar particles,

which seems to be independent of the filler concentration.

5
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Figure 20 SEM micrographs of ¢cBC at (a) 2 500 x and (b) 1 000 x

The thermograms recorded by DSC during the second heating scan of the
compression moulded samples are shown in Figure 22. PBAT shows the typical
thermogram of an almost amorphous polymer, characterised by a small endothermic

peak at 129.5°C, due to the melting phenomenon of the small fraction of crystalline
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phase (7%). Whatever the ¢BC concentration, adding ¢BC filler caused minimal
decrease in crystallinity compared to pure PBAT. In fact, PBAT remains almost
amorphous in spite of the addition of filler, and this was to be expected since PBAT
is a random copolymer characterised by low crystallinity due to the intrinsic
irregularity of its structure, which inhibits the crystallisation process [7].
Nevertheless, as can be seen in Table 10, a slight increase in the Tr, from 129.5 °C
to 133.0 °C can be observed when 20 wt.% of ¢BC is added to PBAT. This latter
result confirms some compatibility between ¢cBC and PBAT as reported in previous
studies [8].

Tensile testing was used to mechanically characterise the specimens obtained after
compression moulding. The resulting trends in Young's modulus, tensile strength
and elongation at break are shown in Figure 23. The addition of 5 wt. % filler had no
effect on the Young's modulus but had a significant effect on the tensile strength with
a reduction of 50% and the elongation at break with a reduction of 37%. The elastic
modulus of PBAT/cBC 10% and PBAT/cBC 20% increased by approximately 33%
and 93% respectively compared to PBAT. The increase in Young's modulus can be
attributed to: the reinforcing effect of ¢cBC on the matrix due to the good adhesion
observed in the SEM analysis, and the relative effective concentration of ¢cBC and
the lack of increase in crystallinity observed in the DSC thermograms. Nevertheless,
a significative reduction of tensile strength and elongation at break has been
highlighted also for PBAT/cBC 10% and PBAT/cBC 20%. Both properties reduce

in value as the increase of ¢BC concentration in PBAT matrix.
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Figure 21 SEM micrographs of (a) pristine PBAT, (b) PBAT/cBC 5%, (c) PBAT/cBC 10% and (d) PBAT/cBC
20%
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Figure 22 DSC thermograms recorded during the Second heating scan.
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Table 10 DSC data from the second heating scan of a PBAT-based composite with the addition of commercial

cBC.
Sample Name AHn % Tm
[V/g] [-] [°C]
PBAT 8.04 7.0 129.5
PBAT/cBC 5% 5.97 5.2 131.2
PBAT/cBC 10% 5.90 5.1 132.7
PBAT/cBC 20% 7.11 6.2 133.0
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Figure 23 (a) Young Modulus (b) Tensile Strength and (c) Elongation at Break of PBAT/cBC composites at

different cBC content

Despite the good matrix-filler adhesion and the good compatibility observed between

PBAT and ¢BC, the decrease in tensile strength of the biocomposites can be

attributed to the premature failure of the sample, which is expected when rigid

particles are added to a ductile polymer matrix, and in some way the filler/matrix and

filler/void interfaces could possibly act as stress concentrators in composites [9].
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A Q-UV/SE accelerated weathering tester was used to subject all samples to a photo-
oxidation process, and then samples were monitored by variation of tensile properties
as a function of time. These results were correlated with FTIR spectra.

A proper photooxidative stability is a key parameter for a film application [10],
therefore, considering the conclusions that came from the mechanical properties
thesis, the tensile properties and the variation of the FT-IR spectra were monitored
without PBAT/cBC 20%. Figure 24 shows the dimensionless Young's modulus and
elongation at break, obtained as the ratio between the values as a function of time
and the value at time zero, before exposure to photooxidation. As shown in Figure
24(a), the Young's modulus increases with increasing photooxidation time, as
observed for semi-crystalline polymers. In the case of virgin PBAT, the increase can
be attributed to cross-linking phenomena that occur as a result of chain reactions
triggered by the presence of oxygen in radical form. In the end, materials from a
ductile behaviour are involved in brittle behaviour. Interestingly, the presence of 5
wt.% and 10 wt.% ¢BC in the PBAT matrix reduces these phenomena, especially for
PBAT/cBC 10%. Figure 24(b) shows the dimensionless elongation at break as a
function of exposure time, and this property is the main parameter normally affected
by the structural and morphological changes of the polymers caused by
photooxidation [11]. This graph also highlights the half time of elongation at break,
a parameter evaluated as the time at which the elongation at break is half of the initial
elongation. This time is considered the maximum time the film can be used [11]. The
half time for pure PBAT results in 17h, whereas for PBAT/cBC 5% and
PBAT/cBC10% the half time was calculated and results in 32h and 36h respectively.
Thus, ¢BC increases the photo-oxidation resistance of PBAT and more than doubles
its stability, especially for PBAT/cBC 10%. This result was predictable from the
DPPH analysis.
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Figure 24 (a) Dimensionless Young Modulus and (b) Dimensionless Elongation at Break as a function of
photo-oxidation time

Another important approach to investigate the chemical transformations that
normally occur during photooxidative exposure of polymer matrices is FTIR-ATR
analysis. The spectra were collected every 24 hours and are shown in Figure 25.

In Figure 25 the insets correspond to a zoom on the wavelengths 3700-2700 cm™! and
1850-1550 cm’!, which are critical regions for highlighting the chemical
modification that occurred during the photooxidative degradation. In all the spectra,
the typical bands are easily recognizable. Firstly, the -OH vibration is visible in the
broad band between 3700 and 3100 cm™ and increases with increasing exposure
time. The symmetric and antisymmetric CHa stretching can be assigned to the peaks
at 2857 and 2874 cm’!. Furthermore, at 1710 cm™ the strong peak related to the C=0O
carbonyl group appears, with a sharp peak representing the CH, groups at 720 cm’!.
The C-O bond in the ester linkage was observed around 1275-1250 cm™'[12], [13]
All these signals are significantly affected by the photodegradation phenomena,
changing their intensity (i.e. width and height of the peaks) as a function of the
exposure time. In Figure 25(a), where the photodegradation process of pristine
PBAT has been shown by means of recorded spectra, a significant reduction and

broadening of the peak relative to C=O0 is reported. In fact, the left shoulder (1790-
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1750 em!) suggests the formation of free C=0 and the right shoulder (1590-1630

cm!) represents the formation of a lower molecular weight ester.
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Figure 25 FTIR spectra as a function of photo-oxidation time of (a) pristine PBAT, (b) PBAT/cBC 5% and (c)
PBAT/cBC 10%

All these phenomena suggest the occurrence of a Norrish I [14] chain scission

reaction. Moreover, as already mentioned, the increase of the broad band in the
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corresponding region of -OH stretching suggests: the formation of hydrogen bonded
compounds (3530 c¢-1), free peroxide or peroxide in the molecular chain (3440 cm-
1, indicating a photo-oxidative reaction. All these results suggest an autocatalytic
reaction of the carbonyl end groups, i.e. Norrish II reactions [14].

Interestingly, this chemical modification, which is consistent with dimensionless
elongation at break and Young's modulus graphs, was found to be less intense for
PBAT/cBC 5% and PBAT/cBC 10%, particularly after 24 hours. These results,
which are also consistent with the DPPH particle analysis, suggest that cBC particles

are exploited to protect against degradation.
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2.3.3. Endings

The properties of PBAT-based composites filled with commercial biochar particles
were evaluated in this chapter. All PBAT/cBC composites showed uniform filler
dispersion and good adhesion within the selected biopolymer matrix. This resulted
in an increase in the modulus of elasticity. However, a dramatic reduction in
elongation at break was observed in the PBAT/cBC 20 wt.% samples.

In addition, by delaying the degradation phenomena of the polymer matrix, the
presence of the filler induced a photo-oxidative resistance on PBAT. This result was
even more pronounced for PBAT/cBC 10 wt.% than for PBAT/cBC 5 wt.%. It opens
up the possibility of using PBAT-based films in outdoor applications.
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2.4. Biochar Particles from Carob Waste as a filler for

PBAT-based composites.

The aim of this chapter is to give new life to agricultural carob waste by pyrolysing
it to make it suitable as an interesting filler for biocomposite formulation. The
preparation and characterisation of the particles has already been discussed in
chapter 2.1.2.1. In this chapter, the formulation of biocomposites prepared by adding
carob waste derived biochar particles (cwBC) to poly(butylene adipate co-
terephthalate) (PBAT) at two different concentrations, i.e. 10 and 20 wt.%, will be
discussed. As previously discussed, the cwBC were prepared using three pyrolysis
processing temperatures (i.e. 280, 340 and 400 °C). The resulting particles from the
pyrolysis process (BC280, BC340 and BC400) were considered as suitable fillers for
PBAT. Morphological, thermal, mechanical and rheological characterisations were
carried out to characterise all the biocomposites. In addition, accelerated weathering,
monitored by both tensile test and spectroscopic analysis, was carried out and the
results obtained show that even the laboratory biochar particles produced in our
laboratories by pyrolysis of a different feedstock can have a beneficial effect on the

photo-oxidation delay of the PBAT matrix.

2.4.1. Materials and Methods

2.4.1.1. Materials

Poly(butylene adipate-co-terephthalate), (PBAT; commercial Ecoflex® F Blend
C1200, BASF, SE, Ludwigshafen, Germany) is a film grade with a melt flow rate
(MFR) of 2.7-4.9 g/10 min (190-C, 2.16 kg), a density in the range of 1.25-1.27
g/cm3 and a melting temperature in the range of 110-120°C.
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Biochar particles (cwBC) were produced from carob waste after syrup extraction for
carob candy production and from slow pyrolysis for fuel production. The procedure
for slow pyrolysis process is reported in detail in chapter 2.1.1.4 Experimental
apparatus and Procedure. The biochar particles are named BC280, BC340 and
BC400 as a result of pyrolysis at three different temperatures, i.e., 280, 340 and
400°C. Residual biochar from these three different pyrolysis conditions was milled

at the same process conditions.

2.4.1.2. Biocomposites Formulation

Compounding of the biocomposites was carried out using a Brabender mixer at
170°C with a mixing speed of 50 rpm for 5 min. Prior to compounding, PBAT and
cwBC were dried at 60°C under vacuum to avoid hydrolysis during compounding.
The three different samples BC280, BC340 and BC400 were added at 10 wt% and
20 wt%. These concentrations were chosen as a result of previous work on
commercial biochar (chapter 2.3). The mixture was then pelletised. In addition, the
neat PBAT was subjected to the same processing conditions in order to be
comparable with the composites. After drying for 24 hours in a vacuum oven at 60°C
to avoid hydrolysis, thin films (about 200 um thick) of neat PBAT and of all the
composites were obtained by compression moulding using a Carver Laboratory Press

at a pressure of 1500 psi for 5 minutes at 170°C.

2.4.1.3. Feedstock and Biochar characterization

Biochar particles has been produced in the contest of this research. Feedstock
characterization test for decision of operative condition and the characterization test
of resulting biochar particles it has been already described in 2.1.1.2 and in chapter

2.1.1.5, respectively.
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2.4.14. Biocomposites Characterization

Rheological tests were performed using a strain-controlled rheometer (ARES G2,
TA Instrument, New Castle, DE, USA) in parallel plate geometry (plate diameter 25
mm). Frequency scans from 102 to 10? rad/s were performed to measure complex
viscosity (n*) and storage (G') and loss (G”) moduli at the same processing
temperatures. The strain amplitude was set at 5%, which was found to be low enough
to be in the linear viscoelastic regime in preliminary experiments with strain sweeps.
A scanning electron microscope (SEM, Quanta 200 ESEM, FEI, Hillsboro, OR,
USA) was used to examine the microstructure of the biocomposites. Prior to the SEM
analysis, the samples were fractured in liquid nitrogen. To avoid electrostatic
charging under the electron beam, the fractured surface of each sample was sputtered
(Scancoat Six Edwards, Crawley, UK) with a thin layer of gold for 90 s in an argon
atmosphere.

The melting enthalpies of all samples were measured by DSC using a Shimadzu
(Japan) DSC-60 instrument at a heating rate of 10 °C/min from T ambient to 170 °C,
as an average of five measurements. All samples of similar weight (~7 mg) were
subjected to heating/cooling/heating and the thermal parameters were evaluated on
the second heating scan, erasing the previous thermal history. The PBAT

crystallinity, xc, was calculated using the equation:

AH,,

 AHy0 — Wy

Ye x 100

Where AH,, is the enthalpy of fusion, AH,,, is the enthalpy of fusion of 100%
crystalline polymer and W, is the weight fraction of polymer. For PBAT AH,,,=114
Tg'[1].

Tensile tests were performed on rectangular specimens using a universal testing
machine (Instron model 3365, UK) according to ASTM D882. The tests were
performed at a tensile speed of 1 mm/min for 1 min to evaluate the Young's modulus,

and then the speed was increased to 10 mm/min until the specimen broke. Average
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values were calculated for elongation at break, EB, modulus of elasticity, E, and
tensile strength, TS.

A dynamic mechanical analyser model DMA +50 (Metravib, Limonest, France) was
used to perform dynamic mechanical thermal tests (DMTA) in tensile configuration.
The test was performed on three specimens (wxh =10 mmx30 mm) of each
composite from room temperature to 120 °C. The heating rate was 2 °C/min. For
some composites, measuring was stopped before reaching 120 °C. The frequency
was set at 1 Hz, and a prior static displacement of 2x10-5 m and a prior dynamic

displacement of 10> m were set.

2.4.1.5. Degradation Study

All samples were subjected to photo-oxidation using a Q-UV/se accelerated
weathering tester (Q-Lab Corporation) with eight UVB-313 lamps. The samples
were exposed at 70°C to an irradiance of 0.89 W/m? (at a wavelength A=313 nm)
and monitored every 24 hours.

FTIR-ATR analysis was carried out on both the pure PBAT matrix and the
PBAT/cwBC composites (Perkin-Elmer FT-IR/NIR Spectrum 400, Waltham, MA,
USA) to understand the chemical composition and follow the change in functional
groups during accelerated weathering. Tensile tests were also performed on the
photo-oxidised samples. These tests were used to monitor the variation of the main

mechanical properties.
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2.4.2. Results and Discussion

Oscillatory measurements were used to evaluate the rheological behaviour of virgin
PBAT and all PBAT biocomposites. The complex viscosity trends as a function of
frequency for each system are shown in Figure 26(a-c). As the amount of filler
incorporated increases, a progressive increase in the complex viscosity of the
biocomposites can be observed. It is noteworthy that a low frequency yield behaviour
is observed for all composites, and this phenomenon is more pronounced for
composites with the highest cwBC content. As shown in Figure 26(d-e), the increase
in complex viscosity with cwBC content is also reflected in an increase in storage
modulus G'. Again, the effect of incorporating cwBC was higher as the filler content
in the polymer matrix increased and more pronounced at low frequencies. In fact,
when 20 wt.% filler is added to the PBAT matrix, an increase in the storage modulus
of one order of magnitude is observed at low frequencies. This behaviour is generally
due to high polymer-filler and filler-filler interactions, which limit the relaxation of
the macromolecules. Therefore, as the cwBC content increases, a reduction in the
chain mobility of PBAT is likely to occur. For all pyrolysis temperatures, the
Newtonian behaviour exhibited by pure PBAT tends to progressively disappear as
the amount of cwBC in the composites increases.

Figure 27 shows the micrographs of the nitrogen fractured surface of PBAT/cwBC
composites. The composites formulated with particles obtained at the three different
pyrolysis temperatures are compared. Furthermore, for the sake of brevity, the
morphology variation as a function of cwBC concentration is reported only for
PBAT/BC280 samples. The morphology of the fractured surface of all PBAT/cwBC
composites suggests a good matrix/filler interfacial adhesion in all systems and this
can probably be attributed to the affinity between the PBAT matrix and the filler,
already found in the previous chapter 2.3. It is noteworthy that the affinity doesn't
depend on the cwBC content and on the pyrolysis temperature at which the

composites were obtained. Also here, as already observed and discussed for cwBC
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particles (see chapter 2.1.2.1), the filler at lower pyrolysis temperature showed a
marked lignocellulosic structure, different from the one obtained at 400°C, which
appears predominantly carbonaceous.

Figure 28 shows the DSC thermograms recorded at a heating rate of 10°/min for all
the samples studied. Table 11 lists the main properties resulting from the thermal
cycle. The presence of cwBC particles results in a slight increase in T, compared
with pure PBAT, and in a slight increase in Tm with an increase in the pyrolytic
temperature for the 10 wt.% load. In addition, the Ty, is almost constant for the
composites with 20 wt.% cwBC. However, the total crystalline phase content in the
bio-composites is significantly reduced by the addition of cwBC and it decreases
with the increase of particle loading and with the increase of pyrolysis temperature
at which the biochar particles are produced. Thus, the presence of dispersed fillers
doesn't act as nucleating agent for PBAT matrix and in this case hinders
crystallisation process. PBAT remains almost amorphous despite the addition of
fillers and this was expected as PBAT is a random copolymer characterised by low
crystallinity due to the intrinsic irregularity of its structure, which inhibits the

crystallisation process [2].
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Temperature Effect
PBAT BC340 10%wt PBAT BC400 10%wt
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PBAT BC280 20%wt

Figure 27 SEM micrographs of biocomposites as a function of pyrolysis temperature (top) and as a function of
varying biochar concentration (bottom).
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Figure 28 DSC curves of second heating scan of PBAT/cwBC biocomposites containing cwBC at (a) 10 %wt.
and (b) 20 %wt.
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Table 11 DSC data from the second heating scan of a PBAT-based composite with the addition of cwBC,
obtained by pyrolysing carob waste at different temperatures.

Tm Tonset Toffset AH X
[°C] [°C] [°C] [V/g] [%]
PBAT neat 126.7£1.48 110.4£1.10 141.1£1.20  35.5£0.26  31.4%0.28

PBAT BC280 10%wt 125.5£1.26  112.4+2.02  144.1£2.39  32.840.49  32.0+0.58
PBAT BC340 10%wt 126.1£2.27  114.1+1.14  138.2+1.28  29.820.29  29.1+0.26
PBAT BC400 10%wt 129.5£1.30  116.5t1.46  141.2+1.57  28.2+0.30  27.5+0.19
PBAT BC280 20%wt 128.3+1.60  116.0+1.16  142.9+1.33  26.1+0.23  28.6+0.51
PBAT BC340 20%wt 128.3£1.28  106.1£1.06  139.0£1.09  24.1+0.43  26.4+0.21
PBAT BC400 20%wt 128.7£1.30  115.1+1.44  142.6x1.35 20.1+0.24  22.9+0.29

The mechanical properties of the PBAT-based composites were evaluated by tensile
test and dynamic mechanical analysis; the obtained mechanical properties, modulus
of elasticity, tensile strength, and strain at break are shown in Figure 29(a-c). The
trends of E' vs. T for all the composites are shown in Figure 29(d). With increasing
cwBC load and pyrolysis temperature, the tensile values, i.e. E and TS, increase. As
expected, the ductile behaviour of PBAT changes to a rigid behaviour with the
addition of carbonaceous particles. However, a consistent increase of +140% of the
modulus is obtained when BC400 is added at 20 wt.%, probably due to the lower
global dimension of these particles, as already shown in the previous paragraph. The
smaller size of the particles allows a more uniform dispersion, which is confirmed
by the SEM analysis, and increases the surface area of the interface between the

matrix and cwBC.
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Figure 29 Main mechanical properties, i.e., (a) Young’s Modulus, E, (b) Tensile Strength, TS, and (c)
Elongation at Break, EB, and (d) Storge Modulus, E', vs Temperature of PBAT/cwBC biocomposites

The storage modulus curves, E', of all the composites studied are shown as a function

of temperature in Figure 29(d). The storage modulus at low temperature increases

with increasing cwBC loading and its pyrolysis temperature, following the same

trend as the modulus of elasticity. Furthermore, E' decreases with increasing

temperature for all samples. However, the presence of particles influences the

softening temperature of the samples. At 10 wt.% load, the variation of the pyrolysis

temperature at which the cwBC particles were obtained doesn't significantly affect

the E'(7) curves, see Figure 29(d).

In order to study the oxidation resistance of polymeric biocomposites, the photo-

oxidation behaviour is a key parameter. Therefore, the variation of mechanical
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properties as a function of irradiation time has been under observation. Figure 30
shows the dimensionless variations of the main mechanical properties. As a ratio
between the values at a given irradiation time and the value before exposure to
photooxidation, both the dimensionless deformation at break and the dimensionless
Young's modulus were obtained. In addition, it is possible to identify the half time
of the strain at break from the dimensionless strain at break trends, as the time at
which the values are half of the initial value (it is evaluated as the time at which the
strain at break decreases by 50% with respect to the initial value). This is the
maximum time that polymer films can be used. After this time, the ductility of the
film is lost [3].

Dimensionless elongation at break of pure PBAT shows a significant reduction in
ductility behaviour after 24 h of photoirradiation, with a half-time of 14 h.
Biocomposites, on the other hand, almost don't reach the half time of elongation at
break after a complete cycle of photooxidation (72h). Thus, the addition of cwBC
particles delays the ageing phenomena, probably both by UV absorption (being
carbonaceous particles) and by scavenging action, as demonstrated by the DPPH
assay discussed above and according to the literature [4]. The delay in
photodegradation phenomena is more pronounced for cwBC obtained at lower
pyrolysis temperature, and this could be explained considering that the lower the
pyrolysis temperature at which the particles are obtained, the higher their radical
scavenging efficiency, also according to the DPPH assay (see Figure 8 in chapter
2.1.2.1).

Consistent with the DPPH assay, where increasing the total amount of biochar in
solution has achieved SE=100% regardless of the pyrolysis temperature, also in the
composite, as increasing the total amount of ¢cwBC in the PBAT matrix, the
dimensionless elongation at break result is not affected by the pyrolysis temperature.
In relation to the elongation at break, the Young's modulus increases as a function of
irradiation time, and this behaviour is more pronounced as the filler load decreases

and as the pyrolysis temperature at which the cwBC was obtained increases.
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Figure 30 Trends of (a-b) dimensionless elongation at break and (c-d) dimensionless modulus of elasticity of
PBAT/cwBC biocomposites as a function of photooxidation time.

Complementary ATR-FTIR analysis is also carried out to monitor the ageing
behaviour of neat PBAT and PBAT based composites during weathering testing.
Selected spectra of neat PBAT, PBAT/BC280 10 wt.% and PBAT/BC400 10 wt.%
are shown in 31, with two insets for each spectrum, highlighting the main chemical
changes that occur during photooxidation. The typical bands of PBAT are seen in
31(a): a broad band of -OH between 2700 and 3000 cm!, the two peaks related to
the CHa stretching vibration at 2956 and 2865 cm’!, the strong peak of C=0 at 1710
cm’!, a clear peak representing the CHx groups at 720 cm! and two peaks related to
the C-O bond in the ester bond are present at 1275 and 1250 cm!. All these signals
have a tendency to change their intensity as a function of UV irradiation time,

highlighting that photodegradation of the PBAT matrix takes place.
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It's clearly visible a reduction of C=0 functional groups since the decrease and shift
of the neat peak at 1710 cm™!, with the creation of a left shoulder, indicates the
formation of free C=0 due to the occurrence of chain scission by means of Norrish
I scission reaction, according to the literature [4], [5]. Furthermore, the appearance
of peaks/shoulders at 3410 and 3440 cm due to autocatalytic photo-oxidation
reactions can be related to the occurrence of Norrish II reaction, which leads to the
formation of free OOH and/or peroxide. In the 31(b-c), the two composites
containing 10% by weight of cwBC obtained at lower and higher pyrolysis
temperatures are compared to the neat matrix. In order to correlate the two different
effects on the variation of the mechanical properties, these two compositions were
chosen for the sake of brevity. Indeed, the variation of the functional group peaks
exposed for the neat PBAT matrix appears less intense, which also helps to explain

the better mechanical stability.
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Figure 31 FTIR-ATR spectra as a function of photo-oxidation time of (a) neat PBAT, (b) PBAT/BC280 10%
and (c) PBAT/BC400 10%
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2.4.3. Endings

This chapter investigated the use of biochar particles obtained in our laboratories
pyrolysing carob waste after glucose extraction, a waste of a local carob-candy
factory, as a suitable filler for PBAT-based biocomposites. The biochar particles, as
a result of three different pyrolysis process temperatures, were added to PBAT
matrix and the properties of the produced biocomposites were investigated.

The different pyrolysis temperatures result in different particle dimensions, as seen
in section 2.1.2.1. In particular, BC400 results in a smaller dimension. This results
in better dispersion of the BC400 particles in the polymer matrix and better tensile
and rheological properties and thermal stability of the resulting composite compared
to composites filled with particles obtained at lower temperatures.

Moreover, in chapter 2.1.2.1, it was seen how increasing the pyrolysis temperature
decreases the absorption kinetics of free radicals in DPPH solution, resulting in
particles obtained at a lower pyrolysis temperature having a higher radical
scavenging efficiency. The study of particle scavenging activity also showed that it
was sufficient to slightly increase the concentration of biochar obtained at higher
temperatures to obtain comparable scavenging activity. This trend was also
confirmed for the mechanical behaviour of the composite as a function of
photooxidation time. In fact, by adding 10 wt.% of particles within the PBAT matrix,
the graphs of the dimensionless elongation at break as a function of the photo-
oxidation time showed that (i) in the case of BC400, the half time (the time at which
the value is half of the initial one) is reached at the end of the photo-oxidation cycle,
(ii) in the case of BC280, the dimensionless elongation at break remains almost
constant and close to one. Instead, by adding 20 wt.%, the mechanical behaviour of
the resulting composites with BC280, BC340 or BC400 is comparable and
approximately equal to 1 throughout the photo degradation cycle.
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2.5. Biochar Particles from Digestate Pyrolysis as a filler

for PBAT:PLA-based composites.

This study investigates the effect of biochar as a filler for biopolymer blends, with a
focus on the effect of the biopolymer weight ratio on the final biochar-added blends.
The blends studied in this work were obtained by varying the weight ratio of
polybutylene adipate-co-terephthalate (PBAT) and polylactic acid (PLA) due to their
great importance in packaging and agricultural fields. PBAT:PLA based
biocomposites have been formulated by adding biochar particles, keeping the filler
loading constant at 10 wt.%, a concentration chosen based on the results of previous
results. Biochar has been produced in our laboratories by the slow pyrolysis of the
digestate obtained from the anaerobic digestion of the organic fraction of municipal
solid waste (OFMSW). Digestate feedstock and digestate-derived biochar (dBC)
formulation and characterization, has been already discussed in chapter 2.1.2.3. The
inhomogeneity of the feedstock is responsible for content and high diversity of
inorganics in biochar surface that led to a particular interaction polymer/filler. The
effect of dBC on PBAT and PLA biopolymer matrices is different, and for the blend
compositions the relative weight ratio between PBAT and PLA plays an important
role. Furthermore, the biocomposite blend has been fully characterised: rheological,
morphological, mechanical, and dynamic-mechanical characterisations have been
carried out, highlighting how the properties results strongly influenced by the
presence of dBC in the blend. In addition, a study of the viscous molar mass of the
two polymer matrices when processed in the presence or absence of dBC particles
highlight that a strong chemical interaction occurs between PLA and dBC particles,
unlike PBAT and dBC.
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2.5.1. Materials and Methods

2.5.1.1. Materials

Poly(butylene adipate-co-terephtalate), PBAT, (commercial Ecoflex® F Blend
C1200, BASF, SE, Ludwigshafen, Germany) is a film grade with a melt flow rate
(MFR) of 2.7-4.9 g/10min (190°C, 2.16 kg), a density in the range of 1.25-1.27
g/cm3 and a melting temperature in the range of 110-120°C. Poly(Lactic Acid), PLA,
(commercial Ingeo ® 4032D, NatureWorks, USA), having a MFI equal to 7 g/10

min (at 210°C and 2.16 kg), a density of 1.24 g/cm3 and a melting point between 155

and 170°C. Biochar used in this work has been produced in our lab, it follows the
entire procedure.

Biochar particles were produced pyrolysing digestate (dBC), the by-product of
anaerobic digestion of organic Fraction of Municipal Solid Waste for biogas
production. The slow pyrolysis process is described in detail in the 2.1.1.4
Experimental apparatus and Procedure section. Having been pyrolysed at 400 °C,

the biochar was ground and sieved.

2.5.1.2. Bio-blend formulation

Prior to processing, biopolymer pellets and dBC particles were dried at 60°C under
vacuum to avoid hydrolysis phenomena. The biocomposite formulation was then
carried out by means of a batch mixer (Brabender model PLE330, Duisburg,
Germany) at 170°C, at a mixing speed of 50 rpm for 5 min, with simultaneous
addition of dBC and polymer matrix. Sample codes with relative polymer and filler

concentrations are given in Table 12.
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Table 12 Sample code name with relative weight concentration

Sample i PBAT  PLA | Sample . PBAT PLA dBC

D [wt.%]  [wt.%] D [wt%]  [wt%]  [wt.%]
PBAT:PLA 100:0 ;| 100 0 | PBAT:PLA/4BC 100:0/10 | 90 0 10
PBAT:PLA 7525 | 75 25 | PBAT:PLA/JBC 75:25/10 | 67.5 225 10
PBAT:PLA 50:50 | 50 50 | PBAT:PLA/dBC 50:50/10 | 45 45 10
PBAT:PLA 25:75 | 25 75 | PBAT:PLA/dBC 25:75/10 | 22.5 67.5 10
PBAT:PLA 0:100 ;| 0 100 | PBAT:PLA/@BC 0:100/10 : 0 90 10
2.5.1.3. Feedstock and Biochar characterization

Biochar particles has been produced in the contest of this research. Feedstock
characterization test for decision of operative condition and the characterization test
of resulting biochar particles it has been already described in 2.1.1.2 and in chapter

2.1.1.5, respectively.

2.5.14. Biocomposites Characterization

The rheological tests were carried out using a strain-controlled rheometer (mod.
ARES G2 from TA Instrument, New Castle, DE, USA) in a parallel plate geometry
(plate diameter 25 mm). Frequency scans from o = 102 to 10? rad/s were used to
measure complex viscosity (n*) and storage (G’) and loss (G") moduli at the same
processing temperatures. The strain amplitude was y = 5%. Preliminary strain sweep
experiments indicated that this was low enough to be in the linear viscoelastic
regime.

A scanning electron microscope (SEM, Quanta 200 ESEM, FEI, Hillsboro, OR,
USA) was used to examine the microstructure of the biocomposites. Prior to the SEM
analysis, the samples were fractured in liquid nitrogen. To avoid electrostatic
charging under the electron beam, the fractured surface of each sample was sputtered
(Scancoat Six Edwards, Crawley, UK) with a thin layer of gold for 90 s in an argon

atmosphere.
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Tensile tests were performed on rectangular specimens using a universal testing
machine (Instron model 3365, Rochdale, UK) in accordance with ASTM D882. The
tests were performed at a tensile speed of 1 mm/min for 1 minute to evaluate Young's
modulus, and then the speed was increased to 10 mm/min until the specimen broke.
The average values for elongation at break, EB, modulus of elasticity, E, and tensile
strength, TS, were calculated.

A dynamic mechanical analyser model DMA +50 (Metravib, Limonest, France) was
used to perform dynamic mechanical thermal tests (DMTA) in tensile configuration.
The test was carried out from room temperature to 140°C at a heating rate of 5
°C/min for three specimens (10 mm x 30 mm) of each composite. The frequency
was set to 1 Hz and the dynamic displacement was set to 5 x 10 m.

The intrinsic viscosity [n] was measured using an iVisc LMV 830 capillary
viscometer (Lauda Proline PV 15, Lauda-Koénigshofen, Germany) equipped with a
Ubbelohde (K = 0.005) capillary viscometer in an oil bath thermostated at 27 °C.
Each material was dissolved in THF with stirring at 50 °C for 1 hour to prepare the
solution at a concentration of 0.2 wt%. To evaluate the intrinsic viscosity of the
composites, each composite was dissolved in THF, the solid fraction was then
removed using filter paper, the resulting solution was cast and a 0.2% w/w solution
was then prepared. Flow times were measured in triplicate for each sample until the
standard deviation was below 0.5 s. Solomon-Ciuta [1] intrinsic viscosity values

were calculated using equation:

V2

[n] = T Nsp — In 7,

where c is the concentration of the polymer solution, #, 7, and #,.; are, respectively,
intrinsic, specific and relative viscosity. The solution viscosity of each sample was
obtained by averaging 5 flow measurements. The viscosimetric molecular weight
(M,) was calculated using Mark-Houwink’s equation:

[n] = KM
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The parameter values of the Mark-Houwink constants, ¢ and K, depend upon the
specific polymer-solvent system. For PLA-THF, K =1.74-10* and a = 0.736 . For
PBAT-THF, K =1.5-10*and a = 0.766 [3].
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2.5.2. Results and Discussion

Figure 32 shows the complex viscosity of bioblend and biocomposite as a function
of angular frequency. In Figure 32(a), the curves show that the pristine samples
(PBAT:PLA 0:100 and PBAT:PLA 100:0) have the same complex viscosity at low
frequency, with a Newtonian behaviour of pure PLA, unlike PBAT, which shows a
more pronounced decrease in complex viscosity with increasing angular frequency.
In fact, unlike PLA, PBAT shows a narrower Newtonian range, exhibiting a shear-
thinning behaviour already from 1 rad/s to higher angular frequency tested.
Accordingly, in blend formulation, the addition of PBAT limits the Newtonian range,
with the shear thinning tendency becoming more pronounced with increasing PBAT
content. For blends dominated by one of the two matrices (PBAT:PLA 75:25 and
PBAT:PLA 25:75), the complex viscosity at low frequency becomes higher than that
of the pure matrix, with the appearance of a stress-strain behaviour at low frequency,
suggesting a change in morphology. However, a more balanced behaviour between
the two matrices is observed for PBAT:PLA 50:50. This phenomenon depends on
the higher shear that occurs between the two phases and is a classic result for
immiscible polymer blends. Indeed, for immiscible polymers, the formation of
droplets of the minor phase within the major phase is responsible for an increase of
the complex viscosity. For the blend in which PBAT and PLA are equivalent, as
visible later in the morphology section, no droplet formation is visible and the
morphology results in an elongated co-continuous phase that result responsible of an
easier sliding of the polymer chain under shear [4], [5]. Thus, the blends have a
higher complex viscosity at low frequency and a pronounced shear thinning
behaviour in the frequency range, indicating a high interaction between the two
matrices [6], [7], with a decrease of the complex viscosity at higher frequency due

to the disentanglement of the molecular chain [8], [9].
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Figure 32 Complex Viscosity as a function of angular frequency of PBAT:PLA blends (a) without and (b) with
10 wt.% of dBC particles

As shown in Figure 33, two different rheological behaviours are determined by the
addition of 10 wt.% dBC to pristine PBAT or pristine PLA. Indeed, as seen in
previous chapters (see 2.3 and 2.1.2.3) the addition of 10 wt.% of dBC to the PBAT
matrix determines a global increase of the composite viscosity, as shown by Figure
33(a). On the contrary, as shown in Figure 33(b), for pure PLA the addition of 10
wt.% of dBC completely modifies the rheological behaviour with a significant
decrease of the complex viscosity and a stress-strain behaviour at low frequency.
This behaviour is usually observed when a plasticiser is added to a polymer matrix
or when degradation phenomena occur.

Turning to the study of composite blends, the rheological behaviour depends on the
weight ratio between PBAT:PLA to mean the balance between their two antithetic
behaviours. Figure 32(b) shows the rheological behaviour of composite blends. As
is the case with PLA composites, at low frequency the complex viscosity decreases
with increasing PLA content in the blend. The presence of dBC particles and their
interaction with the polymer blend is more visible in the stress-strain behaviour at
low frequency when the amount of PLA exceeds the amount of PBAT in the
biopolymer blend. Instead, the PBAT:PLA/dBC 75:25/10 complex viscosity has a
more pronounced angular frequency dependence. The PBAT:PLA/dBC 50:50/10
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showed both stress-yield behaviour and a pronounced decrease in complex viscosity

with increasing angular frequency.

110%
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Figure 33 Rheological behaviour of (a) PBAT:PLA 100:0 with and without 10 wt.% of dBC particles and (b)
PBAT:PLA 0:100 0 with and without 10 wt.% of dBC particles

Figure 34 shows the SEM images of the nitrogen-fractured surface for the
PBAT:PLA blends with different composition ratios, showing a typical two-phase
structure According to the rheological behaviour, the morphology changes with
increasing PLA content in the PBAT:PLA blend. As shown in the first column of
Figure 7, the morphology changes from spherical droplets (PBAT:PLA 75:25) to a
co-continuous elongated structure (PBAT:PLA 50:50) and back to spherical droplets
[10], [11]. In composite SEM images, the average size of dBC particles in
biopolymer blends appears to be smaller than the dimension shown by the particles
(see Figure 12 and Figure 13 in chapter 2.1.2.3). This phenomenon is probably due
to the shear stress experienced by dBC during melt mixing, which also favours a
deagglomeration of smaller particles seen in Figure 3b, which appear homogeneous

and well dispersed in the biopolymer blend.
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Figure 34 SEM images of blend varying PBAT:PLA weight ratio, with and without 10 wt.% of dBC
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The reduction in particle size that occurs during melt mixing could lead to an increase
in the polymer/filler interface area. As a result, the interaction between dBC and the
biopolymer blend was enhanced. Also in this case, and in accordance with the
rheological behaviour, this interaction led to a change in morphology depending on
the PBAT:PLA weight ratio. Concerning the addition of dBC to pristine PBAT
matrix, a good adhesion and dispersion between biopolymer matrix and dBC
particles was shown, as already reported in a previous chapters (see 2.3 and 2.4).
When added to pristine PLA matrix, a good dispersion is achieved. However, a
dissection between polymer matrix and dBC occurs, with clear gaps surrounding
dBC particles. Moreover, in the presence of dBC, when PLA is the minor phase
(PBAT:PLA/dBC 75:25/10), its droplets homogeneously distributed in the PBAT
matrix change from spherical shape to "donut" shape, with a global reduction of the
mean particle diameter. Conversely, when PBAT 1is the minor phase
(PBAT:PLA/dBC 25:75/10), the homogeneously distributed PBAT droplet retains
the spherical shape. In this case, the major phase of PLA changes its morphology
and shows a "volcano" shape around the PBAT droplet. For PBAT:PLA/dBC
50:50/10, a co-continuous elongated structure appears to be preserved, although the
PLA appears slightly damaged.

Tensile testing and dynamic mechanical analysis were used to study the mechanical
properties. Figure 35 shows blend mechanical properties, namely Young's modulus,
tensile strength and elongation. As expected, for the blend without dBC (black line),
as the PBAT content in the biopolymer blend increases, a transition from a rigid
material to a ductile material is observed. This goes from a higher young modulus
and lower elongation at break values for pure PLA to a lower young modulus and
higher elongation at break values for pure PBAT. In line with the rheological
behaviour and morphology, the presence of dBC has (i) a reinforcing role for PBAT
that, as it is aspect, moves the mechanical behaviour of PBAT from ductile to rigid,
and (7i) a reduction in mechanical properties for PLA. Consequently, for the blend

composition, when PBAT is the main phase, dBC shows a small reinforcing role,
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while when PLA is the main phase, biocomposites show a reduction in mechanical
properties. Nevertheless, for PBAT:PLA/dBC 50:50/10, an increase in Young's
modulus, tensile strength occurs without much variation in elongation at break,
probably due to the preservation of the co-continuous elongated morphology and a

good dispersion of dBC in the blend.
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Figure 35 (a) Young Modulus, (b) Tensile Strength and (c) Elongation at Break of PBAT:PLA blends without
and with 10% of dBC particles as a function of PBAT content in biopolymer blend.

The results of the DMA analysis are shown in Figure 36 as the variation of the
logarithm of the storage moduli and the damping factor with temperature. The
storage modulus, E', and the damping factor, tand, for the blend and the blend filled

with 10 wt.% dBC as a function of temperature are shown in Figure 36, from room
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temperature to 140°C, where possible. As expected, the first observation is related
to the differences in the storage modulus at room temperature and in the shape of the
storage modulus curve between the pure PBAT and the blend with PBAT in the main
concentration with respect to the pure PLA and the blend with PLA in the main
concentration. Instead, for the PBAT:PLA 50:50 blend, the mechanical behaviour of
PLA prevails, with a storage modulus at room temperature comparable to that of
pure PLA and a pronounced increase in a E' (with a maximum at =130 °C) due to the
cold crystallisation phenomena of PLA. A second observation is related to the shape
of the damping factor curve: the main peak at tand is related to the T of PLA, since
that of PBAT is normally observed around -30+-20 °C. Figure 36(b) shows how the
Tg of PLA in the blend remains constant at 70.3+0.6°C, and the increase in magnitude
is consistent with the increase in PLA content in the blend: namely, PBAT, the
rubbery phase, acts as a stress concentrator. When the blends are filled with 10 wt.%
dBC, the first observation is the shift towards a lower value of E' of the
PBAT:PLA/dBC 75:25/10 and PBAT:PLA/dBC 50:50/10 blends (Figure 36(c)),
coherent with the tensile properties already shown. The storage moduli below the
glass transition temperature of PLA are lower for all PBAT:PLA weight ratios,
except for pure PBAT. This behaviour is consistent with the tensile properties and
rheological behaviour. Moreover, a different shape with a double shoulder in the E'
curves, caused by PLA cold crystallisation phenomena. As for the damping factor, a
significant reduction in the size of the main peaks related to Ty is observed, indicating
a lower damping capacity in the presence of dBC. Furthermore, a shift towards a
lower value of Ty is observed with the increase of PLA in the blend, from 71.4 °C
for PBAT:PLA/dBC 75:25/10 to a Tg of 66.4 °C for PBAT:PLA/dBC 25:75/10. The
slight decrease in glass transition temperature with increasing PLA in the
biocomposite blend and the decrease in peak size is consistent with the behaviour
observed with rheological analysis. We hypothesize that the decrease in storage

moduli below the glass transition temperature and the decrease in T, are due to a
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possible degradation of the PLA polymer chain, caused by the presence of dBC in
the blend.
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Figure 36 Storage modulus and damping factor graphs for biopolymer blend (a,b) without and (c,d) with 10
wt.% of dBC.

In order to evaluate the degradation phenomena likely to be suggested by the
previous characterisation, a measurement of the molecular weight was carried out by
means of intrinsic viscosity measurements and correlated to the molecular weight
M, by means of Mark-Houwink constants. Table 13 shows the results of the capillary
viscosimetry carried out on PBAT and PLA, with and without 10 wt.% of dBC. Each
material was dissolved in THF with stirring at 50 °C for 1 hour to prepare the solution

at the concentration of 0.2 wt.%. To evaluate the intrinsic viscosity of the composites,
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each composite was dissolved in THF, then the solid fraction was removed using
filter paper, the resulting solution was poured and then a 0.2 wt.% solution was
prepared. The viscous molar mass of the biocomposites has been compared with that

of the pure matrix, which was subjected to the same process condition.

Table 13 Viscous molar mass, intrinsic viscosity, and dimensionless values of molar mass of PBAT and PLA
with and without 10 wt.% of dBC.

M, M M,
' Il ' Il M v0
[g/mol]  [dL/g] [g/mol] [dL/g] | [-]

PBAT:PLA 100:0 5.32 x10* 0.63 | PBAT:PLA/dBC 100:0/10 5.79 x10* 0.67 1.08
PBAT:PLA 0:100 1.58 x10° 1.17 | PBAT:PLA/dBC 0:100/10 7.91 x10* 0.7 0.50

The table highlights that the My of PBAT, processed in the presence of in the absence
of dBC, maintains its viscous molar mass constant, with a dimensionless value of the
molar mass almost equal to one. For PLA, the dimensionless molar mass is actually
0.5, whereas a significant reduction of the viscous molar mass has been highlighted.
For PBAT, the loading of dBC as a reinforcing filler leads to an increase in
mechanical and rheological properties. Instead, the reduction in viscosity and molar
mass of PLA suggests a scission of the molecular chains induced by the presence of
dBC in the composite. This result is probably due to the fact that dBC causes or
accelerates the degradation of PLA, thereby reducing the molar mass [12], [13].
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2.5.3. Endings

In this chapter, a fully biodegradable biopolymer blend based on PBAT and PLA
matrices was prepared by varying the weight ratio between the two biopolymer
matrices. The biochar added to the different biopolymer blends was obtained in our
laboratories using digestate as a feedstock. Initially, the digestate and the digestate-
derived biochar were fully characterised (see chapter 2.1.2.3). For biocomposites
blend rheological behaviour, the addition of dBC modifies complex viscosity
depending particularly on PLA interaction with dBC particles, and consequently on
the increase of PLA matrix in polymer blend. From the mechanical characterisation
of the filled blend, it is evident that degradation phenomena occur caused by the
interaction between PLA and dBC particles. From the morphological
characterisation, it is clear how different is the interaction between dBC particles and
the two different polymer matrices, showing an overall good dBC dispersion in the
polymer matrix, even if a better interfacial adhesion was highlighted in the presence
of PBAT matrix, and some degradative evidence was found on PLA matrix. Thus,
the rheological, morphological and mechanical behaviour of dBC filled blends
highlight the challenges of using dBC particles as filler for PLA or PLA based
blends. Indeed, degradation phenomena when dBC interacts with the PLA matrix
have been confirmed by means of a capillary viscosimeter, evaluating the viscous
molar mass of the two polymers matrix processed in the absence and in the presence
of dBC particles. In fact, a significant reduction in the molecular weight of PLA is
probably due to a strong interaction between PLA and the residual inorganic
elements present on the dBC surface after pyrolysis. In short, the excellent properties
of dBC particles obtained from digestate pyrolysis could certainly be used as a filler

for biopolymer blends, although the composition of the blend is a determining factor.
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Conclusion

The aim of this work was the formulation and characterization of biocomposites
reinforced with biochar particles, the by-product of pyrolysis. Biochar represents a
second-level waste product that holds great promise for materials science in the last
ten years. The focus of this research was the employment of this particles to obtain
biodegradable materials, with particular attention to energy optimisation, through the
slow pyrolysis of two types of organic waste. The dissertation sought to answer some
questions regarding the formulation of biodegradable and biobased composites
reinforced with biochar particles, and whether and how such composites could play

a role in applications such as agriculture.

Firstly, it has been produced biochar from two different sources. The pyrolysis
sources were selected from production waste with the aim of valorising the waste
itself. In addition, the slow pyrolysis process used to produce biochar was primarily
aimed at producing good quality fuel and gas, and the resulting biochar, which is still
waste, was evaluated as a reinforcing filler. In addition to the valorisation of the
waste itself, the choice of a processing waste can be useful as a feedstock targeting

process has necessarily already been carried out.

The first source used for the production of biochar is in fact the processing waste of
carob fruit after removal of sugars and nutrients for the production of sweets by a
local factory. The carobs were then characterised as a post-production input and three
different pyrolysis temperatures were selected, taking into account the degradation
peaks shown in the feedstock analysis. The three pyrolysis temperatures resulted in
different liquid, gas and solid yields and, as far as this research was concerned,

different physicochemical properties of the resulting char. In view of the studies
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carried out through literature review, it was decided to use all three types of char

products as fillers for the production of biocomposites.

The second source used as a feedstock for pyrolysis was digestate. In the waste
management sector, digestate is the solid and residual product resulting from the
anaerobic digestion of waste for the production of fuel and gas. In the case of our
research, the digestate was provided by a regional waste management company that
supplied digestate from the treatment of the organic fraction of municipal solid
waste. Due to the inhomogeneity of the source (e.g. different types of food, residual
bones) for digestate production, the characteristics of the resulting biochar after the

pyrolysis process are very different from those obtained with carob.

After the biochar was produced and before it was added to polymer matrices for

biocomposites formulations, preliminary studies were carried out.

The first question was whether it could have properties comparable to conventional
carbon particles such as carbon black. Firstly, the scavenging efficiency with DPPH
assay was investigated comparing carbon black (CB) with commercial biochar (cBC)
and it was shown that the scavenging efficiency of commercial biochar particles is
much higher than that of carbon black. Samples were prepared using polypropylene
(PP) as the matrix, as it is a well-known matrix. PP-based composites loaded with
CB and ¢BC were then compared. In addition, a study of hybrid polypropylene-based
composites with varying weight ratios between biochar and carbon black was carried
out. Finally, the possibility of replacing carbon black with biochar in carbon
black/graphene (GNP) hybrid composites was investigated by comparing the
properties of PP/CB:GNP with those of PP/cBC:GNP.

In terms of the rheological behaviour of the composites, the presence of ¢BC in
polypropylene appears to have a plasticising effect, which can be advantageous

depending on the processing chosen for the composite formulation. This plasticising
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effect is shown both for the pure ¢BC filled composite and, proportionally to the
concentration of ¢BC with respect to CB, for the hybrid PP/cBC:CB composites.
When ¢BC replaces CB in the hybrid compound with GNP, the rheological
behaviour remains unchanged. In terms of mechanical properties, the presence of
cBC particles acts as a reinforcing agent that is absolutely comparable to that offered
by carbon black. This behaviour is confirmed both in pure addition and in
comparison, with pure CB in the PP matrix, as well as in the presence of hybrid

fillers, both as co-fillers with carbon black or with graphene.

Having established that biochar could be suitable as a filler due to its higher
scavenging capacity, a commercial biochar used in the food industry, derived from
the pyrolysis of birch and beech wood, was evaluated for the production of a
biocomposite based on poly(butylene adipate-co-terephthalate) (PBAT) as a
biopolymer matrix and commercial biochar as a filler. The first experimental section
was carried out using commercial ¢cBC to determine the processing conditions for
biocomposite formulation. All PBAT/cBC composites showed uniform filler
dispersion and good adhesion within the selected biopolymer matrix. The addition
of ¢BC resulted in an improvement of the modulus of elasticity while maintaining
high values of deformation. The biochar was then added to PBAT at different
concentrations. In addition, by delaying the degradation phenomena of the polymer
matrix, the presence of the filler induced a photo-oxidative resistance on PBAT. This
result was even more pronounced for PBAT/cBC 10 wt.% than for PBAT/cBC 5
wt.%. It opens up the possibility of using PBAT-based films in outdoor applications.

In this context, a study was carried out on PBAT-based composites with biochars
produced in our laboratory at three different pyrolysis temperatures from carob waste
(cwBC). The biochar particles, as a result of three different pyrolysis process
temperatures, were added to PBAT matrix. The focus was on the variation of the

final properties of the composite as a function of the pyrolysis temperature used.
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The different pyrolysis temperatures result in different particle dimensions, and, in
particular, BC400 results in a smaller dimension. This results in better dispersion of
the BC400 particles in the polymer matrix and better tensile and rheological
properties and thermal stability of the resulting composite compared to composites
filled with particles obtained at lower temperatures. It was seen how increasing the
pyrolysis temperature decreases the absorption kinetics of free radicals in DPPH
assay, resulting in particles obtained at a lower pyrolysis temperature having a higher
radical scavenging efficiency. The study of particle scavenging activity also showed
that it was sufficient to slightly increase the concentration of biochar obtained at
higher temperatures to obtain comparable scavenging activity. This trend was also
confirmed for the mechanical behaviour of the composite as a function of
photooxidation time. In fact, by adding 10 wt.% of particles within the PBAT matrix,
the dimensionless elongation at break as a function of the photo-oxidation time
showed that (i) in the case of BC400, the half time (the time at which the value is
half of the initial one) is reached at the end of the photo-oxidation cycle, (ii) in the
case of BC280, the dimensionless elongation at break remains almost constant and
close to one. Instead, by adding 20 wt.%, the mechanical behaviour of the resulting
composites with BC280, BC340 or BC400 is comparable and approximately equal
to 1 throughout the photo degradation cycle.

Finally, a study was carried out on the use of biochar as a filler in biopolymer blends,
using as a filler digestate-derived biochar (¢dBC). A fully biodegradable biopolymer
blend based on PBAT and PLA matrices was prepared by varying the weight ratio
between the two biopolymer matrices. For biocomposites blend rheological
behaviour, the addition of dBC modifies complex viscosity depending particularly
on PLA interaction with dBC particles, and consequently on the increase of PLA
matrix in polymer blend. From the mechanical characterisation of the filled blend, it
is evident that degradation phenomena occur. The degradation phenomena when

dBC interacts with the PLA matrix have been confirmed by means of a capillary
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viscosimeter and a significant reduction in the molecular weight of PLA is probably
due to a strong interaction between PLA and the residual inorganic elements present
on the dBC surface after pyrolysis. In short, the excellent properties of dBC particles
obtained from digestate pyrolysis could certainly be used as a filler for biopolymer

blends, although the composition of the blend is a determining factor.

Applying the concept of waste to material, this dissertation has demonstrated the
possibility of producing biochar from different feedstocks and its successful use as a
filler in the formulation of composites and biocomposites. Therefore, in synthetic
matrix, biochar together with other carbonaceous particles could be considered to
replace carbon black. However, for a successful formulation of durable
biocomposites, it should be noted that performance and durability are strictly related
to (i) the chemical nature of the host matrix and (ii) the chemical nature of the
feedstock from which the biochar is produced. Regarding the synergistic effect of
these two factors, biochar could exert a protective action in case of photo-oxidation
phenomena or pro-degradant effect processing at high temperature.

In summary, the circular economy perspective, together with the waste-to-material
approach, supports the transition to sustainability and enables the formulation of

innovative sustainable materials with good properties and performance.
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