
 
 
 

Doctoral Dissertation 
Doctoral Program in Materials Science and Technology (35h Cycle) 

 

Investigation of Different Types of 
Biochar on the Thermal Stability and 

Fire Retardancy of Polymer 
Composites 

 
By 

 
Samuele Matta 

****** 

Supervisors: 
Prof. Giulio Malucelli, Supervisor 

Prof. Alberto Frache, Co-Supervisor 
 

Doctoral Examination Committee: 
Prof. Claudia Marano, Politecnico di Milano 
Prof. Martino Colonna, Università di Bologna 
Prof. Silvia Spriano, Politecnico di Torino 
Prof. Sabrina Grassini, Politecnico di Torino 
Prof. Marco Zanetti, Università di Torino 
 
 
 

Politecnico di Torino 
01/06/2023



 

Declaration 

I hereby declare that, the contents and organization of this dissertation 
constitute my own original work and does not compromise in any way the rights 
of third parties, including those relating to the security of personal data. 

Samuele Matta 

Turin, 2023 

 

 

 

 

 

 

 

* This dissertation is presented in partial fulfillment of the requirements for 

Ph.D. degree in the Graduate School of Politecnico di Torino (ScuDo). 

 



  
 

I would like to dedicate this thesis to my Family 

 

 

 

 

 

 

 

 

 

 

 

 

 



 3 

 
 Abstract  

Fire is a very important and severe hazard that involves all flammable 

materials, in particular polymers. In this context, it becomes very important to 

provide flammable materials with flame retardant features, so that the former can 

withstand the application of a flame or of an irradiative heat flux, hence becoming 

suitable for specific applications (civil construction engineering, transportation, 

furniture, among a few to mention). Besides, the way employed for imparting 

flame retardant properties is a key issue: in fact, it is possible to incorporate the 

flame retardant in the bulk material, or to selectively locate it on the material 

surface. It is worthy to note that, being equal the content, usually the application 

of the flame retardants (FRs) onto the material surface has some advantages, 

namely: the overall mechanical behavior of the flame retarded material is not 

affected and it is possible to lower the FR loading required for an acceptable fire 

performance. The aim of this Ph.D. dissertation is to explore various flame 

retardant systems using bio-sourced FRs. In this way it is possible to combine the 

‘green’ character of these materials with the current need to provide wastes and 

by-products with further added value In view of sustainability, the use of biochar 

(BC), a solid product obtained from the thermo-chemical conversion of 

wastes/biomasses in an oxygen-limited environment, represents a renewable/bio-

sourced material that has been widely utilized in environmental management and 

agriculture. In addition, it has been exploited as a low-cost carbon sequester and a 

natural adsorbent, as well as in soil remediation and amendment, thanks to its 

remarkably stable honeycomb-like carbonaceous structure. All these peculiarities 

suggest the possibility of using biochar either as a filler in polymer composites 

with enhanced thermal and flame retardant properties, or as a component of flame 

retardant coatings, hence further widening its potential uses. In this Ph.D, 

dissertation, thermoplastic polymers have been chosen (i.e. ethylene vinyl acetate 
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and polyethylene), and with compound technique the biochar was incorporated 

into the polymers as flame retardants. Using the thermo-compression and 

injection molding processes, the specimens were molded and used for forced 

combustion and flammability tests (i.e., cone calorimeter and UL-94). 

Furthermore, various masterbatch of biochar and polymer were prepared and then 

applied to the surface of unfilled matrix by thermocompression. Both the systems 

turned out to significantly improve the overall flame retardant features of the 

polymer. In this thesis, different types of BC were used from various feedstock 

and the properties of their respective compounds were thoroughly investigated. 

 

PhD framework and objectives 

The objective of this dissertation is to investigate the effect of biochar as a 

filler for flame retardant systems. In this regard, two different polymers were 

chosen as the matrix for the study of biochar used as an alternative flame retardant 

to conventional ones. The first one is the ethylene vinyl acetate (EVA), a 

copolymer widely studied in the scientific literature because of its poor 

performance against fire and which typically requires a very high amount of flame 

retardants, even above 60 wt.%. The second one is the high-density polyethylene 

(HDPE), a commercially common polymer which, however, requires a flame 

retardant treatment in almost all applications in which it is used. The thesis project 

explores different strategies to impart a flame retardancy to the above matrices. 

For this purpose, biochars were produced starting from various biomasses or 

waste. All the new materials obtained were then thoroughly characterized. 
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Thesis structure 

The thesis is structured in the following chapters: 

- Chapter 1 introduces the topic of the flame retardancy of polymers by 

describing polymer combustion and the various types of flame retardants 

used in polymer matrices. The state of the art of these has been discussed 

and examples from the literature has been reported.  

- Chapter 2 describes the synthesis methods to produce biochar and lists its 

main properties. In addition, the state of the art regarding composite 

polymers containing biochar (BC) are reported from the literature 

focusing on polymer-biochar flame retardant systems. 

- From Chapter 3 to Chapter 7 the results of the experimental trials of the 

thesis are reported. In particular, Chapter 3 describes the pyrolysis of kraft 

lignin: both the biomass and products were investigated thoroughly, 

reporting the results obtained. Various BCs were produced and 

incorporated by compounding into ethylene vinyl acetate (EVA) to obtain 

flame retardant system that have been studied. 

- In Chapter 4 different biomasses are treated using a pyrolysis process 

designed for obtaining BC. The various BCs have been studied and used 

as filler for EVA copolymer to create innovative fire retardant systems, 

which have been characterized. 

- Chapter 5 reports experiments conducted on systems containing both BC 

and humic acid to improve the fire resistance of EVA composites. 

- In Chapter 6, experiments on Tetra Pak materials that are pyrolyzed to 

obtain char are reported. Fire retardant systems are prepared and 

characterized, and the results are presented. 

- Finally, in Chapter 7 the effect of char from Tetra Pak as flame retardant 

in high density polyethylene matrices is investigated. 
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The materials, experimental tests, and the characterization methods used to 

discuss the results are reported in the Appendix. 
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Chapter 1 

Flame retardancy of polymers 

1.1 Introduction 

 
Polymer materials are widely used in daily life due to their extraordinary 

combination of characteristics, low weight, and ease of production. In addition to 
the many benefits that polymers offer, there is one clear drawback connected to 
the high flammability of many synthetic polymers. Furthermore, polymers are 
also utilized to create thin things like films, fibers, coatings, and foams, which are 
even more flammable than molded parts. Flammability, ease of extinguishment, 
flammability of the volatile products formed, amount of heat released during 
burning, rate of heat release, flame propagation, smoke obscuration, smoke 
toxicity, and the fire scenario are all elements that affect the risk of fire [1] [2] [3]. 

Safety requirements are becoming increasingly stringent in terms of polymer 
response to fire and fire resistance performance, while several flame retardant 
additives, such as halogenated compounds, are being phased out because of their 
proven or suspected negative effects on the environment. The development of 
efficient and environmentally friendly flame retardant systems for polymeric 
materials is therefore a significant challenge. The nature and chemical structure of 
the polymer in question, its mode of decomposition, the required level of fire 
safety, as well as the overall performances of the resulting materials, play a key 
role in the assessment of effective strategies for improving polymer fire 
resistance. The design of flame retardant materials and the understanding of the 
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phenomena that occur during combustion often involve different scientific fields 
(such as macromolecular chemistry and physics, mass and heat transfer physics, 
rheology, etc.) [4]. 

It is evident that flame retardants are crucial components of polymer 
formulations for applications where polymers have a high possibility of being 
exposed to an ignition source (electrical and electronic goods), where polymers 
are easily ignited, or where the rapid spread of a fire could result in serious issues 
(related to building materials and transportation) when evacuating people [5]. 

 

1.2 Polymer combustion 

Polymers are highly combustible due to their mostly carbon and hydrogen 
chemical composition. One or more combustible species (reducing agents) and an 
oxidizing agent (usually the oxygen in the air) are required for a combustion 
reaction to occur. Typically, the procedure begins with a heat source raising the 
temperature of the polymeric material to a point where it causes polymer bond 
scissions. The volatile component of the resulting polymer fragments diffuses into 
the atmosphere and produces a flammable gaseous mixture (the fuel). When the 
self-ignition temperature is reached, which is the temperature at which the 
activation energy of the combustion reaction is achieved, this gaseous mixture 
ignites. As an alternative, the ignition occurs at a lower temperature if the fuel 
comes in contact with an intense external energy, such as a spark or a flame. 
During combustion, the fuel releases a certain amount of heat that can promote 
new decomposition reactions in the solid phase, which, in turn, generate other 
fuels [4].  

Figure 1 is used to illustrate the combustion of polymers. A loop shows the 
cyclic relationship between the two successive reactions of pyrolysis (R1) and 
oxidation (R2), which supports the overall combustion and results in a specific 
kinetic interdependence of the two reactions. Indeed, the two responses influence 
each another. Through the formation of volatiles, the rate of polymer pyrolysis 
influences the oxidation-combustion rate, which in turn affects the pyrolysis 
through the combustion heat response [6]. 
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Figure 1. The Fire Loop: FUEL = volatile pyrolysis products (G), OX = combustion products, kG 
and kOX are the overall specific rates of volatiles G products formation by polymer pyrolysis and of 

their oxidation, respectively. Reprinted with the permission from [6]. 

 

This process occurs in the solid, gaseous, and interfacial phases and includes 
several complex reactions and transport phenomena. In general, polymer 
combustion involves four main steps: ignition, pyrolysis, combustion, and 
feedback [7]. The energy required for the thermal decomposition of a polymer 
must be greater than the binding energy between the carbon atoms that are 
covalently connected. The presence or absence of oxygen in the solid and gas 
phases, have a significant impact on the decomposition mechanisms. Indeed, the 
thermal decomposition is the result of the effects of heat and oxygen. It is then 
possible to distinguish between oxidizing and non-oxidizing thermal degradation. 
The first mechanism is commonly started by chain scissions under the influence 
of temperature only, and it is called pyrolysis. Chemical defects in polymer 
chains, the presence of weak bonds, the oxygen atoms in the chain, catalyst 
residues, and previous oxidation residues, are some of the factors that affect the 
initial scission. Chain scission can take place as free radicals are produced 
(Equation (1)); in this situation, the reaction doesn't cease because these radicals 
set off a chain reaction that may happen in both oxidative and non-oxidizing 
conditions. Alternatively, the chain scission can start by migration of hydrogen 
atoms which causes the formation of a molecule with a reactive double bond 
(Equation (2)). 
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𝑹𝟏 − 𝑪𝑯𝟐 − 𝑪𝑯𝟐 − 𝑹𝟐 →  𝑹𝟏 − 𝑪𝑯𝟐 ∙  +  ∙  𝑪𝑯𝟐 − 𝑹𝟐  (1) 

𝑹𝟏 − 𝑪𝑯𝟐 − 𝑪𝑯𝟐 − 𝑪𝑯𝟐 − 𝑹𝟐 →  𝑹𝟏 − 𝑪𝑯 = 𝑪𝑯𝟐  +  𝑪𝑯𝟑 − 𝑹𝟐  (2) 

 

In oxidizing thermal conditions, a wide range of low molecular weight 
compounds (carboxylic acids, alcohols, ketones, aldehydes, etc.) is produced 
when the polymer combines with oxygen in the air. This breakdown also releases 
H· and OH·, an extremely reactive species. By means of the macromolecular 
radical recombination processes, oxidation can result in crosslinking, but bond 
scission is still the main reaction. The release of hydrogen atoms from the 
polymer chains causes a reaction that regulates the rate at which the degradation 
process spreads. Thus, the C-H bond energy determines the polymer stability 
toward oxidation. By both convection and diffusion into the layer near the surface, 
the decomposition gases produced by pyrolysis first combine with oxygen, 
produce free radicals, and then, when the critical point is reached, ignite. This 
ignition can be started by an external source (flash-ignition) or self-induced (self-
ignition). The gas combustion raises the temperature of the polymer, promoting 
pyrolysis and the creation of new combustible gases. If the polymer receives 
enough heat from the flame to keep its rate of degradation above the minimum 
value, the combustion process will continue, and the polymer will be completely 
consumed [8]. The combustion process is schematized in Figure 2. 
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Figure 2. Schematic representation of the polymer combustion cycle. Reprinted with the 
permission from [9]. 

 

The reaction of polymers to flame or heat can be defined by their 
flammability, speed of flame spread and heat release. One or more of these 
parameters must be measured by specific tests depending on the desired 
application of the polymeric material. Several small-, intermediate-, or full-scale 
flammability tests are employed in academic or industrial laboratories to screen 
materials when exposed to flame or heat. As many polymers melt and are prone to 
produce flammable drops or flow, the ability of polymers to disperse flames away 
from a fire source is critical. Therefore, it is essential to test the flammability of 
polymeric materials in environments like those in which they are usually 
employed. The heat and mass transfer properties of fires vary significantly, 
depending on factors including applied heat flux, temperature, length scales, and 
ventilation. Figure 3 shows a typical example of a fire scenario, in which three 
stages can be identified. 
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Figure 3. The stages of a fire, fire properties, and the range of fire scenarios. Reprinted with the 
permission from [10]. 

 

• Ignition. The beginning of flame is known as piloted ignition, which is 
defined by an ignition source (flame, cigarette, glow wire, etc.), 
ignition temperatures (ranging from 325 to 425 °C), and high 
ventilation. For some time, the fire only involves a small region, and 
its growth is confined. 
 

• Developing fire. This stage of the fire's development is marked by an 
external heat flux about 20 - 60 kW m-2, larger size, ambient 
temperatures above the ignition temperature (425 - 625 °C), and 
persistently high ventilation. The transition from ignition to fully 
developed fire is called flashover, and at this point all exposed 
combustible materials are included in the fire. 
 

• Fully developed fire. This stage presents a high external flux > 50 kW 
m-2, great length scales, ambient temperature above 625 °C and a low 
ventilation. This is the most critical stage of fire when the peak in the 
fire growth occurs. 
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• Decay. Following a sustained period of combustion, fire experiences a 

dramatic drop in burning rate when combustibles are exhausted, 
entering the decay phase before the flame is finally extinguished. 
 

The various characteristics of fire and materials are highlighted by these fire 
stages and can be identified as in Table 1. 

 

Table 1. Parameters identified at each stage of the fire. 

Stage Parameters 

Ignition Ignitability: time to ignition (TTI), heat 
flux for ignition, temperature at 
ignition, etc. 

Flammability: behavior under ambient 
conditions after the removal of a flame 
(extinguishing of flame). 

Developing fire Flame spreading. 

Heat rate release (HRR). 

Total heat release (THR). 

Fully developed fire Heat penetration. 

Fire resistance. 

Heat release. 

 

Most fire testing and fire science focus on specific protection objectives such 
as preventing sustained ignition, minimizing the contribution to fire spread, or 
acting as a fire barrier. Most well-established fire tests seek to recreate a specific 
realistic fire scenario and monitor a specific fire hazard or risk from a specific 
material inside that scenario [10]. The most significant tests for studying the flame 
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retardancy and thermal stability in polymeric materials are discussed in details in 
the Appendix. 

 

1.3 Flame retardants 

Flame retardant systems are designed to prevent polymers from burning or to 
slow down the combustion process. Various physical and chemical solutions have 
been developed to comply with fire safety requirements and reduce fire hazards. 
The importance of flame retardants (FRs) is highlighted in situations where 
polymers are likely to come into contact with an ignition source (such as in 
electrical and electronic applications) and where they can easily spread fire (like 
in residential and industrial buildings and transportation) [9]. Flame retardants 
affect the polymer combustion during a specific stage of this process: heating, 
decomposition, ignition, or flame spread. They are not singular events, but rather 
complicated processes, in which several distinct stages occur concurrently, with 
one stage dominating. There are different ways that physical action can slow 
down the polymer combustion [11]: 

a. through the formation of a protective layer. The additives can provide 
under an external heat flux, a shield with a low thermal conductivity, 
which can decrease the amount of heat that is transferred from the heat 
source to the material. The polymer degradation rate is therefore slowed 
down, and the "fuel flow" (pyrolysis gases produced as a result of the 
material's degradation) decreases, making it harder for flammable 
molecules to fuel the flame. 

b. By cooling. The energy balance of combustion can be influenced by the 
degradation reactions of the additives. The substrate can cool down as the 
additive degrades endothermally, which lowers the temperature needed to 
support combustion process. 

c. By dilution. The fuel is diluted in the solid and gaseous phases by the 
addition of substances and additives that produce inert gases during 
decomposition, preventing the gas mixture from exceeding its lower 
ignition limit. 

The majority of the chemical processes that interfere with combustion occur 
in the condensed and gas phases. 
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a. Condensed phase reaction. In this phase, two types of reactions are 

possible. The flame retardant can accelerate the breaking of the polymer 
by increasing the polymer flow, which leads to a separation from the 
flame that falls off. Second, the flame retardant can develop a coating of 
carbon on the polymer surface. This process, named “charring”, is the 
most common condensed-phase type of action [12]. It provides a barrier to 
heat and mass flow which prevents its transformation into flammable 
gases [13]. 

b. Gas phase reaction. The flame retardant or its degradation products 
interfere with the radical mechanism of the combustion process, which 
occurs in the gas phase. Thus, the exothermic flame processes are 
interrupted, the system cools down, and the supply of flammable gases is 
decreased until it is eventually totally suppressed. 

Additive flame retardants are typically mineral fillers, hybrids, or organic 
compounds, which are incorporated into a polymer matrix during the 
transformation process. They do not react with the polymer at this point but only 
at higher temperatures, during the degradation of the polymers or at the beginning 
of a fire.  

 

1.3.1 Halogenated flame retardants 

Halogenated flame retardants are molecules that contain the elements from 
group VII of the periodic table (i.e., F, Cl, Br, and I), as suggested by their name. 
They can have a wide range of chemical structures, from aliphatic to aromatic 
carbon substrates that have been per-halogenated (all hydrogen atoms have been 
replaced with halogen counterparts), or they can be found in inorganic forms, 
however organo-halogen compounds are more efficient as flame retardant 
additives for polymers [14]. Due to their low cost of chemical synthesis and 
efficacy in a wide variety of polymers, brominated flame retardants are the most 
extensively used [15]. Through the continuous flow of free radicals produced, 
they stop polymer combustion in the gas phase. According to Equations (3) to (6) 
(where RX is a hydrocarbon halide), high energy OH and H radicals produced 
during combustion interact with free radicals released by the flame retardants. 
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𝑹𝑿 → 𝑹 ∙ + 𝑿 ∙        (3) 

𝑿 ∙  + 𝑹′𝑯 →  𝑹′ ∙  + 𝑯𝑿      (4) 

𝑯𝑿 +  𝑯 ∙ → 𝑯𝟐 +  𝑿 ∙       (5) 

𝑯𝑿 +  𝑶𝑯 ∙ →  𝑯𝟐𝑶 +  𝑿 ∙      (6) 

 

The primary aspect affecting the effectiveness of halogenated FRs is the type 
of halogen involved. Halogenated bromine- and chlorine-based FRs present low 
bond energies of connection with carbon atoms in polymers. They can thus easily 
participate in the combustion process with the previously mentioned mechanism. 
In relation to polymer fire retardancy, more thermally stable forms like fluorine 
compounds are not common. Fluorine radicals are typically released at very high 
temperatures, far above the point at which most polymers begin to decompose. 
Due to their poor thermal stability, iodine-based compounds are therefore not very 
frequent in thermoplastic polymers. Indeed, they typically release halogen radicals 
in the temperature range where many polymers are processed. Due to their 
exceptional performance, five compounds based on brominated FRs are 
particularly used, namely: TBBPA (Tetrabromobisphenol A), HBCD 
(Hexabromocyclododecane), PBDE (Polybromodiphenylether), and TBPA 
(Tetrabromophthalic anhydride) [9] [16]. However, due to their intrinsic toxicity, 
the possibility that they could produce polybrominated dioxins and furans, and 
their severe effects on the environment, the use of some brominate flame 
retardants is limited. They also have the potential to produce large amounts of 
corrosive gases, which can have disastrous effects in confined spaces, as they 
corrode metal parts and damage sensitive electronics [7]. 

 

1.3.2 Hydroxides 

By decreasing the overall amount of fuel, the rate of oxygen diffusion into the 
polymer bulk, and by improving the heat capacity, thermal conductivity, 
reflectivity, and emissivity, the incorporation of any non-combustible filler 
decreases the flammability of a polymer. Additionally, some inorganic materials 
exhibit endothermic decomposition with the production of inert gases or vapors, 
potentially increasing their fire-retardant properties. Their degradation must take 
place within a small window above the polymer processing temperature, but at or 
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below its decomposition temperature, in order to be successful. Group II or III 
carbonates or hydroxides are the most suited materials. In addition to the 
previously mentioned inert filler effects, they contain three additional fire-
retardant properties. Indeed, they are able to thermally decompose by absorbing 
heat and consequently cooling the surrounding polymer. In addition, they can 
produce inert gases, such as water or carbon dioxide, capable of extinguishing the 
flame. Finally, they can lead to the accumulation of an inert layer on the 
degrading polymer surface. This layer acts as a shield for the incoming radiation 
and as a barrier to oxygen [17] [18]. Typical examples of this class of FRs include 
aluminum trihydrate (ATH) and magnesium hydroxide (MH). Polymer systems 
with adequate decomposition temperatures must be chosen based on their 
endothermic decomposition temperatures. When incorporated in polymers with 
higher processing temperatures, such as polyamides, endothermic degradation of 
ATH, which occurs between 180 and 220 °C, will result in a diminished flame 
retardant effect. The best option for these systems is MH (with an endothermic 
decomposition temperature > 300 °C). However, a well-known significant 
disadvantage of metal hydroxides is the high loading levels necessary (usually > 
50 wt.%) for appropriate flame retardancy, which frequently causes processing 
challenges and loss in other crucial polymer properties [7].  

A typical example of the use of ATH and MH refers to their incorporation in 
ethylene vinyl acetate (EVA) copolymer [19]. The characterization of composites 
filled with ATH at 50 and 60 wt.%, performed by Cross et al. [20], showed a 
substantial decrease in peak of heat rate release (pkHRR) from 1404 to 472 and 
322 kW m-2, respectively, while the same composites with MH reduced the 
pkHRR to 538 and 432 kW m-2. The Limiting Index Oxygen (LOI) values were 
increased up to 32.2% with respect to 20.2% value of unfilled EVA. In this last 
case, the effect of ATH and MH fillers were, as expected, significantly better than 
the materials filled with the same amount of an “inert” filler like CaCO3. In 
addition to their flammability, the mechanical properties of composites with 
inorganic filler are inevitably affected. Some mechanical properties of polymers 
may be negatively impacted by the large amount of filler addition, such as 
elongation at break and tensile strength [21]. As an example, Hobson et al. [22] 
demonstrated the fire retardant effect of EVA- magnesium hydroxide composites 
(MH loading from 50 to 55 wt.%) and studied their mechanical properties. The 
results show an increase in elastic modulus, from 17 to 76 MPa, accompanied by a 
significant decrease of elongation at break (from 722 to 167 %) and tensile 
strength (from 18.6 to 9.1 MPa). Furthermore, Camino et al. [23] reported the 
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mechanical behavior of EVA-based composites filled with 50 wt.% of MH and 
ATH: a substantial decrease in ultimate strength and elongation at break was 
reported compared to unfilled EVA. In this case, the elongation at break and 
tensile strength of the composites dropped by 66 and 65%, respectively, compared 
with unfilled EVA. 

 

1.3.3 Phosphorous-based compounds 

Phosphates, phosphonates, phosphinates, phosphine oxides, phosphates, and 
red phosphorus are only a few of the very numerous phosphorus-based flame 
retardant composites available. These phosphorated flame retardant substances are 
known to be active in the condensed and/or vapor phases and can be utilized as 
additives or introduced into the polymer chain during its production. The 
phosphorus-based flame retardants perform exceptionally well with oxygen-
containing polymers (polyesters, polyamides, cellulose, etc.) in the condensed 
phase. Most of them cause thermal degradation, which produces phosphoric acid, 
which rapidly condenses and liberates water [24]. The oxidizing gas phase is 
diluted by the water emitted. Additionally, the dehydration reaction of the 
terminal alcohols can be catalyzed by phosphoric acid, resulting in the creation of 
carbocations and carbon-carbon double bonds. This may then cause the formation 
of crosslinked or carbonized structures at high temperatures. The char formation 
then occurs in combination with the carbonized residues and the phosphate 
anions. The polymer is thus protected from the flame by the carbonized layer 
(char), which also inhibits fuel volatilization and prevents the production of new 
free radicals, restricts oxygen diffusion (which decreases combustion) and 
insulates the polymer from heat. Additionally, phosphorus-based flame retardants 
have the ability to volatilize into the gas phase, where they can produce active 
radicals: HPO2·, PO·, PO2·, and HPO·, in decreasing order of significance. 
Phosphorous-based flame retardants perform remarkably better in polymers 
containing oxygen or nitrogen. Thus, it is important that the polymer chain 
contains these atoms. A strongly charring co-additive must be added in 
combination with the phosphorous-based flame retardant if the polymer is unable 
to contribute to charring due to a lack of appropriate reactive groups [4]. Among 
phosphorus-based flame retardants, a distinction should be noted between 
elemental red phosphorus, inorganic phosphates, numerous organic phosphorus 
products, and chlorophosphates.  



 13 

 
 Red phosphorus is the most abundant source of phosphorus for flame 

retardancy and it is very effective in such polymers as thermoplastic, polyesters or 
polyamides. One proposed mechanism of action is the reaction of red phosphorus 
with oxygen- or nitrogen- containing polymers that causes the char production 
[25] [26]. An additional mechanism involving depolymerization of red 
phosphorus into white phosphorus (P4) has been proposed. P4 can either diffuse 
from the bulk of the polymer to the burning surface, where it is oxidized to 
phosphoric acid derivatives that can possibly come into interaction with the flame 
and generate phosphoric acid, or it can volatilize at high temperatures and act in 
the gaseous phase. This phosphoric acid may behave as a catalyst for the 
formation of char, interrupting oxygen absorption and fuel volatilization [27] [28]. 
Red phosphorus, however, has a significant drawback. Due to its weak thermal 
stability, it can emit extremely toxic phosphine (PH3) during the melting process 
when it reacts with moisture. Interestingly, red phosphorus can be polymerically 
encapsulated previously to prevent phosphine formation, which can also increase 
its efficiency as a flame retardant [29].  

 Among the inorganic phosphates, the inorganic salt of polyphosphoric acid 
and ammonia is known as ammonium polyphosphate (APP). This polymeric 
molecule has a variable chain length (n), which can be higher than 1000. In 
comparison to longer-chain APPs, which have very low water solubility, short and 
linear chain APPs are more water sensitive and less thermally stable. At 
temperatures above 300 °C, long-chain APPs begin to break down into 
polyphosphoric acid and ammonia. Above 150 °C, short-chain APPs start to 
decompose. Therefore, it is crucial to choose a suitable APP in relation to the 
decomposition temperature of polymers. In general, the incorporation of APP 
causes char formation in such materials as polyesters [30] [31], polyamides [32] 
[33], and polyurethane [34] that contain oxygen and/or nitrogen. A phosphate that 
has been crosslinked and a polyphosphoric acid with a highly crosslinked 
structure are the results of the thermal decomposition of APP, which releases free 
acidic hydroxyl groups that condense by thermal dehydration. When incorporated 
into polymers containing oxygen or nitrogen, polyphosphoric acid catalyzes the 
dehydration process and the production of char. APP can affect the polymer 
degradation process in non-self-charring polymeric materials. Although many 
organ-phosphorus derivatives exhibit flame retardant properties, the nature of the 
polymer of destination and the processing temperature limit the number of 
commercially significant ones. Phosphate esters, phosphonates, and phosphinates 
are the principal categories of organophosphorus chemicals [35]. 
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Feng et al. [36] prepared via melt blending EVA-based composites containing 

APP and a charring agent (CNCA-DA), finding the 3:1 ratio of APP to CNCA-
DA to be optimal. Indeed, with this ratio, a LOI value greater than 27.0 % and a 
UL-94 V-0 classification was obtained with a charge amount starting from 20 
wt.% of FR. Furthermore, the cone calorimetry results highlight a significantly 
overall decrease in HRR, THR and SPR parameters with addition of FR, which 
confirms that the FR system has an effective flame retardant and smoke 
suppressant effect. Specifically, the composite containing 25 wt.% of FR showed 
a decrease in pkHRR of up to 776 kW m-2 (62.6 % less than pure EVA), a THR of 
131 MJ m-2 (163 MJ m-2 for pure EVA), and a decrease in SPR values from 0.077 
of EVA to 0.043 m2 s-1. 

To increase the fire resistance of EVA, Bonnet et al. [37] studied a hybrid 
material based on EVA that contains silicon and phosphorus. The ethoxysilane 
groups from diethylphosphatoethoxysilane (SiP) and the acetoxy groups from 
EVA were exchanged to create the hybrid material. Cone calorimetry results 
indicated a synergistic effect between silicon and phosphorus on the thermal and 
fire properties. Indeed, for low amounts of filler (1.3 wt.% of silicon and 1.4 wt.% 
of phosphorus), a compact burned layer was developed and the pkHRR for EVA 
hybrid materials was found to be 35% lower than that of unfilled EVA.  

   

 

1.3.4 Nitrogen-based compounds 

 The use of nitrogenous substances such as melamine, triazine, urea 
derivatives is currently growing. Among the nitrogen-containing chemicals, 
melamine (or its salts, such as melamine cyanurate, melamine phosphate, 
melamine pyrophosphate, and melamine polyphosphate) is the most widely used. 
Melamine can be combined with strong acids to generate thermally stable salts. 
Commercially available forms of melamine for various flame retardant uses 
include melamine itself, melamine cyanurate, melamine phosphate, melamine 
pyrophosphate, and melamine polyphosphate. Since there is phosphorus in the 
molecule, melamine phosphates also have positive features. Melamine is a 
thermally stable crystalline that sublimates at about 350 °C. Significant energy is 
absorbed during sublimation, lowering the temperature at the polymer surface. 
Melamine decomposes at high temperatures with the removal of ammonia, 
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leading to the dilution of oxygen and flammable gases and the creation of 
thermally stable condensates known as melam, melem, and melon [38]. This 
process prevents melamine volatilization and it is amplified if melamine 
volatilization is prevented, such as by trapping in the charred polymer. Melamine 
contributes to residue formation in the condensed phase, while ammonia dilutes 
the flame with incombustible gases. Melamine-based salts separate upon heating, 
and the newly produced melamine volatilizes similarly to pure melamine. 
However, compared to pure melamine, more of the melamine in melamine salts 
moves through progressive condensation, increasing the contribution of salts in 
the condensed-phase. If the anion is phosphorus-containing, the phosphoric acid 
that is generated will phosphorylate the polymer chains and have a similar flame-
retardant effect to other common phosphorus-based additives [5].  

Camino et al. [39] designed EVA systems containing a combination of 
melamine phosphate (MP) and phosphate-phosphonate substituted trimethylamine 
(I) which were able to increase the LOI values of EVA. The fire retardant effect 
for separate I and MP appears to stabilize (LOI = 23 %) above 13.6% for I and 
22.7% for MP. Although their combination contributes additively to the growth of 
LOI of EVA up to LOI = 23 %, beyond this value there is evidence of synergistic 
action for compositions prepared with a weight ratio of I/MP in the range of 0.2 
and 4.1, with a total FR loading of 20 - 30%. The maximum synergistic impact 
with higher loading was observed with an I/MP = 3:1 ratio. 

In an interesting study, Luyt et al. [40] prepared six FR formulations mixing 
commercial N- and P- containing FRs and investigated their incorporation in 
different grades of LDPE and LLDPE, to evaluate their effects on thermal 
stability and fire-resistance. A FR formulation of a triazine derivative and APP 
(ratio of 1:3 and a total loading of 35 wt.%) was incorporated by melt blending in 
LDPE, reaching V-0 rating in UL-94 test and enhancing the thermal stability of 
the polymer (starting degradation temperature > 15 °C with respect to unfilled 
LDPE). Also in these cases, the mechanical properties of the polymers are 
subjected to significant modifications when the FRs were added. The values of 
tensile strength and elongation at break of LDPE decreased by 23-34%, while 
Young's modulus increased by 15 and 54%, depending on the FR used. In 
addition, the melt flow rate (MFR) values of the polymers decreased by more than 
50 %, highlighting higher melt viscosity. 
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1.3.5 Intumescent systems 

The original purpose of intumescent systems was to provide fire protection for 
fabrics, wood, and coatings. Intumescence is based on the development of an 
expanded carbonized layer on the polymer's surface when exposed to heat or fire. 
As an insulating barrier, this layer prevents heat transfer from the heat source to 
the polymer surface. Additionally, it limits the oxygen diffusion into the matrix as 
well as the transfer of fuel from the polymer to the flame. In general, three 
elements are needed to create an intumescent system: 

• an acid source: an inorganic acid, acid salt, or another acid that promotes 
the dehydration of the carbonizing agent;  

• a carbonizing agent: a carbohydrate that the acid dehydrates to form char;  

• a blowing agent: a substance that decomposes and releases gas, which 
causes the polymer expansion and creates a swollen multicellular layer 
(melamine, guanidine, urea, chlorinated paraffins). To cause the growth of 
the carbonized layer, the gas must be released during the thermal 
degradation of the carbonizing agent. Table 1 lists some typical examples 
of the elements used in intumescent systems [41]. 

 
Table 2. List of typical elements used in intumescent systems [41]. 

Acid source Carbonization agent Blowing agent 

Acids: phosphoric, 
sulfuric, boric Carbohydrates: starch, 

dextrins, sorbitol, 
pentaerythritol, mannitol, 

methylol melamine, 
phenol-formaldehyde 

resins 
Urea, urea-formaldehyde 

resins, dicyandiamide, 
melamine 

Ammonium salts: 
phosphates, 

polyphosphates, borates, 
polyborates, sulfates, 

halides 

Amines-amides: urea 
with phosphoric acids, 
melamine phosphate 

Char former polymers: 
PA-6, PA-6/clay 

nanocomposite, PU, PC, 
etc.. 

Organophosphorus 
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compounds: tricresyl 

phosphate, alkyl 
phosphates, haloalkyl 

phosphates 

 
Intumescent char production is a challenging process requiring rheology (char 

expansion phase and viscoelasticity), chemistry (charring), and thermo-physics 
(heat and mass transfer) conditions. Heat conductivity (heat transfer), viscosity 
(expansion), kinetic parameters (dynamic of decomposition), size and distribution 
of the cells (structure and morphology), and chemical composition are among the 
factors to be considered. The following sequences of events occur during the 
development of intumescence phenomena: 

1. Inorganic acid is released at certain temperatures. 
2. At slightly higher temperatures than that for the acid release, the acid 

esterifies the substances rich in carbon. 
3. The mixture of substances melts either before or during esterification. 
4. The ester decomposes by dehydration, leading to the formation of an 

inorganic carbon structure. 
5. The carbonizing substance foams due to degradation products and 

gases generated from the aforementioned reactions. 
6. As their reaction is almost over, gelation and then solidification take 

place, producing a multicellular foam as the final solid. 

A common example is the system composed of polypropylene (PP), 
ammonium polyphosphate (APP), and pentaerythritol (PER) [42] [43] [44]. In the 
first stage (T < 280 °C), the reaction between the acidic species (APP and its 
decomposition products) and the char former agent (PER) results in the 
production of esters mixtures. The carbonization process occurs at about 280°C 
mostly via a free-radical process. In a subsequent step (between 280 °C and 350 
°C), the blowing agent decomposes to produce gaseous products, with the 
subsequent char swelling. At around 430°C, the intumescent substance begins to 
degrade and loses its foamed characteristics. At the same time, between 280°C 
and 430°C the heat conductivity of char drops and the insulating capacity of the 
underlying material [45] [46]. In fact, the basic objective of an intumescent 
coating is to provide an insulating layer on the surface of the substrate to reduce 
heat transfer and/or diffusion. The thermal conductivity of intumescent chars is 
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extremely low if the char's structure is suitable, thus preventing heat transfer from 
the heat source to the substrate [47]. 

Le Bras et al. [48] investigated the combustion behavior of an EVA-based 
intumescent flame retardant system containing APP-PA6. The results of cone 
calorimetry showed a significantly different shape of the HRR curve of the 
composite compared with that of unfilled EVA (Figure 4). Indeed, intumescence 
development occurred up to 110 s with a sharp increase in HRR until a plateau 
was reached due to the formation of a stable intumescent protective layer. The 
flame retardant effect highlighted a remarkable decrease in pkHRR and an 
increase in TTI from 50 to 75 s. 

 

Figure 4. HRR vs time curves of EVA and its composite containing APP and PA-6. Reprinted 
with the permission from  [48]. 

 

1.3.6 Nanoparticles 

Due to their exceptional behavior at the nanoscale, nanoparticles (NPs) have 
the potential to greatly modify a variety of properties of composites. The huge 
types of available NPs contribute to the significance of NP technology and 
applications. In comparison to micro particles, NPs have larger surface-to-volume 
ratios and surface energies, which promote stronger interactions with other NPs. 
The physical and chemical properties of composites are improved by NPs 
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incorporation depending on their dispersion and affinity to the matrix, as well as 
on the NP size [49]. When the NPs are well dispersed in polymer matrices, NPs 
have been shown to enhance the thermal, mechanical, and fire resistance. 
Additionally, they account for a significant reduction in the loading rate compared 
to micro-particles. More specifically, each form of NP contributes differently to 
flame retardancy depending on its chemical structure and geometry [50]. The 
geometry of NPs has, indeed, a significant impact on the flame retardant effect; 
NP can be classified by their geometry: 

• layered particles with one nanometric dimension, such as 
nanoclays (i.e., montmorillonite), and referred to as 2D materials; 

• fibrous particles with two nanometric dimensions (1D materials) 
and elongated structure, such as sepiolite and carbon nanotubes; 

• particulate such as polyhedral oligosilsesquioxane (POSS) and 
spherical silica nanoparticles (0D materials). 

The combination of polymer matrices and nano-additives plays a significant 
role in the effect of thermal stability and fire performance of polymer 
nanocomposites. For instance, in the case of clay, it is proposed a barrier 
mechanism [51] in the condensed phase during burning [52], schematized in 
Figure 5. Under pyrolysis conditions, the clay produces a char-like structure that 
performs as a thermal barrier, preventing further exposure of the polymer matrix 
to heat and oxygen; consequently, it prevents the mass transportation of the 
degradation products to the polymer's surface. By acting as a thermal barrier for 
the condensed phase, it can improve the thermal stability and fire resistance of the 
polymer.  
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Figure 5. Mechanism of formation of the clay barrier during combustion of a polymer matrix 
composite. Reprinted with the permission from [53]. 

 

According to research, clay can have a qualitative impact on polymer 
degradation [54]. The degradation process of the polymer matrix can be 
dramatically altered by the presence of clay, because this latter promotes the 
creation of oligomers rather than monomers [55]. The stability of the radicals 
formed during the thermal degradation of the matrix has a significant impact on 
how clay affects the thermal and fire resistance of polymer matrix: a stable 
polymer radical improves fire resistance more efficiently. The addition of clay 
promotes one degradation pathway rather than another when a polymer, like PS, 
degrades through multiple pathways. This often favors oligomers and causes the 
polymer matrix to degrade more slowly than the pure polymer. However, this is 
not the case for other polymers that degrade through only one pathway, such as 
PMMA; in these cases, the clay may not promote the formation of other 
degradation products. The way that clays improve the thermal and fire resistance 
of the polymer matrices can also be utilized to understand how CNTs and other 
nanoadditives work. The main method, through which nanoadditives improve the 
thermal and fire resistance of the matrix polymer is by forming a continuous 
carbon barrier on its surface. This barrier can significantly shield heat and oxygen 
from the polymer matrix, thus slowing down the burning process [56] [57]. 

Duquesne et al. [58] studied the fire performance of EVA-nanoclay systems at 
3 to 10 wt.% filler loadings. The results showed a remarkable reduction in pkHRR 
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(from 28 to 47 %, depending on the loading) when clay was added to EVA due to 
the formation of a clay barrier on the surface of the material, which slows down 
the evolution of degradation products. The effect of decreasing pkHRR was most 
effective when the amount of clay incorporated increased, though low filler 
loadings were used. 

 

1.3.7 Bio-based flame retardants 

Due to their accessibility and growing awareness of the environmental 
challenges associated with the increased use of fossil fuels, innovative flame 
retardant solutions based on renewable resources are currently attracting 
considerable interest. In addition, the development of bio-based flame retardant 
systems is helpful in supporting the increasing use of bio-based polymers in 
various technical fields, while preserving their sustainability and positive 
environmental impact [59].  

Biobased compounds typically refer to materials that can be obtained or 
derived from biomass, defined as the organic matter present on earth; it consists of 
microorganisms, animals, and plants. A review of the chemical composition of 
biomass provided the general classification of biomass into groups, subgroups, 
varieties, and species [60]. The following elements, listed in decreasing order of 
abundance, are the most prevalent: C, H, N, Ca, K, Si, Mg, Al, S, Fe, P, Cl, Na, 
Mn, and Ti, even though this composition greatly varies depending on the group 
[61]. 

This way, the "green" qualities of these materials can be combined with the 
existing requirement to provide wastes, by-products, and crops with more added 
value within the context of the circular economy . In the literature, there are 
numerous examples that demonstrate the effectiveness of using 
biomacromolecules or bio-sourced compounds as low environmental impact 
flame retardants (FRs) [62] [63] [64] [65]. These examples include tannins, phytic 
acid, banana pseudostem sap, lignin, to name just a few. In fact, the chemical 
nature of these biomacromolecules and bio-sourced products includes phosphorus, 
nitrogen, and/or sulfur, which are typically needed to create efficient flame 
retardants [66]. As example, Alongi et al [67] investigated the flame retardant 
effect of deoxyribonucleic acid (DNA) for EVA copolymer. For this purpose, 
specimens both adding the DNA in bulk by melt blending and as a surface coating 
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were prepared via hot compression. These systems provided a fire retardant effect 
to the polymer, reducing the peak of HRR (-36 and -77% for bulk and coated 
specimens, respectively) and increasing the TTI by 228 s (+380 %) for coated 
specimen, demonstrating the efficiency of DNA as a char former and thermal 
shield for EVA.  

In terms of sustainability, biochar (BC), "the solid product obtained by the 
thermo-chemical conversion of wastes/biomasses in an oxygen-limited 
environment", is a renewable/bio-sourced material that has been extensively used 
in environmental management and agriculture. Due to its remarkably stable 
honeycomb carbonaceous structure [68] [69], it has also been used as a low-cost 
carbon sequester [70] [71], a natural adsorbent, soil remediation and amendment 
product. All these features point out the potential for employing biochar as a filler 
in polymer composites with improved thermal and flame retardant properties [72] 
or as a component of flame retardant coatings for fabrics [73], thus expanding its 
range of potential applications [74]. This topic will be discussed in detail in the 
next chapter. 
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Chapter 2 

Biochar 

2.1 Introduction 

Biochar is defined as the solid product obtained from the thermochemical 
conversion of biomass in an oxygen-limited environment. Numerous organic 
wastes, including agricultural waste and municipal solid waste, can be utilized as 
feedstock to produce biochar. However, due to their physical, chemical and 
biological characteristics, biochar is an adaptable material that can be used in a 
wide range of applications. It is generally considered a soil modifier, which can 
capture carbon and improve soil health by retaining nutrients and water. In 
addition, its high potential exploitability in various sectors, including construction, 
wastewater treatment, water purification, CO2 capture, power generation, energy 
storage, and soil improvement to increase soil fertility and carbon sequestration, 
has been explored in recent decades [75] [76] [77] [78] [79] [80]. For these 
reasons, biochar has gained a great attention from both industry and academia 
[81]. Indeed, the number of publications using the term "biochar" in the topic has 
been gradually increased, demonstrating a growing interest in biochar research 
within the scientific community (Figure 6), expanding to multidisciplinary areas 
for scientific research and engineering applications. 
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Figure 6. Documents by year containing the word “biochar” between 2007 and 2022 [data from 
scopus.com]. 

 

2.2 Synthesis methods 

The biochar production involves a wide variety of raw materials, including 
woody materials, solid waste, food waste, and animal feed [82]. Several 
processes, including pyrolysis, gasification, torrefaction, and hydrothermal 
carbonization, are employed to produce BC. The main techniques mentioned are 
discussed in the following sections. 

 

2.2.1 Pyrolysis 

Pyrolysis is a process for thermal decomposition organic substances in an 
oxygen-limited atmosphere between 400 and 900 °C [83]. The purpose of 
pyrolysis is to maximize the production of high-value products from biomass 
conversion. The three components of biomass (i.e., cellulose, hemicellulose, and 
lignin) follow separate reaction pathways during thermal decomposition, 
including cross-linking, depolymerization, and fragmentation. For generic 
biomass, the main decomposition processes take place between 200 and 500 °C 
[84] [85] [86] and proceed according to four steps: partial hemicellulose 
decomposition, entire hemicellulose decomposition to partial cellulose 
decomposition, entire cellulose and partial lignin decomposition, and successive 
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decomposition and increasing degree of carbonization [87] [88]. This process 
results in a formation of different products, comprising solid, liquid, and gaseous 
compounds. The first two products are known as biochar and bio-oil, respectively, 
while the gas is a mixture that contains CO, CO2, H2, and C1-C2 hydrocarbons. 
The types of raw biomass sources and the specific pyrolysis treatments determine 
the yields of the pyrolysis products. The reaction temperature, heating rate, and 
residence time are factors that affect the end products of pyrolysis operations. 
Usually, when the pyrolysis temperature rises, the amount of biochar decreases 
and the yield of syngas increases [89] [90] [91]. Depending on the heating rate 
and vapour residence time, pyrolysis processes are classified as slow pyrolysis, 
fast pyrolysis and flash pyrolysis. 

Slow pyrolysis is performed with a slow heating rate, low temperature, and 
extended residence time. As an example, wood will provide 30-35% biochar, 45-
50% bio-oil, and 20-25% gas when subjected to slow pyrolysis with a low heating 
rate at temperatures between 400 and 500 °C [92]. The results of numerous 
research findings show that as the pyrolytic temperature rises, the carbon content 
also tends to increase. On the other hand, when the pyrolytic temperature 
increases, the concentration of nitrogen, hydrogen, and oxygen decreased [93] 
[94]. However, it was found that the distribution of nitrogen in biochar varied 
among different biomasses but was mostly unaffected by the temperature of 
biochar formation [95] [96].  

Fast pyrolysis usually aims to yield a large amount of liquid product [97]. The 
vapor residence time is kept short and quick cooling is used to increase the yield 
of the liquid product, while the gas production caused by secondary cracking is 
minimized [83] occurring at a high heating rate, with quick residence time. The 
principal yield of fast pyrolysis is bio-oil, which ranges from 50 to 80% on a dry 
basis and is produced by the condensation of condensable gases [98].  

Flash pyrolysis is a potential method to convert biomass into solid, liquid, and 
gaseous fuels obtaining a yield of bio-oil up to 75%. Specifically, depending on 
the feedstock employed, this method yields 15–25 wt.% of biochar, 60–75 wt.% 
of bio-oil, and 10–20 wt.% of non-condensable gases [99]. The specific conditions 
required for this process include: inert environment, rapid heating, high reaction 
temperatures (up to1000 °C), and a short gas residence time (less than 1 s) [100]. 
The main parameters that differentiate the various pyrolysis processes are listed in 
Table 3. 
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Table 3. Values of the key operating parameters for different pyrolysis processes [101]. 

Pyrolysis 
technology 

Solid 
residence time 

(s) 

Heating rate 
(°C s-1) 

Temperature 
(°C) 

Slow 450 – 550 0.1 – 1 400 – 675 

Fast 1 – 10 10 – 200 575 – 975 

Flash <1 >1000 775 – 1000 

 

The choice of a reactor for a specific pyrolysis process is a key operation. As 
pyrolysis technology development continues, several reactor designs have been 
explored to improve pyrolysis performance and produce high-quality products. 
Each reactor type has unique features, yielding capacities, benefits, and 
drawbacks [92].  

Among the various types of reactors, fluidized-bed reactors are suitable for 
fast pyrolysis. A pressurized fluid is flowed through solid particulate matter to 
create a fluid-solid mixture with fluid-like characteristics. Therefore, the system 
provides a fast heat transmission, controlled pyrolysis reaction and gas residence 
time, high surface area of contact fluid-solid, and good heat/mass transfer, which 
causes the feedstock particles to heat up quickly [102]. An example of this system 
is presented in Figure 7. 
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Figure 7. Schematization of a fluidized-bed reactor system. Reprinted with the permission from 
[103]. 

 

If biochar generation is the goal, fixed-bed reactors are typically used for slow 
pyrolysis. A carrier gas enters the reactor and passes through the bed to flow out 
the condensable and non-condensable gases to the condensers. Due to its simple 
design, the fixed bed reactor is typically employed at the laboratory or bench size 
[104], as shown in Figure 8. 

 

Figure 8. Scheme of a fixed-bed reactor system. Reprinted with the permission from [105]. 
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Finally, a wide variety of reactors are used in the pyrolysis process, the most 
common include plasma pyrolysis reactors, ablative reactors, vacuum pyrolysis 
reactors, rotating cone reactors [92] [104]. 

 

2.2.2 Gasification 

Gasification is a thermochemical partial oxidation process that produces 
gaseous products from carbonaceous sources including biomass, coal, and 
polymers. Gasification agents such as air, steam, oxygen, CO2 or gas mixture) are 
used for this process. Gaseous products (H2, CO, CO2, N2, etc.), liquid products 
(tar and oil), and solid products (char and ash) are all produced during the 
gasification process. The production of biochar is only about 5-10% of the amount 
of the initial biomass because gasification is intended to produce gaseous products 
[106] [107]. The mechanism of gasification can be divided into four stages, 
although the differences in temperature and pressure between one phase and 
another make it difficult to distinguish them clearly: drying, pyrolysis, 
oxidation/combustion, and gasification. Drying is necessary to remove biomass 
moisture when its content is too high. Pyrolysis occurs at temperatures around 400 
°C, decomposing the thermally weak components of biomass and generating char, 
gases, and liquids. During the pyrolysis process, gases such as H2, CO, CO2, H2O, 
and small molecular mass hydrocarbons like CH4 are produced. Most of the liquid 
result is tar made of low molecular weight organic material. The reaction 
temperature, pressure, and heat rate conditions affect the composition of the 
products. The energy needed for gasification reactions is mostly derived from the 
oxidation and combustion of certain gas species as well as char. The gasification 
agent introduced into the gasifier reacts with combustible species, generating CO, 
CO2, and H2O, as well as the char created during the pyrolysis process. Through 
several gasification processes, the char formed during the pyrolysis stage is 
converted into CO, CH4, and H2. The factors that affect gasification are the 
processes temperature, gasification agent type, agent-biomass ratio, and pressure 
involved [83]. 
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2.2.3 Hydrothermal carbonization 

When the moisture content in a biomass is low, techniques like pyrolysis and 
gasification can give significant product yields with little energy waste. However, 
most biomass materials have significant moisture contents: therefore, a separate 
drying phase is necessary to produce high product yields and consume less energy 
during the process. Hydrothermal procedures are able to overcome this issue. In 
fact, water and biomass are mixed in a closed reactor and the temperature is 
increased to stabilize the process. Additionally, increased pressure is required to 
keep water in a liquid state over 100 °C. The primary byproducts of a 
hydrothermal method vary according to the employed temperature and include 
biochar [108] [109], bio-oil, and gaseous products (CO, CO2, CH4, and H2 [110], 
respectively for processes below 250 °C, between 250-400 °C, and above 400 °C. 
The reaction temperature, pressure, residence time, and water content of the 
biomass are the primary factors controlling the properties of the products [111] 
[112]. Finally, the char produced by the hydrothermal carbonization method has a 
greater carbon content than the char produced by dry techniques [83] [113]. 

 

2.2.4 Torrefaction 

Torrefaction is a thermal process that involves low temperatures and can be 
used to convert biomasses for energy purpose [114] . Long residence and 
processing times at temperatures between 200 and 350 °C induce the biomass to 
release both moisture and carbon dioxide. As a result, high yields of solid 
products with a lower O/C ratio are obtained [115] [116]. 

 

2.3 Properties 

2.3.1 Density and porosity 

Through the processes of pyrolysis and carbonization, biomass is converted 
into carbon-rich microporous materials with a highly developed porous structure 
[117]. The characteristics of the raw materials and carbonization techniques 
employed in this process are related to the properties of biochar [118]. The 
composition, inclusions, and cellulose and lignin content of the various biomasses 
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affect how the structure  of the resulting BCs. The carbonization temperature has a 
significant impact on the structure of the biochar as well. It is commonly accepted 
that the biochar aromatic carbon structure and nanopore size both increase as the 
carbonization temperature rises. However, some microporous structures on the 
surface of biochar may be broken at temperatures above 700 °C, and the carbon 
skeleton structure of biochar will become unstable at temperatures above 800 °C 
[119]. Consequently, the BC bulk density decreases with treatment temperature. 
Indeed, during the pyrolysis process, a porous char is left behind as the gases 
devolatilize from the biomass structure [120].  

 

2.3.2 Elemental composition 

Biochar typically contains the following elements: C, H, O, N, S, P, K, Ca, 
Mg, Na, and Si. Among these, C has the highest content (usually above 60%), 
followed by H, O and N, while other elements are typically found in ashes [121]. 
Aromatic carbon, which is deposited in an irregular structure of stable aromatic 
rings, composes most of the carbon in biochar [117]. The accessible nitrogen 
content of biochar is quite low because most of the nitrogen is concentrated on the 
surface in a C-N heterocyclic structure [122]. Biochar has a considerably low P 
content. The P availability varies significantly, and the carbonization temperature 
has a negative correlation with it. The high pH of BC and phosphates with Ca and 
Mg created during carbonization may affect this variation [123] [124]. The 
concentrations of K, Ca, Mg, and Na vary depending on the kind of biochar, with 
livestock manure biochar having the greatest contents, followed by herbaceous 
and woody plant biochar. In biochar, low valence metal ions, like K and Na, are 
more readily available than high valence metal ions, such as Al, Ca, and Mg. 
Generally, raw materials, carbonization conditions and pH influence the elemental 
composition and activity of biochar [123] [125]. 

 

2.3.3 Specific surface area 

The specific surface area of biochar varies from 1.5 to 500 m2 g-1 [126] [127] 
and increases as the pyrolysis temperature increases in a specific range [128]. At 
low temperatures, the inner pore structure of biochar is filled with volatiles, tars, 
and other products derived from the thermal degradation of biomass, which 
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reduces the specific surface area. These compounds decompose and release 
volatile gases as the temperature rises, which causes the reduction of the pores in 
the biochar but an increase in their number, leading to more microporous 
structures and larger specific surface areas [129]. As the temperature rises, a 
plateau is reached in the specific surface area of the biochar. The specific surface 
area decreases with rising temperature when the temperature surpasses the critical 
value, most likely because of the collapse of the microporous structure and the 
expansion of the micropores [130]. 

For some applications, knowing the total surface area alone may not be 
sufficient. For instance, although having a huge surface area, some gases may not 
be able to easily access the biochar small pores, which would restrict the biochar 
capacity to adsorb a particular gas. Similarly, an abundance of pores in the order 
of nanometers has no effect on water accessible to plants, because they cannot 
overcome the capillary forces that keep water in these small pores [131]. 

 

2.3.4 Surface functional groups 

Numerous functional groups, including carboxyl, carbonyl, and hydroxyl 
groups, are present in biochar. Many of these functional groups are either oxygen-
containing or alkaline, giving biochar good hydrophilic or hydrophobic properties, 
and ion exchange capacity [132]. The amount of functional groups on the surface 
of biochar is directly correlated with the carbonization temperature. The C-O, C-
H, and O-H bond amounts in biochar decrease as the carbonization temperature 
rises, along with the number of oxygen-containing functional groups like 
hydroxyl and carboxyl, as well as acid and acid-containing functional groups, 
while the number of alkaline functional groups increases. Overall, as the 
carbonization temperature rises, the density and quantity of functional groups 
decrease [133] [134]. 

 

2.3.5 Thermal conductivity and heat capacity 

Due to the high degree of anisotropy in biomass, the thermal conductivity 
varies significantly depending on the direction of heat flow, reaching its 
maximum value when it is parallel to the direction of the grain. A higher density 
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is also typically correlated with a higher thermal conductivity. Therefore, the heat 
conductivity of biochars relative to their biomass decreases because of the 
development of a porous structure. The conductivities measured in various 
directions begin to converge with rising pyrolysis temperature, as a result of the 
degradation of biomass fibers and loss in morphology during carbonization. When 
char is produced at a very high temperature, the porosity may be reduced, 
increasing the density as a result (compared to chars produced at lower 
temperatures). In this range of temperatures, the thermal conductivity can rise 
once again. The results of thermal conductivity and heat capacity measurements 
are affected by the temperature, at which they are taken [120]. 

 

2.4 Biochar-polymer composites 

The development of waste-derived materials that are also renewable is being 
pushed due to rising levels of pollution, greenhouse emissions, and trash 
production. These materials are intended to be designed in a way that 
simultaneously promotes the idea of sustainability and has acceptable 
performance characteristics (mechanical, chemical, thermal, etc.). It is essential 
that these materials have similar properties that could eventually replace those 
generated from synthetic or inorganic sources. On the other hand, the best is to 
prepare numerous application paths for a single material to assure its flexibility. 
The design of these novel, eco-friendly, and renewable materials needs to be 
planned so that they may adapt to various raw materials, be applicable to different 
production processes, and be flexible enough to meet a variety of market demands 
[135].  

In this context, BC-polymer composites still need to be optimized to achieve 
performance equivalent to those observed for conventional carbon-based fillers 
like graphene and carbon nanotubes. Indeed, these materials can be employed to 
achieve excellent composite performances, but they are very expensive. 
Compared to a low-cost carbon filler like carbon black, BC is less expensive and 
is obtained from biomass. The recent years have seen a sharp increase in the 
number of studies looking at the formulation of BC-containing polymeric systems 
using either thermoplastic or thermosetting matrices. When compared to 
conventional carbonaceous fillers suitable for improving the mechanical, 
electrical, thermal, and fire-retardant properties of polymer-based composites, BC 
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represents an appealing option because of its interesting properties and the 
tailorability of its structure and functionalization [136]. 

 

2.4.1 State of the art 

One of the first studies on polymeric composites containing BC obtained from 
organic matter through pyrolysis was carried out by Das et al. [137]. Different 
formulations were prepared mixing pine wood waste (30 wt.%) and the BC from 
the same wood (from 6 to 30 wt.%) used as filler in polypropylene-based 
composites. The mechanical characterization on these materials showed that the 
specimens containing 24 wt.% of BC maintain a similar tensile strength but 
present a higher flexural strength than traditional wood/polymer specimens, 
combined with a reduction in ductility. In addition, the thermal stability achieved 
the highest values when 18 wt.% of BC was added in polymer/wood composites. 
The same research group further proved the possibility to predict the hardness and 
elastic moduli of PP-BC wood composites using the nanoindentation technique. 
They applied theoretical model using the nanoindentation properties of particles, 
demonstrating a concordance between calculated values and experimental results. 
The increased hardness is due to the porosity of the biochar, which allows the 
molten polymer to infiltrate the pores during processing [138]. Further studies 
have demonstrated this theory, which is fundamental to the preparation of 
composite materials with superior mechanical properties [139] [140]. Paleri et al. 
[141] showed the effect of pyrolysis and torrefaction conditions, especially the 
temperatures involved, on the resulting BCs. Specifically, a co-product from corn 
ethanol industry was heat-treated for producing BCs at different temperatures (up 
to 1000°C) and used as a filler for PP based composites. The BC processed at 700 
°C presented the best performance in terms of stiffness-toughness balance, due to 
its low polarity, with respect to lower temperatures treatments, and lower ash 
content and particle size compared to those treated at 1000 °C. This study 
highlights the importance to comprehend and optimize the heat treatment 
temperature for the BC production utilized as a filler in polymer composites 
depending on the particular characteristics to be achieved. Furthermore, the effect 
of pyrolysis temperature on crystallization behavior and thermal stability of 
BC/PP composites was studied [142]. It was demonstrated that the BC particles 
enhanced both the overall rate of crystallization process of the composites, acting 
as nucleating agents, as well as the thermal stability, due to the delay in onset 
temperature caused by the barrier effect of the BC particles. In details, the thermal 
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stability of PP/BC specimens was improved when both the pyrolysis temperature 
of BC used and its loading increased (Figure 9). 

 

 

Figure 9. TGA curves of BC/PP composites at (A) 5%, (B) 10%, (C) 15% and (D) 20% loading of 
BCs treated from 300 to 700 °C. Reprinted with the permission from [142]. 

 

Polyethylene (PE) is the other extensively studied polyolefin for the 
preparation of BC composites. Among all types of PE, High Density Polyethylene 
(HDPE) and Ultra High Molecular Weight Polyethylene (UHMWPE) are the most 
common employed as a matrix for BC composites. Zhang et al. [143] prepared 
HDPE-based composites containing biochar ranging from 10 to 70 wt.% derived 
from rice husk as a feedstock. They demonstrate an improvement in flexural and 
tensile properties, in storage modulus, elasticity, creep resistance and anti-stress 
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relaxation ability of HDPE. Specifically, excellent mechanical properties were 
achieved for specimens containing 40 and 50 wt.% of BC due to the good 
dispersion of the particles and the structure shown in the interface. In addition, BC 
caused an improvement of thermal properties in BC/PP composites, as witnessed 
by the residues produced by TGA, and in flame retardant properties, due to the 
higher LOI values.  

In a recent work, Zhang et al. [144] studied the effect of different pyrolysis 
temperature (up to 900 °C) on the properties of HDPE/BC composites. The 
highest tensile strength (26.25 MPa) and Young's modulus (1.87 GPa) were 
observed in composites containing BC produced at 500 and 600 °C, due to their 
good physical/mechanical interlocking structures shown in SEM. Indeed, the 
increment of pyrolysis temperatures led to a decrease of the number of polar 
functional groups located on BC surface, increasing the BC-HDPE compatibility. 
Furthermore, the thermal tests revealed an earlier crystallization temperature and 
an improvement of the thermal stability of HDPE. 

The interactions between BC derived from waste coffee grounds and HDPE 
matrix were further investigated by Arrigo et al. [145] through rheological 
measurements. The restriction of the polymer chains onto the particles surface 
and/or within the BC porous structure caused the slowing down of the dynamics 
of PE macromolecules in composite materials. Additionally, by significantly 
raising the temperatures, at which PE decomposes, the BC particles were able to 
enhance the thermo-oxidative stability of composites. 

From an overall point of view, UHMWPE/BC composites were designed for 
obtaining materials with a combination of high mechanical properties and high 
electrical conductivity [146] [147]. In this context, Li et al. [148] prepared 
UHMWPE based composites containing 3 different kinds of BCs (from pine, 
apple, and bamboo) via extrusion and hot-compression techniques. Due to the 
good dispersion of particles into the matrix and strong interfacial interactions 
assessed by SEM, the tensile strength increased up to 325 %, compared to unfilled 
UHMWPE. In addition, the composites containing 70 wt. % of BC showed good 
electrical conductivity, because of the formation of a conductive network by the 
BC particles. Then, it was also demonstrated the possibility of obtaining a 
segregated conductive network with a low BC amount. Indeed, the BC is 
distributed along specific paths and not incorporated in a uniform dispersion. This 
way, it was possible to achieve a high conductivity for composites: in particular, 
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1.1 x 10-2 S/cm was obtained for composites containing 7 vol% of BC from nano-
bamboo, which is acceptable for many electrical applications [149]. 

The use of BC was also studied in polyamide matrices as a filler for 
increasing the strength and the elastic modulus but noticeably reducing ductility 
and toughness of the BC-polymer composites [150] [151]. As an example, 
Ogunsona et al. [152] prepared polyamide 6,10 (PA6.10)-based composites filled 
with a 20 wt. % of BC from miscanthus fibers. The reinforcing effects of BC of 
different particle size (i.e., crushed, <500, 500-426, 250-213, and <63mm) were 
studied. In details, a good interaction between BC and matrix was observed and 
resulting in considerable interfacial bonding. The impact strength increased with 
decreasing the particle size, while the tensile and flexural strengths were 
maximum enhanced with milled and unfractionated BC. From an overall point of 
view, the composites showed mechanical properties that were equal to or even 
better than those of the unfilled PA 6,10. 

Aiming at improving the mechanical properties, BC was incorporated in PLA 
matrix [153] [154]. Arrigo et al. [155] reported the preparation of bio-composites 
by two different techniques (namely, melt mixing and solvent casting) containing 
BC from exhaust coffee grounds. The values of tensile modulus of the systems 
increase with increasing the BC amount due to the good dispersion of the particles 
into the polymer matrix. In addition, a decreased thermal stability was observed 
during thermogravimetric analyses as compared to unfilled PLA. Indeed, the 
catalytic effect of BC particles on the PLA degradation of PLA was suggested and 
reported also by other authors [156] [157]. 

Epoxy resins are one of the most researched thermosetting hosts because to 
their extensive variety of uses in numerous critical industrial processes, from the 
automotive to the aeronautical sectors [158]. These applications mainly focus on 
materials that have been reinforced with carbon, glass fibers, and CNTs [159] 
[160]. The use of BC as a filler in epoxy resins emerges as a low-cost alternative 
to improve specific properties of the matrix. As an example, Khan et al. [161] 
compared the mechanical properties of composites filled at 2 and 4 wt. % of 
CNTs and BC, showing an improvement in ultimate tensile strength and strain at 
break for BC composites. Similar works reported analogous results of 
reinforcement of the epoxy matrix by BC incorporation [162] [163] [164].  
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Other types of polymer matrices were employed for BC composites as 

example: polyvinyl alcohol (PVA) [165] [166] [167], unsaturated polyester resins 
[168] [169] [170], and polycarbonates (PC) [171] [172].  

Only three additional works studied ethylene vinyl acetate copolymer (EVA) 
containing BC particles, not considering the publications of the PhD candidate. A 
first work [173] investigated PP/EVA composites filled with BC from pyrolysis of 
empty fruit bunches, varying the particles amount from 10 to 40 wt. %. The BC 
addition was beneficial for thermal stability and slightly increased the impact 
resistance of composites. In another work [174], EVA was filled with 50 wt. % of 
BC derived from recycled cotton fibres, obtaining composites that were 
characterized and compared with other composites with different matrices 
(namely TPU, ABS, PLA). The EVA/BC composites obtained the maximum 
elongation due to their softness and flexibility, with respect to the other 
composites. Finally, a last work [175] studied the properties of EVA based 
composites containing different amount (ranging from 5 to 40 wt. %) of BC from 
hemp fibers. DSC analyses showed that the presence of BC did not affect the 
thermal behavior of EVA (no remarkable changes in Tm, Tc and Tg); conversely, 
as assessed by TGA, an enhancement of the thermo-oxidative stability was 
observed, which increased with the BC loading. Furthermore, the composites 
showed higher stiffness and lower ductility than neat EVA (Figure 10), combined 
with a higher thermal conductivity and microwave electrical conductivity when a 
high concentration of BC was employed. 

 

Figure 10. Tensile mechanical behavior of EVA/BC composites: (A) Young’s modulus (MPa) and 
(B) elongation at break (%). Reprinted with the permission from [175]. 
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2.4.2 Flame retardant systems containing BC 

The first works on the use of biochar as a flame retardant in thermoplastic 
polymers were published in 2016. As an example, Das et al. [176] prepared 
polypropylene-BC composites using melt compounding and injection molding at 
different filler loadings, namely 15, 25, 30 and 35 wt.%. The pine wood feedstock 
used to produce the biochar was pyrolyzed at 500 °C and then activated at 900 °C. 
Cone calorimetry measurements revealed an interesting result: the carbon filler 
significantly reduced the peak heat release rate (from 1054 kW m-2 for the unfilled 
polymer to 477 kW m-2 for the 35 wt.% biochar-loaded composites). Additionally, 
thermogravimetric analyses revealed that neat PP started the degradation earlier 
(at 280 °C) with respect to composites and no residue was observed after the test. 
This result was more enhanced in samples that contained more biochar, indicating 
a better thermal stability of the BC-composites.  

Figure 11. Cone calorimetry results of PP and its composites containing BC derived from pine 
wood. Reprinted with the permission from [176]. 

 

Ikram et al. [140] extended the results of this research to demonstrate the 
effectiveness of this carbon filler in PP. As determined by thermogravimetric 
analyses, the composites containing 36 wt.% of biochar showed improved thermal 
stability. Additionally, forced combustion tests revealed a significant decrease in 
the peak of heat release rate (by nearly 50% compared to unfilled PP), 



 39 

 
demonstrating the flame retardancy provided by the filler. This result was 
attributed to the char layer formed on the surface of the composites after exposure 
to the heat flux. Indeed, this layer acted as a barrier, delaying the transmission of 
heat, oxygen, and flammable volatiles between the polymer and the radiant heat 
source.  Following up on this study, Das et al. [177] demonstrated that when wool 
and biochar were combined with PP and an intumescent flame retardant (i.e., 
ammonium polyphosphate at 20 wt. % loading), synergistic benefits were 
achieved. The prepared composites exhibited improved flame-retardant properties 
as evidenced by the rise in limiting oxygen values from 18% for PP to 23% for the 
composite containing 25 wt.% of biochar and 10 wt.% of wool fibers, associated 
with a decrease in peak of HRR values, from 1054 to 318 kW m-2. In another 
study [178], the same pine wood, used as a feedstock for BC, was added to BC-PP 
composites. The resulting formulations had similar FRs loadings but varied in 
terms biochar and wood composition. In details, the amount of wood and biochar 
was fixed at 34 wt.% (10, 20 or 30 wt. % of BC), with the polymer amount 
remaining constant at 42 wt.% and 4 wt.% of maleic anhydride grafted PP was 
incorporated as a compatibilizer. All the composites containing APP, regardless of 
their composition, showed peak of HRR values 60-65% lower than PP, as 
determined by cone calorimetry carried out at 50 kW m-2 irradiative heat flux. In 
addition, increasing the amount of biochar and decreasing the amount of wood in 
the composite formulation accounted for the lowest peak HRR (i.e., 376 kW m-2). 
A similar behavior was observed for the composites containing magnesium 
hydroxide, although the fire performance was slightly worse than APP-containing 
composites due to the different flame retardant mechanisms. In fact, APP acts 
mainly through char formation and intumescence, while Mg(OH)2 by flame 
dilution. However, the thermally stable biochar helped to produce a protective 
char layer that was able to prevent oxygen from reaching the burning polymer and 
volatile flammable gases derived from PP degradation from being released into 
the atmosphere. Finally, the presence of the FR particles, which are supposed to 
reduce the efficacy of the polymer's infiltration into the biochar pore due to their 
trapping inside the filler pores, did not significantly alter the mechanical behavior 
of the produced composites.  

A variety of HDPE/biochar/wood flour composites was also designed by 
Zhang et al. [179] utilizing biochar produced by the pyrolysis of corn stalks at 500 
°C. In particular, the polymer content was held at 40 wt.%, while the percentages 
of biochar and wood flour varied from 10 to 60 wt.%, keeping the overall filler 
loading at 60 wt.%. Additionally, Mg(OH)2 or Al(OH)3 fillers were added to the 
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composite, which contained high-density polyethylene, biochar, and wood flour at 
weight ratios of 40/30/30, respectively. According to limiting oxygen index 
measurements, the presence of Mg(OH)2 at 40 wt. % provided the best flame 
retardant effects. In fact, this composition reached an LOI as high as 31.9 %, 
which is a substantial increase compared to the composite without flame retardant 
(equivalent to 23.9%). In another work, a series of HDPE/BC composites were 
developed by Zhang et al. [143] using rice husk as a feedstock to prepare BC at 
600 °C. The BC loadings ranged from 10 to 70 wt.%. Although the tensile 
modulus increased with its content (up to 60 wt.% loading of BC), the filler was 
also capable of improving the flame retardancy of the polymer, as evidenced by 
the increased limiting oxygen index values (from 18.2 for the unfilled polymer 
matrix to 25.1% for the composite containing 70 weight percent of BC). Then, 
Barbalini et al. [73] reported on the use of BC as a component of a flame retardant 
treatment for cotton fabrics. They combined this carbon filler (made from used 
coffee grounds dried at 105 °C and then heated in a quartz reactor to 800 °C in 
argon) with phytic acid, a molecule containing six phosphate groups, extracted 
from many plant tissues, including the soy bean, grain, and oil seed. Aqueous 
dispersion of the two components was used to treat the cellulosic fabrics, 
maintaining a 1:1 weight ratio while obtaining a final dry add-on from 4 to 10 
wt.%. As a point of comparison, the fabrics were also treated with single 
ingredients (final dry add-on achieved: 8%). Vertical and horizontal flame spread 
tests demonstrated that biochar was unable to suppress the flames by its own. 
Conversely, cotton experienced self-extinction when biochar and phytic acid were 
present together, at least at 6 wt.%. Additionally, in forced combustion tests, the 
self-extinguishing treated fabrics did not ignite when subjected to a 35 kW m-2 
irradiative heat source, demonstrating the superior flame retardant properties 
provided by the specific treatment. 
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Chapter 3 

EVA composites containing BC 
from Kraft Lignin 

Increased consumption of fossil fuels, coupled with the depletion of some oil 
fractions, and growing concern about human impact on the environment have 
generated renewed interest in the use of sustainable resources for energy and 
materials. This growing interest in green and sustainable chemistry has also 
attracted attention to biomass, and particularly to lignocellulosic feedstocks, as a 
potential, renewable and abundant source of chemicals. The main components of 
lignocellulosic biomass are carbohydrate polymers (cellulose and hemicellulose) 
and aromatic polymers (lignin and tannin) [180]. Lignin is the second most 
prevalent polymer from biomass after cellulose [181] and the most abundant 
polymer in nature based on aromatic structure [182]. Three phenylpropane units 
(namely, p-hydroxyphenyl (H), guaicyl (G), and syringyl (S)) combine to form 
this intricate three-dimensional amorphous polymer. The lignocellulosic species 
mostly determines the variations in the monomer unit ratios [183]. For a long 
time, it was considered a waste product of the milling process; however, there is 
currently a lot of ongoing research to use lignin for industrial purposes [180]. It is 
thought to be a superior raw resource that can replace petroleum-based chemicals 
[184]. Lignin, in fact, is a by-product of chemical pulping processes and is 
produced in huge amounts. The creation of eco-friendly materials and the 
reduction of global warming problems are both regarded to be impacted by 
converting these numerous by-products into value-added resources, such as 
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materials, energy, chemicals, and fuel [185] [186]. Kraft lignin is derived from the 
most common pulping process, i.e., Kraft process [187].  

In this chapter, the pyrolysis process of kraft lignin was set up and optimized 
to produce biochar, bio-oils, and gas at different temperatures. These products 
were then recovered and characterized with various techniques. Subsequently, the 
obtained biochars were used as filler for EVA copolymer in order to prepare 
composites with fire retardant properties. 

 

3.1. Lignin characterization 

Table 4 reports the obtained values, which were confirmed by those found in 
literature [188] [189] [190] [191]. Proximate analysis highlights an amount of 
fixed carbon (FC = 36.3 %) which is quite high if compared to other biomasses 
[192]. As an example, typical values of FC for cellulose and hemicellulose are 
around 4.96 and 13.1 %, respectively [193]. These findings suggest that the 
pyrolysis of lignin can result in the production of significant amounts of biochar. 
The remaining fraction detected by the analysis mostly refers to volatile matter, 
with a very low percentage of moisture (1.9 %). Ultimate analysis confirmed the 
high carbon fraction (56.1 %), followed by oxygen (36.4 %), and reports just 
traces of hydrogen and nitrogen. Finally, the Kraft Lignin presents a higher 
heating value (HHV) of 26.2 which is greater by about 15-65% if compared to 
other biomasses values found in literature [194] [195]. 

 

Table 4. Results of proximate analysis, ultimate analysis and higher heating values (HHV) for 
Kraft Lignin. 

Proximate analysis [%] 
HHV 

(MJ/kg) 

Ultimate analysis [%] 

Moisture 
content 

Volatile 
matter 

Fixed 
carbon Ash C H N S O 

1.9 60.1 36.3 1.7 26.2 56.1 5.5 0.3 - 36.4 
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3.2. BC production 

The pyrolysis of Kraft Lignin was performed in a mechanically fluidized bed 
reactor (MFR) designed at ICFAR (Institute for Chemicals and Fuels from 
Alternative), Western University, London, Ontario, Canada [196], where the 
following experimental trials were performed by the author. The setup of MFR 
employed is schematized in Figure 12. The equipment consists of a cylindrical 
reactor 15 cm in diameter and 25 cm in height, heated by an induction system 
formed by a copper coil wrapping the reactor. The temperatures were measured 
by two K type thermocouples placed at the bottom and the top of the reactor and 
regulated by a controller. A vertical blade stirrer accounts for a high transfer rate 
to the biomass particles by vigorous continuous mixing, providing agitation close 
to the reactor wall. The biomass was inserted into the reactor after 24 hours of 
drying at 105 °C, and experiments were conducted with batch process. A pressure 
regulator was used to set the flow rate of nitrogen, which was injected through the 
reactor. The gases flowing out the reactor were collected with a condenser 
immersed in an ice bath; the non-condensable gases exiting the system could be 
collected using appropriated gas bags for further analysis and then discharged. 
The biomass was pyrolyzed at three different temperatures: from ambient 
temperature the reactor was heated at 500, 600, or 700 °C, with a heating rate of 
20 °C min-1. Once the target temperature was reached, that temperature was held 
for 25 minutes. Finally, after the reactor was cooled, the biochar was removed and 
collected. 
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Figure 12. Setup of mechanically fluidized reactor used for pyrolysis of Kraft Lignin. Reprinted 
with the permission from [197]. 

 

The yields of the processes were calculated after pyrolysis, by weighting the 
biochar inside the reactor and the liquid phase obtained by gas condensation 
inside the condenser. The percentage of gas was calculated accordingly. Table 5 
collects the yields obtained at different process temperatures. It is worth noting 
that the yield of each product remains almost constant regardless the temperature 
involved. The most abundant products were the solid (BC) and the gas phases 
with a yield around 40 %. The liquid phase accounted for only about 16 % of the 
total. These findings fall within the ranges found in the literature for lignin 
conversion, which are strictly dependent on the process parameters used [193] 
[198] [199] [200]. The high amount of char resulting after pyrolysis can be 
attributable to the aromatic rings present in the lignin, which are very stable [201]. 
These findings were in accordance with the high value of fixed carbon found in 
kraft lignin (Table 4) with respect to other biomasses with a low lignin content 
[194] [202]. 

 

Table 5. Product yield (%) values of Kraft Lignin processed by pyrolysis at different 
temperatures. 



 45 

 

 500 °C 600 °C 700 °C 

BC 40.7 ± 0.8 40.8 ± 1.4 42.0 ± 2.6 

Liquid 16.1 ± 1.3 16.7 ± 1.9 16.2 ± 1.9 

Gas 43.3 ± 1.2 42.5 ± 2.8 41.8 ± 4.3 

 

Therefore, the pyrolysis of lignin resulted in higher char production compared 
with the other biomass [203]. As an example, Ma et al. [202] studied the different 
char content resulting from the pyrolysis of components of the lignocellulosic 
biomass: lignin, cellulose, and xylan (as a model compound for hemicelluloses). 
The study highlighted the effect of pyrolysis temperature on the biochar yield of 
the different biomasses. As shown in Figure 13, the char yield (expressed as mass 
yield %) of lignin (LC) was higher than that of cellulose (CC) and hemicellulose 
(HC) for each pyrolysis temperature above 300 °C. Interestingly, from a process 
carried out at 500 °C the char yield stabilizes around 40 % up to the maximum 
treatment temperature, in accordance with the results just obtained on kraft lignin.  

 

 

Figure 13. Effect of pyrolysis temperature on the yields (expressed as Mass yield) of biochar 
derived from pyrolysis of cellulose (CC), hemicellulose (HC) and lignin (LC). Reprinted with the 

permission from [202]. 
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3.3. BC characterization 

Table 6 lists the values obtained from the proximate and ultimate analysis of 
the biochars obtained at different temperatures. The value of fixed carbon content 
increased with the pyrolysis temperature due to the increasing amount of volatile 
matter released during process. This behavior can be attributed to the continuous 
degradation of organic matter, which promotes an increase in the concentration of 
inorganic compounds. The volatile matter found in BCs, as expected [204] [205] 
follows an inverse trend to fixed C, decreasing when the pyrolysis temperature 
increased. The ultimate analysis revealed no significant differences in the amount 
of C content, which appears to be about 80 % for each pyrolysis temperature. 
These obtained values were significantly higher than the respective C content 
found in the biomass before pyrolysis (Table 4, C = 56.1 %). These results can be 
attributed to the high level of graphitization due to the formation of polyaromatic 
carbon structures favoured by the high temperatures involved [202] [205].  

 

Table 6. Results of proximate analysis and ultimate analysis biochar obtained from pyrolysis of 
Kraft Lignin at different temperatures (i.e., 500, 600 and 700 °C). 

 Proximate analysis [%] Ultimate analysis [%] 

Temperature 
[°C] 

Moisture 
content 

Volatile 
matter 

Fixed 
carbon Ash C H N S O 

500 0.4 10.2 72.7 16.7 80.3 2.0 0.6 - 0.4 

600 0.5 6.3 78.3 14.9 79.5 1.6 0.7 - 3.3 

700 0.6 4.6 81.4 13.4 80.0 1.3 0.9 - 4.4 

 

The results of the surface area analyses on the various BCs are collected in 
Table 7: the values of average pore radius and surface area of BCs obtained at 500 
and 600 °C were very similar. In contrast, BC at 700 °C shows a significantly 
lower average pore radius value, while its surface area is increased (more than 
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twice) compared to the other two. Pyrolysis temperature is considered the 
predominant parameter that influences the surface area and porosity of biochar 
[206]. In agreement with literature [207] [208], for the majority of biochars, the 
relationship between pyrolysis temperature and specific surface area is favorable 
as higher temperatures result in the formation of more pores, created by the 
volatile matters escaping from the char. 

 

Table 7. Results obtained by surface analyses (BET method) of the BCs at different temperatures. 

Temperature [°C] Average pore radius [Å] Surface area [m2 g-1] 

500 9.87 248.446 

600 11.42 255.075 

700 5.06 633.805 

 

3.4. Gas phase 

The gas evolving profile from pyrolysis of the kraft lignin, tracked by Micro-
GC every 100 °C, is shown in Figure 14; the volume percentages are collected in 
Table 8. The concentrations of H2 and CH4 follow opposite trends with increasing 
temperature: the former increases significantly from 15.5 vol.% at 300 °C to 63.5 
vol.% at 700 °C; in contrast, methane release decreases from 32.6 vol.% at 300 °C 
to only 1.9 vol.% at 700 °C. The sum of these two gases provides the largest 
contribution to gas evolution during pyrolysis at any temperature, with the total 
amount ranging between 48 and 65 vol%. This behavior can be attributed to the 
high content of aromatic rings and O-CH3 functional groups present in lignin. The 
H2 produced by pyrolysis of organic matter, in fact, derives primarily from the 
cracking and deformation of aromatic C=C double bond and aromatic C-H, while 
the methane is formed by the cracking of methoxyl (-C-OH) groups [209]. Both 
carbon monoxide and carbon dioxide are typical gases released from lignin 
pyrolysis [210]. The evolution of carbon monoxide shows high amounts at 300 
°C, and, with only one exception (600 °C), at subsequent temperatures it is below 
30 vol.%. The total amount of CO2 was about 6 - 8 vol.% until 600 °C, then its 
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value decreased to 3.2 vol.% at 700 °C. Finally, some hydrocarbons containing 
multiple carbon atoms were detected (Table 8) in low concentration. These 
findings suggest the potential use of valuable gases (H2 and methane) for fuel and 
energy applications, as well as the use of CO/H2 syngas as feedstock for 
converting the gases into liquid hydrocarbon fuel [211]. 

 

Figure 14. Gas evolution during pyrolysis process of Kraft lignin (gas collected every 100 °C from 
300 to 700 °C). 

 

Table 8. Values of gas concentration during pyrolysis process of Kraft lignin (gas collected every 
100 °C from 300 to 700 °C). 

Gases 
Conc. 

[vol%] @ 
300 °C 

Conc. 
[vol%] @ 

400 °C 

Conc. 
[vol%] @ 

500 °C 

Conc. 
[vol%] @ 

600 °C 

Conc. 
[vol%] @ 

700 °C 

H2 15.5 30.2 47.5 46.7 63.5 

CH4 32.6 30.1 15.1 8.0 2.0 

CO 41.9 30.3 28.1 34.2 26.5 

CO2 7.7 6.0 6.8 8.2 3.2 
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C2H4 0.6 1.1 0.8 1.4 0.3 

C2H6 0.4 0.4 0.3 0.3 0.1 

C3H6 0.6 0.9 0.4 0.3 2.8 

C3H8 0.5 0.7 0.8 0.8 1.7 

C4H10 0.2 0.3 0.3 0.1 0.1 

C5H12 0.1 0.0 0.1 0.0 0.0 

C6H14 0.0 0.0 0.0 0.0 0.0 

 

3.5. Liquid phase 

The liquid phase derived from the pyrolysis of kraft lignin consists of the 
condensable gases that are collected in a condenser immersed in an ice bath at 
about 0 °C. Table 9 lists the most abundant compounds detected by HPLC at 
different temperatures of pyrolysis. Xylose and levoglucosan were typical 
compounds found in lignocellulosic materials [212] [213]. Most of the other 
components found are acid compounds. As previously reported in Table 5, the 
yield of the liquid phase was about 16 wt.% for the various processes. Due to the 
low yield obtained during these processes, the polyols were not considered 
further. 

 

Table 9. Compounds detected by HPLC into the oil-phase of pyrolysis kraft lignin at different 
temperatures. 

Compounds Class Conc. @ 500 
°C [g/l] 

Conc. @ 600 
°C [g/l] 

Conc. @ 700 
°C [g/l] 

Xylose Aldehyde 0.03 - - 



50  

 

Levoglucosan Sugar 0.02 0.03 0.03 

Formic acid Acid 0.02 0.03 0.03 

Acetic acid Acid 0.19 0.09 0.11 

Acetol Alcohol 0.01 0.01 0.01 

Propionic acid Acid 0.03 0.02 0.02 

Butyric acid Acid 0.02 - 0.01 

Iso-Valeric 
acid 

Acid 0.41 - - 

Catechol Phenol 0.21 0.21 0.24 

Furfural Aldehyde 0.06 0.02 0.02 

 

3.6. Fire retardancy of EVA-BC composites 

The fire retardant behavior of EVA and its composites containing BC (20 and 
40 wt.%) from pyrolysis of kraft lignin at various temperatures was studied with 
cone calorimetry tests. The setup of the test and the detailed conditions employed 
are reported in the Appendix. The obtained curves of Heat Rate Release (HRR) 
vs. time are shown in Figure 15 and the values of the main parameters are 
collected in Table 10. 

The unfilled EVA curve presents a rapid increase in the HRR values after the 
ignition of the specimen (TTI = 74 s). The HRR continues to rise after reaching a 
peak (pkHRR) at 178 s equal to 1803 kW/m2; after this point, the flame decreases 
rapidly, and when the entire specimen has been consumed, the flame goes out 
without leaving any residue. This behavior is typical of the most unfilled 
thermoplastic polymer, which are not able to guarantee any protection to fire 
[214] [215] [216]. The introduction of the BC particles drastically changed the 
combustion behavior of the EVA and consequently the shapes of the HRR curves 
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of its composites. From a general point of view, the HRR curves of the 
composites show a significant decrease in peak of HRR (from 33 to 73 %) and 
varying TTIs depending on the type and loading of BC, compared with unfilled 
EVA. Regarding the specimens loaded at 20 wt.%, the use of BC 500 and BC 600 
resulted in very similar TTI and pkHRR values (Table 10); these formulations are 
not able to protect the EVA matrix efficiently and their curves sharp as that of 
EVA. In contrast, the BC 700 acted better than the two latter in delaying TTI and 
decreasing pkHRR: this can also be seen from the HRR curves that change slope 
around 100 s, decreasing HRR. This result was attributed to the protection effect 
exerted by the BC particles. In fact, the BC particles tend to accumulate on the 
surface during combustion due to the recession of the polymer from surface by 
pyrolysis. As a result, a protective surface layer was formed and was able to act as 
a heat and mass transfer barrier and limiting the release of volatile compounds 
created during the material degradation. This effect is more pronounced in 
composites containing 40 wt.% of BC. Among them, BC 500 was the most 
ineffective in term of TTI, with a value similar to that of its counterpart at 20 
wt.%. Conversely, BC 600 and BC 700 at 40 wt.% were able to slightly delay the 
TTI of EVA (+ 4 and + 7 s, respectively) and significantly reduce the pkHRR 
value (-71 and -73 %). Furthermore, these two composites delayed the time to 
peak compared with EVA by 34 and 42 s, respectively. Another feature that 
emphasizes the fire retardant effect exerted by the BC particles, was the decrease 
of the values of Total Heat Release (THR), Fire Performance Index (FPI, 
pkHRR/TTI ratio), and Fire Growth Rate Index (FIGRA, pkHRR/time to peak), 
compared with unfilled EVA. This decrease strictly depends on the type and 
loading of BC; BC 700 at 40 wt.% seems the most effective system. This latter 
was able to reduce THR by 38 %, FPI by 75 %, and FIGRA by 78 %. These 
results suggest that BC obtained by pyrolysis at 700 °C possesses the chemical 
and physical properties best suited for improved fire retardant behavior when 
incorporated into EVA, in comparison with the BC treated at lower temperatures.  

 



52  

 

 
Figure 15. HRR vs. time curves for EVA and its composites containing BC from Kraft Lignin 

pyrolyzed at different temperatures (500, 600 and 700 °C). 

 

Table 10. Main thermal parameters by cone calorimetry of specimens containing BC from kraft 
lignin at various temperatures. 

Specimen TTI 
[s] 

pkHRR 
[kW m-2] 

pkHRR 
Reduction 

[%] 

Time 
to 

peak 
[s] 

THR 
[MJ m-2] 

Residue 
mass 
[%] 

 
FPI 

[
(𝒌𝑾/𝒎²)

𝒔
] 

 

FIGRA 

[
(𝒌𝑾/𝒎²)

𝒔
] 

EVA 74 1803.0 - 178 96.6 0 24.8 10.1 
20% 500BC 34 1206.6 33 135 89.6 12 35.7 9.0 
40% 500BC 37 600.1 67 152 71.2 26 16.4 3.9 
20% 600BC 32 1121.1 38 140 88.1 13 35.0 8.0 
40% 600BC 78 522.1 71 212 66.0 27 9.1 2.5 
20% 700BC 57 796.9 56 167 77.3 14 15.4 4.9 

0 50 100 150 200 250 300
0

200

400

600

800

1000

1200

1400

1600

1800

H
ea

t R
at

e 
R

el
ea

se
 (k

W
 m

-2
)

Time (s)

 EVA
 20% BC500
 40% BC500
 20% BC600
 40% BC600
 20% BC700
 40% BC700



 53 

 
40% 700BC 81 481.8 73 220 59.5 29 6.1 2.2 

 

Regarding smoke parameters, the introduction of BC particles significantly 
reduces the values of Total Smoke Release (TSR) and Specific Extinction Area 
(SEA), as shown in Table 11. Furthermore, the CO and CO2 values decreased 
significantly compared with unfilled EVA, as evidenced by the increase in the 
CO/CO2 ratio up to twice that of EVA. These results are due to the char layer, 
which not only lowers the combustion rate but also reduces the production of 
volatiles, smokes and other combustion products [217]. 

 

Table 11. Main smoke parameters by cone calorimetry tests of specimens containing BC from 
kraft lignin at various temperatures. 

Specimen TSR 
[m² m-2] 

SEA 
[m² kg-1] CO [%] CO2 [%] 

CO/CO2 
ratio 

EVA 1280.2 597.9 0,0383 3,25 0,0118 
20% 500BC 499.5 196.1 0,0043 0,19 0,0230 
40% 500BC 171.8 83.6 0,0028 0,14 0,0202 
20% 600BC 462.2 186.1 0,0040 0,18 0,0220 
40% 600BC 44.7 26.6 0,0027 0,12 0,0219 
20% 700BC 634.9 244.9 0,0034 0,14 0,0249 
40% 700BC 109.7 54.9 0,0027 0,11 0,0256 
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Chapter 4 

EVA composites containing BC 
from various biomasses 

Part of the work described in the Chapter 4 has been previously published in:  

“Matta S., Bartoli M., Frache A. and Malucelli G. Investigation of Different 

Types of Biochar on the Thermal Stability and Fire Retardance of Ethylene-Vinyl 
Acetate Copolymers. Polymers. 2021” [218] 

 

The purpose of this chapter is to discuss the flame retardant properties of BCs 
derived from various biomasses in an EVA copolymer. Three different kinds of 
biochar with varying ash contents were selected for this use. They were produced 
from various bioproducts, namely softwood, rapeseed, and rice husk. Depending 
on the ash concentration, these BCs were referred to in the text as "low," 
"medium," and "high", respectively. A twin co-rotating extruder was used for the 
incorporation of fillers into the EVA matrix at different loadings. The equipment 
and operating conditions employed (screw profile, temperatures, etc.) are reported 
in the appendix. These process conditions were designed to maximize the 
effectiveness of the flame-retardant properties of the polymer-BC systems by 
targeting good particle distribution in the EVA matrix. 15 and 20 wt.% of BCs 
were chosen to evaluate the behavior of the samples at low loadings with a slight 
variation in the amount of BC; in addition, a 25 wt.% formulation was prepared 
using BC from rapeseed. Then, the BC content was increased to obtain 40 wt.% 
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loaded samples. The obtained systems were thoroughly studied in terms of their 
thermal, mechanical, and flame retardant properties. Furthermore, a surface 
approach was used to coat specimens of unfilled EVA with a 0.5- or 1.0-mm-thick 
layer of composite containing various amounts of BC from rapeseed, which 
emerged as the most promising. In particular, specimens with a total amount of 
BC of 3 or 6 wt.% were prepared and tested by cone calorimetry. 

 

4.1 BC characterization 

 

4.1.1 Morphological investigations 

The SEM observation of biochar powders represents an effective tool for 
assessing the morphology and dimensions of the fillers. Knowing this 
information, it will then be possible to determine from the SEM images of the 
composites whether the particles have been distributed homogeneously in the 
polymer matrix. Additionally, the energy dispersive X-ray (EDX) micro-analyses 
were useful to study the chemical elements present in the various BCs to establish 
a correlation with the properties conferred by the fillers to EVA. 

Figure 16 shows the SEM images of the powders of BC low, BC medium and 
BC high at 3000X magnification and their corresponding EDX spectra. The 
morphologies of the fillers appear similar for the three types of BC. The particles 
have irregular shapes and are found in the micron-size. In particular, the size of 
the largest aggregates ranges from about 30 to 40 µm. Table 12 collects the main 
elements detected by EDX micro-spectroscopy in the various types of BC, given 
as wt.%. From a general point of view, the most abundant element found is C, 
ranging from 70.9 to 92.7 wt.% depending on BC. These values are quite 
remarkable considering that the materials were treated at 1000 °C. Oxygen is the 
second most abundant element found, followed by a smaller quantity of other 
elements. In details, the BC low samples contain the highest amount of carbon 
(i.e., 92.7 wt.%) and the lowest inorganic content, consisting of 0.5 wt.% of 
Calcium and 0.5% of Potassium. Conversely, BC medium and BC high show a 
smaller amount of C (76.6 and 70.9 wt.%, respectively), which, summed to O, 
reaches 90.5 wt.% and 87.4 wt.%, respectively. The remaining inorganic content 
of BC medium consisted mainly of K (4.4 wt.%), Si (2.5 wt.%) and Ca (1.3 
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wt.%), while BC high included phosphorus (3.1 wt.%) in addition to K and Si (3.9 
and 4.2 wt.%, respectively). A low amount of Mg and other various elements was 
found in BC medium and BC high. 

 

Table 12. List of the chemical elements identified by EDX analyses of BC low, medium, and high. 

Material C [%] O [%] Ca 
[%] K [%] Si [%] P [%] Mg 

[%] 
Other 
[%] 

BC low 92.7 6.2 0.5 0.5 - - - 0.1 

BC med 76.6 13.9 1.3 4.4 2.5 - 0.4 0.9 

BC high 70.9 16.5 - 3.9 4.2 3.1 1.1 0.3 
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Figure 16. SEM images at 3000 X magnification with the corresponding EDX spectra of BC low 
(A), BC medium (B) and BC high (C). 

 

4.2.2 Raman 

The Raman spectra of three biochars are shown in Figure 17. The typical 
curves of BCs show sharp double peaks that dominate the spectra and a band in 
the range 2500 to 3500 cm-1. The two main peaks are attributed to the D band and 
G band, at 1350 cm-1 and 1580 cm-1, respectively, and the last band is identified as 
the 2D region [219]. The D band (defect band) cannot occur in perfect graphite 
structure and is activated only when a defect is found. This is characteristic of sp3 
carbon networks and was associated to defects and disorder in graphite structures. 
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Contrary, the G band (Graphite band) is attributed to the bond-stretching 
movement of pairs of C sp2 atoms, so this mode reveals graphitic networks [220] 
[221]. To obtain information on the structure of the BC, it is possible to calculate 
ID/IG the ratio of the intensity of the peaks D and G. This parameter is crucial for 
the study of carbonaceous structures and is used to estimate the degree of carbon 
order [222]. BC low, BC medium, and BC high showed ID/IG values of 1.3, 1.5, 
and 1.7 respectively. These results are typical of materials that have a high degree 
of disorder but are in the transition phase to graphitic carbon [220], as already 
confirmed in the scientific literature [223]. Additionally, they demonstrate how 
BC low, which has a reduced inorganic content, promoted the development of 
highly organized carbon structures. They also demonstrate that low BC, which has 
a lower value of ID/IG, promoted the development of highly organized carbon 
structures. This finding may be associated with the reduced inorganic content 
compared with medium BC and high BC (as seen in the previous section). Finally, 
the shape of the 2D region confirms the presence of materials rich of sp3 sites with 
a low order in aromatic structures and far from complete reorganization in 
graphitic structures. For obtaining narrow bands in this region, which are typical 
of more ordered structure, a treatment at temperatures above 1300°C is required 
[223] [224]. 
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Figure 17. Raman spectra of BC low (blue), BC medium (green) and BC high (red) in the range 
from 250 cm-1 to 3500 cm-1. 

  

4.2.3 Thermogravimetric analyses 

The thermogravimetric analyses (TGA) were carried out to assess the thermal 
and thermo-oxidative stability of the different types of BC. For this purpose, BC 
samples were analyzed in both nitrogen and air, following the conditions 
described in the Appendix. The thermograms of these materials are reported in 
Figure 18 and the collected data are listed in Table 13. 

The curves obtained in nitrogen atmosphere (Figure 18A) show very stable 
materials with very low weight loss at the final temperature of 700 °C. In 
particular, the final residues varied from 86.0 to 90.9 wt.% depending on the BCs. 
The scenario changes very noticeably in air atmosphere, as expected, due to the 
oxygen interaction with the BCs. In this case, the different BCs follow a single 
degradation step that begins at very different temperatures, indicated by the Tonset 
(Table 13). In details, the highest Tonset was found in BC low (513 °C), followed 
by BC high (487 °C); the BC medium sample starts degrading at remarkably 
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lower temperatures (i.e., at about 365 °C). Consequently, the temperatures at 
maximum rate of degradation (Tmax) of the different BCs, follow the same trend as 
the Tonset. Furthermore, a large difference in sample weights was found at 700 °C, 
depending on the BCs. The BC with the lowest inorganic content, namely BC 
low, showed the lowest residue at the end of the test (about 7.4 wt.%). In contrast, 
BC medium and BC high, due to a higher inorganic content (Table 12), displayed 
a residue of 24.6 and 39.6, respectively.  

 
Table 13. Results from thermogravimetric analyses in nitrogen and in air for BC powders (Tmax in 

nitrogen atmosphere were not identified due to the limited mass loss; these values were not reported 
and consequentely neither were the values of Residue at Tmax). 

Atmosphere: nitrogen 

Material Tonset [°C] Tmax [°C] Residue @ Tmax 
[°C] 

Residue @ 700°C 
[%] 

BC low 548 - - 90.9 
BC medium 400 - - 88.3 

BC high 540 - - 86.0 
Atmosphere: air 

Material Tonset [°C] Tmax [°C] Residue @ Tmax 
[°C] 

Residue @ 700°C 
[%] 

BC low 513 597.8 37.0 7.4 
BC medium 365 430.4 61.9 24.6 

BC high 487 576.9 60.3 39.6 
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Figure 18. Thermogravimetric and dTG curves in nitrogen (A, A1) and air (B, B1) of BC low, 
medium and high. 

 

4.2 Composites characterization 

4.2.1 Morphological investigations 

The EVA/BC composites were analyzed by SEM to assess the distribution 
and the dispersion of BC particles within the EVA. The SEM images of the 
fractured surface of composites containing 20 wt.% of the three biochars in bulk 
are shown in Figure 19. As it is clearly visible, the BC particles are well 
distributed into polymer matrix, regardless of the BC used. Furthermore, particle 
sizes are in the micrometer range, and the largest aggregates do not exceed 100 
microns. These results suggest that the extrusion process carried out with the 
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adopted operating conditions described in the Appendix was successful. In fact, it 
was possible to obtain a homogenous dispersion of the particles, irrespective of 
the type of BC. 

Figure 19. SEM images at different magnification (350 X and 750 X) of EVA + 20 wt.% of: BC 
low (A), BC medium (B) and BC high (C). 

 

SEM observations were also performed on specimens with BC dispersed only 
on the surface of neat EVA. The total thickness of the specimens was set at 3 mm, 
and the BC-rich surface layer was 0.5 to 1.0 mm thick, with different amounts of 
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BC. Figure 20 shows specimen containing 6 wt. % of BC dispersed in 1 mm thick 
coating. The particles were well distributed in the matrix, and their sizes are in the 
micrometer range, with some larger aggregates not exceeding 100 µm. 

Figure 20. SEM images of specimen containing 6 wt. % of BC dispersed in 1 mm coating at 
different magnifications. 

 

Similar specimens prepared with a 500 µm thick coating with two different 
amounts of BC, namely, 3 and 6 wt. %, were investigated by SEM (Figure 21). 
The difference in the amount of BC particles between the two systems is clearly 
visible with a higher concentration of particles in the sample at 6 wt. %, leading to 
the formation of larger aggregates. Even in this case, the size of 100 microns is 
not exceeded. 

 

200 µm 40 µm

100 X 500 X
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Figure 21. SEM images of specimen containing 3 wt.% (A, B) and 6 wt.% (C, D) of BC dispersed 
in 500 µm coating at different magnifications. 

 

4.2.2 Differential scanning calorimetry analyses 

Differential scanning calorimetry (DSC) analyses were performed on EVA 
and its composites to investigate the characteristic temperatures of the samples. 
The results obtained during the selected thermal cycle for EVA and EVA-BC 
samples are reported in Table 14. The melting temperature (Tm) of unfilled EVA 
is about 85 °C, and this value is substantially not affected by BC incorporation, 
irrespective of type and loading. In addition, the crystallization temperature (Tc) 
of EVA is about 62 °C and the incorporation of the filler increases this value by 
about 3 °C for every type and loading of BC. Otherwise, the degree of 
crystallinity of EVA (Xc about 4.5 %) tends to decrease when BC is incorporated 
to the polymer. This effect was shown for all formulations and is more 
pronounced as the total amount of filler increases. This result can be explained by 
a slowing effect of the crystallization process caused by the BC. 
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Table 14. Results from DSC analysis for ethylene vinyl acetate (EVA) and its composites. 

Sample Tc (°C) ΔHc (J/g) Tm (°C) ΔHm (J/g) Xc (%) 
EVA 62.71 27.58 85.28 13.20 4.5 

15% BC low 65.32 19.63 85.50 9.01 3.7 
20% BC low 65.01 17.12 85.32 8.40 3.6 
40% BC low 66.12 12.95 84.41 5.62 3.2 
15% BC med 65.42 20.51 85.04 8.82 3.6 
20% BC med 65.13 19.10 85.03 8.23 3.5 
25% BC med 65.15 17.27 85.56 7.54 3.5 
40% BC med 65.93 13.94 84.89 5.17 3.0 
15% BC high 65.52 17.11 85.59 7.89 3.2 
20% BC high 65.50 15.82 85.24 7.17 3.1 
 40% BC high 65.47 14.61 85.12 4.16 2.4 

 

4.2.3 Thermogravimetric analyses 

The typical thermogravimetric curves for EVA and its composites containing 
BC in nitrogen and in air, were reported in Figure 22 and Figure 23, respectively. 
The data obtained from the tests are listed in Table 15. In nitrogen atmosphere, 
EVA degradation occurs according to two steps. The first step is ascribed to acetic 
acid release, which takes place between 300 and 390 °C; as a result, the mass loss 
is proportional to the number of acetate groups that were initially present in the 
EVA. The chain scission phenomenon is responsible for the second 
decomposition step, which takes place between 405 and 500 °C [225]. 

In general, the incorporation of different BCs appears to have no significant 
influence on Tmax values compared with unfilled EVA, with a variation of ± 5 °C. 
Contrary, a slight increase in Tonset results was observed due to the protective 
behavior carried out by the fillers. In particular, this increase reaches 12°C for the 
composite containing 40 wt.% of BC medium. Finally, it is worth noting that the 
residues at the end of the test were higher than unfilled EVA and in good 
agreement with the amount of BC used for preparing the composites.  

 In air atmosphere, EVA follows a three-step degradation pathway. The 
oxidation of the products created during the previous steps is the mechanism 
responsible for the third decomposition step [226]. From a general point of view, 
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the incorporation of BC into the EVA matrix is responsible for a shift toward 
higher values of Tonset, Tmax1, and Tmax2. In particular, the highest values of these 
temperatures were obtained with BC medium composites. In fact, the Tonset of 
unfilled EVA increased from about 304 to 328 °C, Tmax1 from 337 to 354 °C, and 
Tmax2 from 431 to 476 °C when 40 wt.% of BC was employed. These results 
highlight the protective effect of BC particles on oxygen diffusion in the EVA, 
which can slow down the degradation of the polymer [227]. Rice husk (BC high) 
accumulates more silicon than oil seed rape (BC medium) in its tissues [228] in 
the form of silica structures known as phytoliths [229]. Many Si-OH sites are 
present in these structures, making them ideal for interacting with polysaccharides 
and glycoproteins [230] that might persist even after the pyrolysis. These acidic 
silica structures could accelerate the thermo-oxidative degradation of EVA-BC 
high samples [231], resulting in a reduced stability. Finally, the residues at the end 
of the tests were in good agreement with the weight loss identified from BC 
powders in air (Table 13). Consequently, it appears that the nature of the 
inorganic components and their concentration in the chosen biochars are factors 
that affect the thermal and thermo-oxidative stability of the obtained composites. 

 

Table 15. Results from thermogravimetric analyses in nitrogen and in air for EVA and its 
composites. 

Atmosphere: nitrogen 

Sample Tonset 
[°C] 

Tmax1 
[°C] 

Residue @ 
Tmax1 [%] 

Tmax2 
[°C] 

Residue @ 
Tmax2 [%] 

Residue @ 
700°C [%] 

EVA 323 353 92 472 32 0 
15% BC low 328 351 94 472 27 13 
20% BC low 329 353 92 473 43 16 
40% BC low 328 355 93 468 60 35 
15% BC med 325 354 92 475 42 11 
20% BC med 326 353 92 465 52 12 
25% BC med 327 354 92 466 50 10 
40% BC med 334 346 93 477 50 36 
15% BC high 326 356 93 472 42 12 
20% BC high 328 354 92 472 43 15 
40% BC high 333 355 92 476 48 30 

Atmosphere: air 
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Sample Tonset 

[°C] 
Tmax1 

[°C] 
Residue @ 
Tmax1 [%] 

Tmax2 
[°C] 

Residue @ 
Tmax2 [%] 

Residue @ 
700°C [%] 

EVA 304 337 89 431 47 0 
15% BC low 308 337 89 433 60 0 
20% BC low 311 344 88 439 59 0 
40% BC low 322 349 91 453 63 1 
15% BC med 320 354 87 475 26 3 
20% BC med 320 341 92 475 33 4 
25% BC med 324 341 91 474 29 4 
40% BC med 328 354 90 476 39 8 
15% BC high 309 347 88 431 58 5 
20% BC high 312 344 89 453 37 7 
40%BC high 319 346 90 467 43 14 
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Figure 22. TG (A, B, C) and dTG (A1, B1, C1) curves of EVA and its composites containing BC 

low, medium and high in nitrogen. 
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Figure 23. TG (A, B, C) and dTG (A1, B1, C1) curves of EVA and its composites containing BC 

low, medium and high in air. 
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20 and 25 wt.% of BC, regardless of the type of particles used. All the specimens 
showed abundant melt dripping, which was able to force the flame out of the 
specimen. The composites, unlike EVA, showed a decrease in after flame times 
(t1 and t2); however, due to the dripping of the melt igniting the cotton, a higher 
rating was not obtained. In contrast, specimens containing 40 wt.% BC failed the 
tests, showing a not classified (NC) rating. In fact, after the second application of 
the flame, the specimens failed to extinguish it and the flame reached the metal 
clamps, invalidating the test. This finding can be ascribed to the high thermal 
conductivity provided by the higher amount of BC, which facilitates the 
propagation of the flame. 

 

Table 16. Average results of vertical burning tests for EVA and EVA/BC specimens. 

Sample t₁ [s] t₂ [s] Classification 

EVA 12 24 V-2 

15% BC low 4 4 V-2 

20% BC low 6 10 V-2 

40% BC low 12 - NC 

15% BC med 7 2 V-2 

20% BC med 10 8 V-2 

25% BC med 10 9 V-2 

40% BC med 10 - NC 

15% BC high 8 4 V-2 

20% BC high 8 9 V-2 

40% BC high 14 - NC 

 

4.2.5 Forced-combustion tests 

4.2.5.1 Bulk systems 
The combustion behavior of EVA and its composites exposed to an irradiative 

heat flux was thoroughly studied through cone calorimetry. The setup of the test 
and the detailed conditions employed are reported in the Appendix. The thermal 
and the smoke values obtained from the tests were listed in Table 17 and Table 
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18, respectively. The curves of heat release rate over time are displayed in Figure 
24. Each graph shows the set of composites prepared with one type of BC and 
compares them with unfilled EVA. 

In general, the incorporation of BC particles is responsible for the earlier 
ignition times of the composites compared with unfilled EVA (TTI = 76 s). This 
behavior, already observed in the scientific literature [232]  [67] could be 
attributed to the higher thermal conductivity of composites. In fact, it implies a 
high heat diffusion through the specimen which can rise faster the temperatures on 
the specimen surface, leading to anticipated TTIs. Consequently, the times of peak 
HRR of the composites were shifted to lower values. 

The most relevant effect of flame retardancy carried by the BC was seen in 
the decrease of the HRR peaks, as well as a variation in the HRR curves, 
depending on the type and loading of BC. The HRR curve of EVA shows the 
typical behavior of an unfilled polymer, displaying a single sharp peak. After 
reaching the maximum HRR value (i.e., the peak of HRR), the curve begins to 
decrease until all the material is consumed, and then reaches the flame out without 
leaving any residue. 

The introduction of BC particles modifies considerably the HRR curves, more 
significantly with the increase of the BC content. The samples containing 15, 20, 
and 25 wt.% of BC show HRR curves that reach a plateau and then decrease much 
more gradually than unfilled EVA. In particular, the values of pkHRR are lower 
than those of EVA from 44 to 63 %. These findings highlight the protection effect 
exerted by the BC particles that are able to create a surface protective layer during 
combustion. This effect was more pronounced in the curves of specimens 
containing 40 wt.% of BC. This amount of BC was capable of lowering the 
pkHRR of EVA from 65 to 74%, depending on the type of filler used. 
Furthermore, the obtained HRR curves present two distinct peaks: the first one is 
referred to the formation of char structure. After this peak, the increase in HRR is 
suppressed and the curve tends to decrease, because of the presence of the 
effective protective shield. The formed char resists continuous exposure to heat 
for some time, then cracks form on the surface of the char, which break it down 
and decrease the thermal barrier effect. As a result, the curve begins to rise, 
reaching a second peak [233]. In particular, the composites containing BC 
medium exhibited in the greatest decrease in peak HRR compared with those 
filled with BC low and BC high. Consequently, BC medium composites presented 
remarkably decreased FPI (pkHRR/TTI ratio) and FIGRA (pkHRR/time to peak) 
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values. In addition, the presence of BC decreased the THR values of EVA, 
especially for specimens containing BC low and BC medium, indicating the 
formation of a stable carbon layer that protects the polymer matrix from heat 
exposure. Finally, Table 18 demonstrates that, in general, the addition of BC 
encourages a decrease in TSR and SEA values.  

 

 
Table 17. Main thermal parameters by cone calorimetry tests at 35 kw m-2. 

Specimen TTI 
[s] 

pkHRR 
[kW m-2] 

pkHRR 
Reduction 

[%] 

Time 
to 

peak 
[s] 

THR 
[MJ m-2] 

Residue 
mass 
[%] 

 
FPI 

[
(𝒌𝑾/𝒎²)

𝒔
] 

 

FIGRA 

[
(𝒌𝑾/𝒎²)

𝒔
] 

EVA 74 1803 - 178 97 0 25 10 
15% BC low 24 884 51 104 86 7 38 9 
20% BC low 27 863 52 112 80 8 33 8 
40% BC low 35 624 65 111 77 27 18 6 
15% BC med 34 742 59 131 91 8 22 6 
20% BC med 36 661 63 117 84 10 19 6 
25% BC med 41 706 61 136 89 10 17 5 
40% BC med 45 478 74 113 70 18 11 4 
15% BC high 37 1008 44 114 96 10 27 9 
20% BC high 39 1030 43 139 91 8 27 7 
40% BC high 39 534 70 87 72 21 14 6 

 
Table 18. Main smoke parameters by cone calorimetry tests at 35 kw m-2. 

Specimen TSR 
[m² m-2] 

SEA 
[m² kg-1] 

CO yield 
[kg kg-1] 

CO2 yield 
[kg kg-1] 

CO/CO2 
ratio 

EVA 1280 598 0.0383 3.25 0.0118 
15%BC low 955 383 0.0292 2.63 0.0111 
20%BC low 870 330 0.0309 2.62 0.0498 
40% BC low 996 407 0.0613 2.44 0.0251 
15%BC med 1276 517 0.0332 2.72 0.0122 
20%BC med 1240 441 0.0316 2.39 0.0132 
25% BC med 1248 503 0.0329 2.58 0.0127 
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40%BC med 1076 508 0.0376 2.52 0.0149 
15%BC high 1141 481 0.0445 3.03 0.0147 
20%BC high 967 374 0.0363 2.62 0.0139 
40% BC high 989 424 0.0322 2.39 0.0135 
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Figure 24. HRR vs. time cone calorimetry curves at 35 kW m-2 of EVA and its composites: 

EVA/BC low (A), EVA/BC medium (B), and EVA/BC high (C). 
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4.2.5.2 Surface approach 

Specimens were prepared using BC from rapeseed, which proved to be the 
best compromise for pkHRR reduction and TTI delay of EVA in bulk systems 
(Table 17). The test conditions used were the same as for cone calorimetry of bulk 
specimens. Table 19 and Figure 25 show, respectively, the results and the HRR 
vs. time curves of specimens with BC-rich surface layer. From a general point of 
view, it is worth noting that, compared with EVA, pkHRR is reduced by BC 
incorporation. This behavior is more pronounced when the 1 mm layer is applied 
to EVA; in fact, these systems are able to reduce pkHRR by up to 43% compared 
with that of EVA. In contrast, the TTIs of the 1 mm systems decrease to 38 and 46 
s (for 3 and 6 wt. % BC, respectively), while the 0.5 mm layer can reach the 
ignition at 70 s. This value is very close to that of EVA, which presents a TTI at 
74 s. For comparison, the bulk specimens (Table 17) presented lower values of 
TTI, approximately half in the best cases, compared to unfilled EVA. These 
results reveal a better fire retardant effect in terms of TTI compared with bulk 
systems, associated with a decrease in pkHRR of EVA, but with the use of 
significantly less BC loadings. This behavior can be attributed to a better particle 
distribution in the surface layer (Figure 20 and Figure 21), which has fewer 
particle aggregates than bulk systems. In fact, these aggregates act as surface 
defects, which promote crack propagation within the initial char layer, releasing 
gases that facilitate specimen ignition [234]. In addition, the surface approach is 
able to considerably delay pkHRR time compared to EVA samples: as a result, 
FIGRA values decrease from 31 to 54 %. 

 

Table 19. Main thermal parameters of EVA and surface-confined BC specimens by cone 
calorimetry test at 35 kw m-2. 

Specimen TTI 
[s] 

pkHRR 
[kW m-2] 

ΔpkHRR 
[%] 

Time 
to 

peak 
[s] 

THR 
[MJ m-2] 

Residue 
mass 
[%] 

 
FPI 

[
(𝒌𝑾/𝒎²)

𝒔
] 

 

FIGRA 

[
(𝒌𝑾/𝒎²)

𝒔
] 

EVA 74 1803 - 178 97 0 25 10 
3% BC med 

(1 mm) 38 1176 35 186 100 2 31 6 

6% BC med 
(1 mm) 46 1036 43 219 95 3 23 5 

3% BC med 
(0.5 mm) 70 1570 13 225 109 1 23 7 
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6% BC med 

(0.5 mm) 69 1440 20 230 110 3 21 6 

 
 

 

Figure 25. HRR vs. time cone calorimetry curves at 35 kw m-2 of EVA specimens containing 
various amounts of BC from rapeseed confined in a 0.5 or 1 mm thick surface layer. 

 

4.2.6 Tensile tests 

Tensile tests on EVA and its composites were performed to determine the 
impact of the BC particles on the mechanical behavior of EVA. Table 20 
summarizes the values in terms of tensile modulus, elongation at break and tensile 
strength; the typical stress-strain curves as shown in Figure 26. The addition of 
BC, regardless of its kind and amount, enhances the stiffness of EVA and 
decreases its ductility. However, elongation at break undergoes a significant drop 
only with the maximum amount of BC is used: in particular, values between 24 
and 26 % for specimens containing 40 wt.% of BC were obtained, compared with 
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123 % for unfilled EVA. The tensile modulus enhancement is also strong 
evidence of the BC particles reinforcing effect. In detail, the tensile moduli of 40 
wt.% BC specimens reach more than quadruplicate the value of EVA (E = 49.8 
MPa), with the highest value using BC high (E = 221.4 MPa). These findings are 
in agreement with those obtained with EVA filled with traditional flame 
retardants such as, for example, hydroxides, hydroxycarbonate, ammonium 
polyphosphate, aluminum trihydrate [23] [235]. In conclusion, BC incorporated 
into the EVA, is very effective in terms of the overall fire behavior but is also 
responsible for an important toughness loss, which must be taken into 
consideration when the flame retarded should undergo mechanical stresses, 
depending on the final application. 

 

Table 20. Tensile properties of EVA and EVA/BC composites. 

Material 
Tensile 

Modulus 
(E) [MPa] 

Std. 
Dev. 

[MPa] 

Elongation at 
Break (ε) [%] 

Std. 
Dev. 
[%] 

Tensile 
Strength 

(σy) 
[MPa] 

Std. 
Dev. 

[MPa] 

EVA 49.8 2.5 123.1 6.1 6.1 0.1 

15% BC low 85.2 3.7 76.7 7.2 5.1 0.2 

20% BC low 99.6 2.9 58.2 5.5 5.3 0.3 

40% BC low 211.2 10.9 26.0 2.4 8.8 0.4 

15% BC med 103.6 3.2 102.4 4.1 9.2 0.1 

20% BC med 120.4 1.6 74.7 3.9 7.9 0.3 

25% BC med 119.6 1.7 87.5 5.7 8.0 0.1 

40% BC med 212.1 28.1 24.2 5.5 7.9 0.7 

15% BC high 72.7 2.6 91.8 8.3 5.2 0.1 

20% BC high 72.7 3.6 86.9 3.0 5.1 0.2 

40% BC high 221.4 23.8 24.3 1.3 8.5 0.6 
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Figure 26. Stress-strain curves for EVA and EVA/BC composites. 
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Chapter 5 

EVA composites containing BC 
and humic acid 

Humic acid (HA) is natural substance with high functionality, which is 
omnipresent in water, soil, and sediments [236]  [237]. Humic acid, as it has been 
conventionally isolated, is a complex condensed combination of monomers that 
contains organic acids (from the alkaline or anaerobic digestion of carbohydrates), 
phenolic groups (from lignin), as well as a significant fraction of hydrocarbons, 
originating from waxes and fatty acids, and low residues of amino acids [236]. 
This material is derived from the degradation of both vegetal and animal 
biomasses present in the soil through biological, physical, and chemical 
transformation processes [237]. HA is regarded as a potential and affordable 
source of new materials and high-value goods [238]. Its carbon-rich nature and its 
skeleton of aliphatic and aromatic units, largely cross-linked by various oxygen-
containing functional groups, suggest that humic acid may behave as a new type 
of charring agent [239]. Consequently, HA has the potential as promising flame 
retardant for polymers. In this chapter, HA was used in combination with 
rapeseed-derived biochar, due to its best performance in fire retardancy studied in 
the previous chapter, as a filler for EVA. In detail, three formulations were 
prepared by compounding with a total filler amount (BC + HA) of 40 wt. % with 
various HA/BC ratios, as reported in Table 21. The thermal stability, flame 
retardancy, and mechanical properties of these materials were investigated. 

 



84  

 
Table 21. Label and compositions of the prepared formulations containing biochar from rapeseed 

(BC) and humic acid (HA). 

Name BC (wt. %) HA (wt. %) 

25BC_15HA 25 15 

20BC_20HA 20 20 

15BC_25HA 15 25 

 

5.1. Characterization of the composites 

5.1.1. TGA analyses 

Table 22 and Figure 27 report the results and curves of thermogravimetric 
analysis of EVA and its composites containing biochar and humic acid, 
respectively. In nitrogen atmosphere, the sample containing the largest amount of 
BC shows an increased thermal stability in terms of increased Tonset, and Tmax2, 
compared with unfilled EVA and the other formulations. In addition, the residue 
at the end of the test was remarkably higher than other formulations (39 vs 25 
wt.%), demonstrating an improved barrier effect provided by the BC-HA 
particles. The TGA results of the formulations with 20 and 15 wt.% BC show 
similar values and lower thermal stability than the sample with 25-15 wt.% BC-
HA. 

In air atmosphere, the incorporation of BC and HA into EVA is responsible 
for a shift toward higher values of Tonset, Tmax1, and Tmax2. In detail, also in this 
scenario, the sample containing 25 wt.% of BC and 15 wt.% of HA showed a 
higher Tonset (325.9 °C) compared with EVA and the other formulations. These 
findings account for an improved thermal and thermo-oxidative behavior for the 
25 BC_15HA formulation. 

 
Table 22. Results from thermogravimetric analyses in nitrogen and air for EVA and its 

composites containing biochar and humic acid. 

Atmosphere: nitrogen 
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Sample 
Tonset 

[°C] 
Tmax1 

[°C] 
Residue @ 
Tmax1 [%] 

Tmax2 
[°C] 

Residue @ 
Tmax2 [%] 

Residue @ 
700°C [%] 

EVA 322.5 352.8 91.9 471.6 32.1 0.4 

25BC_15HA 335.8 360.3 91.8 475.9 56.6 39.3 

20BC_20HA 332.0 350.2 91.6 469.7 54.6 25.4 

15BC_25HA 333.4 352.9 90.8 473.6 49.5 24.8 
Atmosphere: air 

Sample 
Tonset 

[°C] 
Tmax1 

[°C] 
Residue @ 
Tmax1 [%] 

Tmax2 
[°C] 

Residue @ 
Tmax2 [%] 

Residue @ 
700°C [%] 

EVA 304.1 336.9 88.5 431.2 46.9 0.4 

25BC_15HA 325.9 348.9 90.8 471.3 48.3 9.7 

20BC_20HA 312.4 356.5 86.9 478.9 47.6 8.3 

15BC_25HA 319.4 345.7 88.9 478.9 45.7 8.2 
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Figure 27. TG and dTG curves of EVA and its composites containing biochar and humic acid in 
nitrogen (A, B) and in air (C, D). 
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biochar is effective in increasing the time to ignition and to peak values compared 
with specimens containing just BC, as shown in the previous chapter (Table 17). 
In the latter case, the TTI and the time to peak of EVA/BC specimens containing 
40 wt.% of BC from rapeseed were recorded at 45 s and 113 s, respectively. In 
addition, FPI and FIGRA values were significantly lower than unfilled EVA and 
the other composites containing BC only. Furthermore, composites containing HA 
presented HRR curves with very low HRR values with respect to unfilled EVA. 
By comparing these curves each other, the maximum peak decrease is associated 
with specimens with 25 and 20 wt.% of BC (- 74 and -75 %, respectively). The 
third specimen, which contained the highest amount of HA (namely 25 wt.%), 
showed a slightly decreased peak (- 70 %). In this case, it is worth noting that the 
TTI was higher than that of unfilled EVA (95 vs 83 s), as well as the time to peak 
(191 vs 168 s). The BC-HA ratio employed was critical for this purpose; it was 
shown that a predominant amount of BC was beneficial in lowering peak of HRR. 
In contrast, higher HA loading were able to increase the ignition time of the 
specimens. This is because HA acts as a charring agent and can promote char 
formation. By acting as a barrier to the escape of volatile degradation products 
and the heat and oxygen transfer, the generated char layers can prevent further 
pyrolysis of the EVA matrix, as already observed in the scientific literature [239]. 

 

Table 23. Results from cone calorimetry tests performed on EVA and its composites containing 
biochar (BC) and humic acid (HA). 

Specimen TTI 
[s] 

pkHRR 
[kW m-2] 

pkHRR 
Reduction 

[%] 

Time 
to 

peak 
[s] 

THR 
[MJ m-2] 

Residue 
mass 
[%] 

 
FPI 

[
(𝒌𝑾/𝒎²)

𝒔
] 

 

FIGRA 

[
(𝒌𝑾/𝒎²)

𝒔
] 

EVA 83 1737 - 168 91 0.0 21 10 
25BC_15HA 69 447 74 191 71 1 7 2 
20BC_20HA 65 430 75 142 67 1 6 3 
15BC_25HA 95 507 70 180 80 1 5 3 
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Figure 28. HRR vs. time cone calorimetry curves of EVA and its composites containing biochar 

(BC) and humic acid (HA). 

 

5.1.3. Tensile tests 

Table 24 reports the results obtained from the tensile tests of EVA and its 
composites containing BC and HA. From a general point of view, the composites 
showed increased tensile modulus (2 to 3 times) and lower values of elongation at 
break than unfilled EVA, as expected. In contrast to the previously tested 
specimens that showed a tensile modulus above 200 MPa, in this case lower 
results were gathered, in the range of 97 to 154 MPa. Elongation at break is also 
variable and decreases when the elastic modulus increases. These results show 
that the introduction of HA significantly changes the mechanical properties of the 
EVA polymer compared with that observed with the use of BC alone. 
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Table 24. Results of tensile tests of EVA and its composites containing BC and HA. 

Sample Tensile modulus 
(E) [MPa] 

Elongation at break 
(ε) [%] 

EVA 50 ± 2 123 ± 6 

25BC_15HA 97 ± 20 44 ± 9 

20BC_20HA 154 ± 5 29 ± 1 

15BC_25HA 103 ± 21 48 ± 5 
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Chapter 6 

EVA composites containing char 
from Tetra Pak® 

Part of the work described in the Chapter 4 has been previously published in:  

“Matta S., Bartoli M., Arrigo A., Frache A., Malucelli G. Flame retardant 
potential of Tetra Pak®-derived biochar for ethylene-vinyl-acetate copolymers. 
Composites Part C: Open Access. 2022”  [240] 

 

Due to the variability of the waste streams, recycling composite materials is a 
very challenging task in the field of waste management [241]. Tetra Pak® is the 
most popular multilayered packaging composite because of excellent mechano-
chemical resistance [242] and compatibility with several foods and beverages 
[243]. Tetra Pak® is difficult to dispose of as it contains paper, aluminum foils, 
and polyethylene, all at once. Since Tetra Pak® was introduced to the market, 
industrial and academic research have paid close attention to what would happen 
to its end of use [244]. Tetra Pak® waste streams have been the subject of many 
attempts to valorize them and prevent them from landfill confinement. Tetra Pak® 
waste streams can be specifically controlled by reusing the material after grinding 
as filler for cementitious matrices [245] [246] and wood laminates [247], by 
isolating the various constituents [248] [249], or by undergoing conversion 
processes. According to the literature [250] [251], hydrolytic procedures for the 
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recovery of cellulose nanocrystals from the paper layers constitute a potential 
Tetra Pak® waste-stream conversion route. However, this approach has a high 
cost for product isolation and is unable to effectively handle the poly(ethylene) 
and aluminum fractions. In contrast, pyrolysis offers a more durable option for the 
generation of fuels and chemicals [252] [253] as well as a highly energy-efficient 
[254] [255] method for the long-term disposal of Tetra Pak®. Using various 
reactors and processing methods, a few studies showed that BC may be produced 
from the pyrolysis of Tetra Pak® wastes [256] [257] [258] [259] [260]. Huo et al. 
[257], using a pyrolysis process at 550 °C, succeeded in separating aluminum foil 
from char derived from paper and from polyethylene. Then, they obtained porous 
carbons using different processing steps, including carbonization at 850 °C. Tetra 
Pak®-derived BC is distinguished from pure biomass-derived BC by a high 
inorganic percentage caused by the aluminum foils, which is undesirable for soil 
usage but may be advantageous for the design of composites with improved flame 
retardancy [261] [262] [263].  

This chapter describes the pyrolysis process of Tetra Pak® to obtain alumina-
rich biochar. The BC achieved was used as a filler for EVA copolymer and the 
flame retardant behavior of the resulting composites was investigated. In detail, 
two different systems were prepared. In the first method, the BC was incorporated 
in bulk EVA using the compound technique. In the second method, the obtained 
composite was applied onto the surface of unfilled EVA specimens. Then, the two 
systems were studied, and the flame retardants properties were evaluated.  

 

6.1 BC characterization 

The waste multilayers packaging was treated by pyrolysis, following the 
different steps schematized in Figure 29. 
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Figure 29. Schematic pathway of Tetra Pak® pyrolysis for BC production. 

 

In the first step, carried out at temperatures of 130-140 °C, the poly(ethylene) 
layers are subjected to melting, creating a homogeneous environment for the 
subsequent pyrolytic degradation that happens above 400 °C. Under these 
conditions, cellulose degrades with the release of anhydrosugars and furans, 
which go through additional degradative processes and result in a significant 
amount of acetic acid formation [264]. The presence of inorganic oxides in the 
aluminum foil of Tetra Pak® can enhance this last mechanism [265]. The last 
step, occuring at high temperatures (i.e., T = 800 °C) combined with the acidic 
atmosphere, can lead to the oxidation of the aluminium layer with consequent 
formation of alumina, as shown by XPS analysis (Figure 30). Figure 30b clearly 
shows that the alumina (Al2p signal, 75.4 eV), reaching 74% of abundance, 
accounts for the majority of aluminum compounds. In addition, the O1s 
component (peak at 531.1 eV) also indicates its presence. The presence of further 
aluminum species, for example Al2(CO3)3, can be excluded because of the 
instability of such compounds [266] and the absence of peaks ascribed to AlOOH 
or Al(OH)3 [267]. The XPS spectra of biochar carbon composites (Figure 30a) 
show the large amount of sp2 carbon (284.7 eV) tailored with hydroxyl (C1s 285.8 
eV, O2p 532.1 eV) and carboxylic (C1s 289.2 eV, O2p 533.2 eV) functionalities 
and the absence of sp3 species. 
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Figure 30. XPS spectra of a) carbon, b) aluminum and c) oxygen of BC. 

 

Raman spectra in Figure 31 demonstrate how the significant amount of sp2 
carbon led to the formation of quite organized carbonaceous materials. BC from 
Tetra Pak® shows sharper D and G peaks with respect to that obtained at 
temperatures between 700 and 1000 °C [268], and presents a partially structured 
2D region and ID/IG ratio value of 1.1. These results can be ascribed to the 
advanced carbonization process supported by the synergistic effect of the 
homogenous pyrolytic environment given by the poly(ethylene) melted together 
with the aluminum compounds. 
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Figure 31. Raman spectra of BC in the range from 500 cm-1 up to 4000 cm-1. 

 

The FESEM images in Figure 32 further help to understand the distinctive 
properties of BC derived from Tetra Pak®. BC exhibits a morphology made up of 
micrometric and sub-micrometric carbon particles with an average radius of 1.2 ± 
0.2 mm, arranged in structures between 1 and 10 mm in size. Figure 32a displays 
aluminum-rich flakes that are quite uniformly dispersed. Nevertheless, EDX 
analysis performed in areas 1 and 2 of Figure 32 demonstrates that great 
differences are visible at a sub-micrometric scale. Table 25 lists the chemical 
elements found in these two areas, highlighting an aluminum-rich zone (Region 1) 
and a carbon-rich zone (Region 2). Region 1 presents a carbon content of 24 
wt.%, which supports the hypothesis that in this scenario a carbon layer is mixed 
with the aluminum flakes. There, the aluminum amount reaches 51.4 wt. %, while 
in region 2 the Al found was negligible (i.e., 0.5 wt. %). Among other elements 
found, the presence of Calcium and Silicon can be attributed to the paper layer of 
Tetra Pak®, as these elements are commonly present during paper processing 
[269]. 
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Figure 32. FESEM capture of BC with magnification of a) 0.5K and b) 20K. Aluminum- (region 1) 

and carbon-rich (region 2) regions are highlighted in white. 

 

Table 25. Elemental composition obtained through EDX analysis of region 1 and region 2 of BC. 

Element 
Weight (%) 

Region 1 Region 2 

Carbon 24.5 60.4 
Oxygen 22.3 27.9 

Aluminum 51.4 0.5 
Silicon 0.2 1.3 

Calcium 0.2 8.8 
Sodium 1.3 1.1 

 
Figure 33 presents the typical thermogravimetric curves for BC in both 

nitrogen and air atmospheres. In inert environment (Figure 33a), the BC showed 
highly stable behavior, exhibiting about 2 % of mass loss during the heating up to 
800 °C. In air atmosphere, the thermo-oxidative degradation takes place in two 
different phases. The first step occurs in the range of temperature between 350 
and 570 °C, while the second one takes place at temperatures between 630 and 
700 °C. Above 700 °C, BC is thermally stable, which account for a final residue 
of about 35 wt.% at 800 °C. 
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Figure 33. TG and dTG curves of BC from Tetrapak in nitrogen (A) and in air (B). 

 

6.2 Composites characterization 

6.2.1 Morphological investigations 

SEM analysis were performed on EVA-BC composites in order to assess the 
particle morphology and their distribution within EVA. EDX micro-analyses were 
performed on the composites to further study the dispersion of the particles into 
EVA. Figure 34 displays the SEM images at different magnifications of the 
composites containing 20 and 40 wt.% of BC. The BC is well distributed within 
the EVA and its size is basically micrometric and submicrometric, according to 
the average particle size of BC, though some aggregates up to 100 µm can be 
identified. These results show that the conditions of compounding process were 
appropriate for achieving a fairly homogeneous dispersion of the BC within EVA. 
The EDX maps of the main elements contained in the BC were exploited to 
support the good distribution of BC in EVA (Figure 35).  
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Figure 34. SEM images at different magnification of the bulk composites containing 20 wt.% (A, 
B, C) and 40 wt.% (D, E, F) of BC. 
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Figure 35. EDX maps of the elements included in biochar for the bulk composites containing 20 
wt.% (A) and 40 wt.% (B) of BC. 

 

Furthermore, the SEM analyses were carried out on the cross-sections of the 
specimens with BC dispersed on their surface (Figure 36). Regardless of the 
amount of BC, which was 3 and 6 wt.%, the coatings presented a thickness of 
about 500 µm. Furthermore, the images show a marked separation between the 
coating and the underlying polymer. Finally, the particle distribution in these 
samples was also homogeneous, except for some larger aggregates up to 100 µm. 
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Figure 36. EVA coated with EVA layers containing 3 wt.% (A) and 6 wt.% (B) of BC. 

 

6.2.2 Rheological analyses 

The complex viscosity curves of EVA and its composites containing BC are 
reported in Figure 37. Unfilled EVA shows the typical viscosity behavior of the 
thermoplastic polymers: a Newtonian trend was observed in the low-frequency 
region, followed by the shear-tinning zone that results in a rapid decrease in 
complex viscosity values with respect to frequency. In the low-frequency range, 
the addition of 20 wt.% of BC results in a slight improvement of the complex 
viscosity values compared to the EVA matrix but has a limited effect on the 
rheological response of the material at high frequencies. Higher complex viscosity 
values are observed throughout the whole tested frequency range for 40 wt.% BC 
composites, although the frequency dependence of the viscosity curve 
corresponds quite closely to that of an unfilled matrix. According to scientific 
literature for polymers containing micrometric BC particles [155], these findings 
indicate a modest impact of the filler on the relaxation dynamics of EVA. In 
conclusion, the rheological performance of these materials seems principally 
governed by the viscoelastic response of matrix macromolecules. 

 



 101 

 

Figure 37. Complex viscosity curves for EVA and BC-containing composites. 

 

6.2.3 DSC analyses 

Table 26 collects the main DSC data from each selected thermal cycle for 
EVA and its composites. The melting peak at 85.3 °C as well as the crystallization 
temperature at 62.7 °C were substantially not influenced by the presence of BC, 
regardless its amount. In contrast, the crystallinity of unfilled EVA showed a 
slight decrease due to the BC incorporation. These results agreed with the values 
obtained in the previous chapter from BCs derived from different biomasses. 

 
Table 26. Results from DSC analyses for EVA and its composites with BC. 

Sample Tc (°C) ΔHc (J/g) Tm (°C) ΔHm (J/g) Xc (%) 

EVA 62.7 27.6 85.3 13.2 4.5 

20 BC-T 64.6 22.3 85.4 7.2 3.1 

40 BC-T 64.9 11.9 85.0 5.3 3.0 
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6.2.4 Thermogravimetric analyses 

The typical TG and DTG curves for EVA and for its composites containing 
BC are shown in Figure 38. The main results obtained in nitrogen and air 
atmosphere are listed in Table 27.  

In nitrogen, the presence of BC accounted for a slight increase in the Tonset 
values, implying limited protection exerted by the filler. In addition, the amount 
of final residue increased significantly for the BC composites due to the high 
inorganic content introduced by BC. However, as displayed in paragraph 6.1, the 
TGA of BC in inert atmosphere highlighted a weight loss about 2 wt.% at 800 °C, 
so the obtained residue values do not correspond to the initial amount of filler 
incorporated into EVA (i.e., 20 and 40 wt.%). This finding can be explained by 
interactions with the polymer that cause the BC to lose thermal stability. 

In air atmosphere, the inclusion of BC results in increased values of Tonset, 
Tmax1 and Tmax2, highlighting the protective effect exerted by the filler. The sample 
containing 40 wt.% of BC was more effective in raising Tonset and Tmax1 than its 
counterpart filled at 20 wt.%, reaching values similar to EVA in inert atmosphere. 
This behavior emphasizes the barrier effect of the particles on oxygen diffusion in 
the polymer, which has already been documented in the scientific literature [227]. 
The interactions occurring between EVA and BC particles were studied by 
calculating the theoretical TG curves of samples at 20 and 40 wt.% of BC and 
comparing the obtained curves with their respective experimental curves (Figure 
39). For the 20 wt.% BC sample, the first phase associated with acetic acid release 
follows the same trend for both experimental and calculated curves. In contrast, 
the second phase of weight loss due to the degradation of the unsaturated chains 
(from 405 to 480 °C) was observed at higher temperatures for the experimental 
curve. This delay emphasizes again the barrier effect created by the filler. The 40 
wt.% BC samples demonstrate a higher interaction between EVA and BC 
particles as the experimental curve showed a higher thermo-oxidative stability 
since the starting of degradation. The barrier effect toward oxygen is reduced at 
higher temperatures (T > 450 °C), probably because of the presence of particle 
aggregates, as shown in SEM images. The calculated final residues were in 
agreement with those obtained from TG analysis, confirming the amount of BC 
contained in the samples. 
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Table 27. Results from thermogravimetric analyses in nitrogen and air for EVA and its 

composites. 

Atmosphere: nitrogen 

Sample Tonset [°C] Tmax1 [°C] Residue @ 
Tmax1 [%] Tmax2 [°C] Residue @ 

Tmax2 [%] 
Residue @ 
800°C [%] 

EVA 322.5 352.8 91.9 471.6 32.1 0.3 

20 BC-T 325.2 347.7 93.1 471.5 42.0 13.6 

40 BC-T 333.7 354.0 92.8 472.8 51.5 27.1 

Atmosphere: air 

Sample Tonset [°C] Tmax1 [°C] Residue @ 
Tmax1 [%] Tmax2 [°C] Residue @ 

Tmax2 [%] 
Residue @ 
800°C [%] 

EVA 304.1 336.9 88.5 431.2 46.9 0.2 

20 BC-T 310.0 338.5 89.4 471.5 29.2 5.8 

40 BC-T 322.3 347.5 91.7 459.1 45.6 15.7 
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Figure 38. TG and dTG curves of EVA and its composites in nitrogen (A, A1) and in air (B, B1). 

 

 

Figure 39. Comparison between the experimental and calculated TG curves in air for 20 BC-T 
and 40 BC-T composites. 
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6.2.5 Cone calorimetry 

Table 28 shows the main parameters provided by cone calorimetry on EVA 
and its composites; Figure 40 shows their HRR vs. time curves. The most 
noticeable effect of incorporating BC into EVA is the decrease in pkHRR 
compared to the unfilled copolymer. In detail, this behavior was more pronounced 
with the increase of BC from 20 to 40 wt.%: the reduction observed was, 
respectively, by 45 and 65 % compared with unfilled EVA. As a consequence, 
also FPI (pkHRR/TTI ratio) and FIGRA (pkHRR/time to peak) values were also 
significantly lowered with respect to EVA. In addition, the protection provided by 
BC was confirmed by the decrease of THR values of composites. Indeed, as 
already discussed in the previous chapters, the BC creates a protective surface 
layer during combustion which is able to slow down the degradation, acting as a 
thermal and mass transfer barrier. This effect was clearly visible in the shape of 
HRR curves of composites: the typical two-peaks curves, due to char formation, 
can be seen both in 20 and 40 wt.% specimens. Among them, the specimen with 
the highest BC loading shows a curve with two peaks that are sharper and more 
separated from each other, indicating enhanced charring ability.  

 
 

Table 28. Results from cone calorimetry tests performed on EVA and its composites. 

Specimen TTI 
[s] 

pkHRR 
[kW m-2] 

pkHRR 
Reduction 

[%] 

Time 
to 

peak 
[s] 

THR 
[MJ m-2] 

Residue 
mass 
[%] 

 
FPI 

[
(𝒌𝑾/𝒎²)

𝒔
] 

 

FIGRA 

[
(𝒌𝑾/𝒎²)

𝒔
] FRI 

EVA 74 1803 - 178 96.6 0 24.8 10.1 - 
20 BC-T 44 993 45 142 92.9 6 22.6 7.0 1.12 
40 BC-T 43 635 65 105 80.3 20 14.8 6.0 1.98 

3 BC-T_sup 112 1405 22 226 111.1 1 12.5 6.2 1.69 
6 BC-T_sup 66 1194 34 208 112.5 3 18.1 5.7 1.16 
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Figure 40. HRR vs. time cone calorimetry curves of EVA, its bulk composites and its surface-
coated samples. 

 

The cone calorimetry analyses were also carried out on the surface-coated 
specimens: the obtained data were reported in Table 28 and the HRR curves are 
shown in Figure 40. From an overall point of view, it is worth noting that the 
results between bulk incorporation and surface dispersion of BC are noticeably 
different when comparing the times to ignition of the specimens. In bulk systems, 
both TTIs and times to peak were anticipated by the presence of BC with respect 
to unfilled EVA, with similar TTI values for 20 and 40 wt.% of BC composites, as 
already reported in the scientific literature [218] [232]. Otherwise, the specimens 
with BC distributed as a surface coating showed delayed TTIs. The specimen with 
3 wt.% of BC surface-distributed exhibited better performance in retarding the 
ignition than the counterpart containing 6 wt.% of filler. In fact, the lower BC 
content was able to increase the TTI up to 112 s, probably due to the better BC 
dispersion caused by a lower loading. Therefore, a larger amount of BC can lead 
to the easy formation of particle aggregates on the specimen surface. These 
aggregates act as defects that promote the breaking of the initial char skin and 
cause the release of the gases needed to ignite the specimen [234]. This hypothesis 
was supported by the analysis of the particle distribution on the surface of the 
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coated samples. On specimens with 3 and 6 wt.% of BC-coating, the BC particle 
distribution was detected by software and their total occupied areas were 
calculated. Figure 41 shows the obtained images of the particles on the specimen 
surface. The calculated total occupied area by BC for 3 and 6 wt.% of BC showed 
values of 2.14 and 4.86 %, respectively. However, the presence of numerous 
particle aggregates was clearly visible in the specimen containing 6 wt.% of BC, 
compared to the 3 wt.% specimens, in line with the previous hypothesis. 
Furthermore, the reduction of TTI from 112 to 66 s with the increase in biochar 
amount can also be ascribed to the increase in thermal conductivity, because of 
the accumulation of not-oxidized metal particles on the surface. As a consequence 
of the ignition delay, also the times to peak for both coated specimens show 
remarkably higher values compared to unfilled EVA and bulk specimens. 
Furthermore, each flame retardant system investigated exhibits a Flame 
Retardancy Index (FRI, Table 28) value that is in the range 1 – 10, so it was 
classified as "good" [270]. Finally, the cracks formation during the combustion 
test on the exposed surface of coated specimens limits the protection provided to 
the underlying unfilled polymer. As result, the HRR peak values recorded for 
these systems were higher than for specimens with bulk incorporation of BC, 
indicating a better performance for the latter. 

 

Figure 41. Detected particles of BC from SEM images of EVA specimens of Figure 36(a) and 
Figure 36 (b). 

 

6.2.6 Temperature profiles during combustion tests 

Further investigation of the heat shield effect given by BC particles was 
performed by recording the temperature profiles during forced-combustion tests 
on the surface and back of the EVA and its composites. The obtained curves are 
displayed in Figure 42: the curve labeled “T surface” refers to the temperature of 
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the surface directly exposed to heat flux; the other curves represent the 
temperatures on the backside of the various specimens. From a general point of 
view, the surface temperature of the specimens rapidly increases during the test 
due to its proximity to the irradiative heater, reaching about 600 °C at the end of 
the test. The specimens containing BC result in a decrease in the temperature 
measured on their backside, proving the thermal shielding effect provided by the 
particles. In particular, these temperatures decreased by about 100 - 140 °C 
compared with the unfilled EVA specimen, regardless of the type of system and 
filler loading. These results may pave the way toward a remarkable reduction in 
the amount of BC used while still achieving the same thermal shielding 
performance. 

 

Figure 42. Temperature profiles recorded on the surface (dotted line) exposed to the irradiative 
heat flux (35 kW m− 2) and on the backside of the samples during forced-combustion tests. 
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6.2.7 Tensile tests 

Figure 43 shows the characteristic stress-strain curves of EVA and its bulk 
composites. Table 29 lists the obtained values of tensile modulus and elongation 
at break. The specimens containing BC exhibited an increase in stiffness, which 
was greater as the amount of filler increased to 40 wt.%. In particular, the latter 
reached a value of 246 MPa, more than four times higher than that of the unfilled 
copolymer (E = 50 MPa). In contrast, the ductility of EVA significantly 
deteriorated in the presence of BC. 

 
Table 29. Results of tensile tests of EVA and its composites containing BC from Tetra Pak. 

Sample Tensile modulus (E) [MPa] Elongation at break (ε) [%] 

EVA 50 ± 2 123 ± 6 
20 BC-T 117 ± 6 90 ± 10 
40 BC-T 246 ± 34 31 ± 7 
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Figure 43. Stress-strain curves for EVA and EVA/BC-T composites. 
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Chapter 7 

HDPE composites containing char 
from Tetra Pak® 

In this chapter, the effect of biochar obtained from the pyrolysis of Tetra Pak 
used as a filler was further investigated. BC was incorporated in two polyethylene 
matrices with different properties: HPDE_HV with high viscosity and HDPE_LV 
with a lower viscosity (more details are provided in the Appendix). Composites 
with 20 wt.% of BC were prepared via compounding, and their thermal, 
combustion and mechanical properties evaluated. 

 

7.1. Morphological investigations 

Figure 44 shows the SEM magnifications of the two HDPE-based composites 
containing BC from Tetra Pak. A good filler distribution was observed for both 
materials; some aggregates of larger size, ranging from 100 to 200 µm, were 
observed in both samples, while other smaller particles were distributed 
throughout the matrix. The EDX analyses of the composites reported in Figure 44 
and Figure 45, show the chemical composition of the BC particles. These maps 
show that the lamellar particles consisted mainly of aluminum. In contrast, the 
porous-shaped particles contained mainly Ca, O and Si. These results showed that 
the different viscosities of the two matrices slightly influenced the dispersion and 
distribution of the particles. 
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Figure 44. SEM magnifications (250 X) of HDPE_HV (A) and HDPE_LV (B) composites 
containing 20 wt.% of BC from pyrolysis of Tetra Pak.  
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Figure 45. SEM image of the HDPE_HV-BC composites and its EDX maps of the elements 
included in biochar. 
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Figure 46. SEM image of the HDPE_LV-BC composites and its EDX maps of the elements 
included in biochar. 

 

7.2. DSC analyses 

Table 30 collects the results of DSC analyses performed on HDPE_HV, 
HDPE_LV, and their respective composites containing 20 wt.% of BC. Both 
crystallization and melting temperatures show similar results for neat PE and 
composites, highlighting that the presence of BC does not influence the these 
parameters. In addition, BC particles do not affect crystallization processes, as the 
variation in crystallinity between pure PE and its composites is only about 1%. 

25 µm
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These findings demonstrate how the composites can be processed using the same 
conditions employed for their unfilled polymers. 

 
Table 30. Results from DSC analyses for HDPEs and their composites. 

Sample Tc (°C) ΔHc (J/g) Tm (°C) ΔHm (J/g) Xc (%) 

HDPE_HV 115.4 162.7 131.5 180.9 61.7 

20 HDPE_HV 113.5 143.2 132.9 140.8 60.1 

HDPE_LV 116.0 214.5 135.2 223.3 76.2 

20 HDPE_LV 116.4 170.6 135.4 177.1 75.5 

 

7.3. Thermogravimetric analyses 

The thermogravimetric results for HDPEs and their composites are reported in 
Table 31; Figure 47 shows the TG and DTG curves obtained in nitrogen and in 
air. In nitrogen atmosphere, the degradation of the samples occurs in a single 
degradation step, starting at Tonset and ending at about 500 °C. From a general 
point of view, the analyzed samples show negligible variations in their 
characteristic degradation temperatures. In contrast, the final residue at the end of 
the test increases from zero (unfilled polymer) to 15 and 17 wt.% (HDPE_HV and 
HDPE_LV, respectively). These values, close to the amount of BC incorporated 
(i.e., 20 wt.%), indicate an interaction taking place between polymer and BC 
particles. In fact, the high thermal stability of BC, shown in Figure 33(A), was 
slightly reduced by the radicals formed during HDPE degradation. 

The values of characteristic temperatures of TGA in air show an improvement 
in the thermo-oxidative stability of BC-containing specimens. This effect is 
particularly evident in the Tonset value of HDPE_HV-based composite, which is 
delayed by 53 °C compared to the unfilled counterpart, while the HDPE_LV-
based composite presents a delay in Tmax1 of 79 °C compared to the unfilled 
matrix. These findings can be observed in the TGA curves (Figure 47B), which 
show better stability of HDPE_HV composite up to 450 °C and, after that 
temperature, a higher stability of HDPE_LV composite until the end of the test. 
Finally, the final residues were in agreement with the TG analysis of BC in air, 
which lost about 65% of its initial weight. Again, these findings highlight the 
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barrier effect of BC particles on oxygen diffusion in the polymer, already 
discussed in previous chapters. 

 

Table 31. Results from thermogravimetric analyses in nitrogen and in air for HDPEs and their 
composites. 

Atmosphere: nitrogen 

Sample Tonset 
[°C] Tmax1 [°C] Tmax2 [°C] T10% [°C] T50% [°C] Residue @ 

800°C [%] 

HDPE_HV 438 484 - 457 481 0 

20 HDPE_HV 445 484 - 458 484 15 

HDPE_LV 434 481 - 456 480 0 

20 HDPE_LV 442 485 - 458 485 17 

Atmosphere: air 

Sample Tonset 
[°C] Tmax1 [°C] Tmax2 [°C] T10% [°C] T50% [°C] Residue @ 

800°C [%] 

HDPE_HV 270 413 443 367 413 0 

20 HDPE_HV 323 443 - 390 450 6 

HDPE_LV 316 402 458 343 405 0 

20 HDPE_LV 315 481 - 368 465 7 
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Figure 47. TG and dTG curves of HDPEs and their composites in nitrogen (A, A1) and in air (B, 
B1). 

 

7.4. Cone calorimetry 

7.4.1. HDPE High Viscosity 

Table 32 and Table 33 list the main thermal and smoke parameters, 
respectively, of HDPE high viscosity and its composites containing 20 wt.% of 
BC, tested at 25, 35, and 50 kW m-2. The related HRR vs. time curves are reported 
in Figure 48. From an overall point of view, the composites show anticipation in 
TTIs and a decrease of the peak HRR, as expected. The latter exhibited a strong 
decrease when tested at 25 kW m-2, with a value reduced by 30 % compared to the 
unfilled polymer. At higher heat fluxes, the reduction was 27 and 22 % (at 35 and 
50 kW m-2, respectively). In the latter cases, the specimens were heated faster, 
quickly reaching high temperatures that do not allow an effective surface barrier 
to be created, as observed at a lower heating flow. This finding is witnessed by the 
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shapes of the HRR curves (Figure 48): the curve at 25 kW m-2 after a very sharp 
initial slope shows a change in slope, reflecting the formation of a thermal barrier 
layer; at higher heat fluxes, this change in slope is not so evident, with the overall 
shape of the curves similar to that of the unfilled polymer. Despite these 
differences the area under the curves, namely the total heat release (THR), 
remains the same for both the polymer and its composites. The TTIs of the 
specimens decrease significantly when the heat flux increases, as already reported 
by several studies [271] [272].  

Regarding the smoke parameter values (Table 33), the level of CO and CO2 
remains similar for the polymer and its composite at the specific heat flux. The 
THR and SEA, on the other hand, were significantly reduced, as the incorporation 
of BC is responsible for a smoke suppression effect. BC particles promote 
carbonization while decreasing aromatization and volatilization of aromatics, 
which produce dense smokes [273].  

 

Table 32. Main thermal parameters of HDPE_HV and its composite containing 20 wt.% of BC by 
cone calorimetry test at different heat fluxes. 

Specimen TTI 
[s] 

pkHRR 
[kW m-2] 

pkHRR 
Reduction 

[%] 

Time 
to 

peak 
[s] 

THR 
[MJ m-2] 

Residue 
mass 
[%] 

 
FPI 

[
(𝒌𝑾/𝒎²)

𝒔
] 

 

FIGRA 

[
(𝒌𝑾/𝒎²)

𝒔
] 

25 kW m-2 
HDPE_HV 148 1222 - 265 108 0 8.3 4.6 

20 HDPE_HV 130 853 30 227 105 10 6.6 3.8 
35 kW m-2 

HDPE_HV 87 1515 - 187 105 0 17.4 8.1 
20 HDPE_HV 78 1103 27 179 103 9 14.1 6.2 

50 kW m-2 
HDPE_HV 51 2039 - 127 99 0 39.9 16.1 

20 HDPE_HV 32 1587 22 116 96 8 49.6 13.7 

 
Table 33. Main smoke parameters of HDPE_HV and its composite containing 20 wt.% of BC by 

cone calorimetry test at different heat fluxes. 
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Specimen TSR 
[m² m-2] 

SEA 
[m² kg-1] 

CO 
[%] 

CO2 
[%] 

CO/CO2 
ratio 

25 kW m-2  
HDPE_HV 1024 384 0.0030 0.15 0.0200 

20 HDPE_HV 933 380 0.0036 0.15 0.0240 
35 kW m-2  

HDPE_HV 798 304 0.0037 0.17 0.0218 
20 HDPE_HV 537 208 0.0034 0.17 0.0200 

50 kW m-2  
HDPE_HV 1063 369 0.0045 0.22 0.0205 

20 HDPE_HV 465 187 0.0047 0.25 0.0188 
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Figure 48. HRR vs time curves for HDPE_HV and its composite containing 20 wt.% of BC at 

different heat fluxes (i.e. 25, 35, and 50 kW m-2). 

 

7.4.2. HDPE Low Viscosity 

Table 34 and Table 35 list the main thermal and smoke parameters, 
respectively, of HDPE low viscosity and its composites with 20 wt.% of BC, 
tested at 25, 35, and 50 kW m-2. The respective HRR vs time curves are reported 
in Figure 49. In the cases of low and medium heat flux (i.e., 25 and 35 kW m-2), 
the curves of HRR show a double peak, due to the stability of the thermal barrier 
layer provided by biochar, as already reported in the previous chapters. The curve 
of composite tested at a higher heat flux did not exhibit such pronounced 
behavior: this latter shows a slope inversion at about 50 s. The reduction in peak 
of HRR caused by BC incorporation compared with unfilled polymer was 
between 34 and 46%. For each heat flux considered, the TTIs of the filled 
specimens were anticipated compared to the unfilled polymer, as well as the time 
to peaks. THR values were not significantly affected by the presence of BC, with 
a slight decrease in their values. As well as for High Viscosity HDPE, the smoke 
parameters of TSR and SEA were greatly reduced by the BC presence while the 
CO and CO2 maintained about the same values.  
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Table 34. Main thermal parameters of HDPE_LV and its composite containing 20 wt.% of BC by 

cone calorimetry test at different heat fluxes. 

Specimen TTI 
[s] 

pkHRR 
[kW m-2] 

pkHRR 
Reduction 

[%] 

Time 
to 

peak 
[s] 

THR 
[MJ m-2] 

Residue 
mass 
[%] 

 
FPI 

[
(𝒌𝑾/𝒎²)

𝒔
] 

 

FIGRA 

[
(𝒌𝑾/𝒎²)

𝒔
] 

25 kW m-2 
HDPE_LV 146 1141 - 267 96 0 7.8 4.3 

20 HDPE_LV 90 682 41 219 85 9 7.6 3.1 
35 kW m-2 

HDPE_LV 86 1396 - 183 98 0 16.2 7.6 
20 HDPE_LV 51 923 34 179 96 10 18.1 5.2 

50 kW m-2 
HDPE_LV 55 2046 - 134 98 0 37.2 15.3 

20 HDPE_LV 21 1097 46 121 92 9 52.2 9.0 

 
 

Table 35. Main smoke parameters of HDPE_HV and its composite containing 20 wt.% of BC by 
cone calorimetry test at different heat fluxes. 

Specimen TSR 
[m² m-2] 

SEA 
[m² kg-1] 

CO 
[%] 

CO2 
[%] 

CO/CO2 
ratio 

25 kW m-2  
HDPE_LV 847 309 0.0030 0.15 0.0200 

20 HDPE_LV 239 108 0.0032 0.14 0.0229 

35 kW m-2  
HDPE_LV 910 321 0.0038 0.16 0.0238 

20 HDPE_LV 492 198 0.0028 0.16 0.0175 

50 kW m-2  
HDPE_LV 1072 434 0.0044 0.22 0.0200 

20 HDPE_LV 706 301 0.0045 0.20 0.0225 
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Figure 49. HRR vs time curves for HDPE_LV and its composite containing 20 wt.% of BC at 
different heat fluxes (i.e. 25, 35, and 50 kW m-2). 

 

7.4.3. Comparison between HDPEs 

Figure 50 and Figure 51 display the value of the HRR peaks at different heat 
fluxes for HDPE_HV and HDPE_LV materials, respectively; the trend lines are 
marked. The HDPE_HV containing BC shows a peak HRR reduction by 30% at 
25 kW m-2, up to 22% at 50 kW m-2, and trend lines with similar slopes. In 
contrast, HDPE_LV shows a decrease in peak HRR from 41% at 25 kW m-2 to 
46% at 50 kW m-2, showing an increasing reduction from low to high heat fluxes; 
in this case, the two trend lines show very different slopes. This opposite behavior 
means that the flame-retardant effect of BC in HDPE_HV is more effective at low 
irradiative heat fluxes, while for HDPE_LV it is more efficient at high fluxes. In 
general, the values of pkHRR of HDPE_LV composites were lower than those of 
HDPE_HV composites, although the corresponding unfilled polymers showed 
similar values of peak HRR. This result can be attributed to the different 
degradation mechanisms involved during combustion [274]: HDPE_HV 
composites mainly follow degradation by carbon-carbon bonds breaking, with the 
formation of volatile products; in HDPE_LV composites, on the other hand, the 
scission between carbon-hydrogen bonds is favorite, which leads to the formation 
of radicals responsible for char formation. 
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Figure 50. PkHRR vs. heat flux trend lines of HDPE_HV and 20 HDPE_HV. 

 

 
Figure 51. PkHRR vs. heat flux trend lines of HDPE_LV and 20 HDPE_LV. 
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elongation at break. The presence of BC in HDPE_HV only slightly changes the 
behavior of its matrix. The composite curve follows the same trend but with a 38 
% increase in tensile modulus and a slight decrease in ductility, observed in the 
decreased elongation at break from 8 to 6 %. On the contrary, the BC particles in 
the HDPE_LV significantly change the behavior of the polymer. The HDPE_LV 
presents a very high elongation at break (ε = 164 %), which dramatically drops 
down to just 6 % when the BC was incorporated, with an increase in elastic 
modulus of 47%. 

 

Figure 52. Stress-strain curves for HDPE_HV and its composite containing 20 wt.% of BC. 
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Figure 53. Stress-strain curves for HDPELHV and its composite containing 20 wt.% of BC. 

 

Table 36. Tensile properties of HDPEs and respective composites. 

Sample Tensile modulus (E) [MPa] Elongation at break (ε) [%] 

HDPE_HV 1442 ± 40 8 ± 1 
20 HDPE_HV 1986 ± 53 6 ± 1 

HDPE_LV 1468 ± 104 164 ± 40 
20 HDPE_LV 2162 ± 126 6 ± 1 

 

 

 

 



128  

 

Chapter 8 

General conclusions 

This thesis focused on the preparation and study of polymer composites 
containing flame retardants derived from different waste sources. In detail, the 
flame retardants were obtained through the char resulting from pyrolysis 
processes. The pyrolysis was carried on Kraft Lignin, softwood, rapeseed, rice 
husk, and used Tetra Pak. The solid product of the treatment process, named char, 
was embedded into different polymer matrices (EVA and HDPE) to obtain by 
compound technique different flame retardant systems. The prepared flame 
retardant systems were carefully characterized and the results were shown and 
discussed in this thesis. The objective was to explore a potential use of chars 
derived from the pyrolysis of different wastes by embedding it in different 
thermoplastic polymers and comparing their fire retardancy with typical flame 
retardants. The main results have been summarized below: 

- The first biochars studied in Chapter 3 were derived from kraft lignin 
pyrolyzed at various temperatures, i.e., 500, 600 and 700 °C, to obtain three 
different biochars. The EVA composites were prepared with 20 or 40 wt.% of BC, 
a typical quantity range used to achieve significant fire retardancy results and 
acceptable mechanical properties. Indeed, the peaks of heat rate release (pkHRR) 
of these materials significantly lower than that of unfilled EVA (i.e., -23 to -73 
%), with a greater effect given by materials with high filler content and using BCs 
obtained at higher temperatures (i.e., 700 °C). The time to ignition (TTI) was 
compared and exceeded that of EVA only using BC obtained at 600 and 700 °C at 
40 w..%. Similar behavior was observed on EVA composites containing BCs 
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obtained from various biomasses, as reported in Chapter 4: in these cases, using 
40 wt.% of BC from rapeseed accounted for a pkHRR decrease up to 74 % 
compared to that of EVA. but the TTIs resulted lower, i.e., from 32 to 61 %, 
compared with that of EVA. In this chapter flame retardant systems with BC-rich 
surface layer were exploited; these systems showed TTIs similar to that of EVA 
with just 3 or 6 wt.% of BC, combined with a decrease in pkHRR (from 13 to 30 
wt.%). 

- Chapter 5 reported the preparation and characterization of EVA composites 
containing, in addition to BC from rapeseed, another bio-material, humic acid 
(HA). The combination of these two components have been leading to a decrease 
in pkHRR of EVA from 70 to 75 %, combined with a TTI higher of 12% respect 
to that of EVA, for the composites containing 15 wt.% of BC and 25 wt.% of HA. 

- The char derived from used Tetra Pak containers was explored in Chapter 6 
and 7. EVA composites were prepared using both bulk and surface approaches: 
the former highlight the decrease in pkHRR, while the latter point out the increase 
in TTI compared with EVA values. The fire retardancy effect of the char was 
exploited in HDPE matrices at different heat fluxes (i.e., 25 kW m-2, 35 kW m-2, 
and 50 kW m-2) showing, from a general point of view, an anticipation of TTI 
and a decrease in peak HRR, as expected. 

In conclusion, this work could be used as a starting point for further work 
aiming at valorizing pyrolysis process by-products as flame retardants in a 
circular economy perspective. 
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Appendix 

A.1 Materials 

A.1.1 Polymers 

EVA (melt flow rate of 12 g/10 min at 190 °C/2.16 kg, density of 0.942 g/cm3 
and vinyl acetate content of 19 wt.%) was supplied by Versalis SPA (San Donato 
Milanese, Italy) under the trade name Greenflex MQ40 which is a grade for 
injection molding and compounding. 

Different grades of polyethylene have been used. Table 37 reports the 
commercial names, the codes used, the values of melt flow index (MFI) and 
density provided by the suppliers. All the materials were used without any further 
purification. 

Table 37: List of polyethylenes used. 

Material Supplier Code MFI (g/10min) 
[190 °C/2.16 kg] 

Density 
(g/cm3) 

Eraclene MP90U 

Versalis SPA (San 

Donato Milanese, 

Italy)  

HDPE_LV 7 0.960 

Lupolen 5021DX 

LyondellBasell 

(Rotterdam, 

Netherlands) 

HDPE_HV 0,25 0.950 

 

A.1.2 Biochars 

Different types of BCs were obtained by pyrolysis of Kraft Lignin supplied by 
Domtar (Fort Mill, South Carolina, US). Biomass was dried at 105 °C for 24 
hours and pyrolyzed in a mechanical fluidized bed reactor (pilot-scale unit). The 
feedstock (100 g) was heated in a nitrogen atmosphere at 20 °C min -1 to 500, 600 
or 700 °C and maintained for 25 min. Pyrolysis gases flux inside a condenser 
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where they accumulate in the liquid phase, while non-condensable gases are 
expelled. Samples of these gases can be taken for analysis. After cooling, the char 
and oils obtained are recovered. The BC was pulverized using a mechanical 
blender. List and code of obtained BCs are reported in Table 38. 

 

Table 38. BCs obtained from pyrolysis of Kraft lignin. 

Code Pyrolysis temperature 

BC500 500 

BC600 600 

BC700 700 

 

Three types of biochars were purchased from UK Biochar Research Centre 
and were produced by pyrolysis of mixed softwoods, oil seed rape, and rice husk, 
using a pilot-scale rotary kiln unit [275]. The highest treatment temperature was 
set at 550 °C, and each material that resulted from that process was then further 
annealed at 1000 °C using a vertical furnace and a quartz reactor, heating at a rate 
of 50 °C min-1 while maintaining the final temperature (1000 °C) for 30 min in an 
argon atmosphere. The annealed biochars were then further mixed for 10 min in a 
mechanical blender (Savatec BB90E, Turin, Italy), then for 10 min in a ball mill. 
Their ash content was assessed by incineration at 550 °C for 6 h, using a static 
furnace. Table 39 reports the names of the samples and their ash content.  
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Table 39: list of codes used to identify biochar samples and their respective ash content. 

Code Source Ash Content (%) 

BC low Softwoods 2.3 ± 0.8 

BC medium Rapeseed 23.4 ± 1.1 

BC high Rice husk 47.8 ± 1.3 

 

The BC-T was made using Tetra Pak®, collected from residential and urban 
waste streams, cleaned, and dried at 105 °C for 72 hours before being converted 
via pyrolysis. Tetra Pak® was cut into squared pieces measuring about 3 cm2 in 
size. A tubular furnace (Carbolite TZF 12/65/550) was used to pyrolyze 100 g at a 
heating rate of 15 °C/min for 30 min at 800 °C in a nitrogen environment. After 
being allowed to cool at room temperature, BC was collected and mechanically 
pulverized for 10 minutes while operating at room temperature before being 
utilized to prepare the composites. 

 

A.1.3 Humic Acid (HA) 

Humic acid sodium salt was purchased from Thermo Fisher Scientific 
(Waltham, MA, USA) in powder form with a purity of 50 to 60% as humic acid. 
The molecular formula of this substance is C9H8Na2O4 and the chemical structure 
is reported in Figure 54. 
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Figure 54. Chemical structure of humic acid sodium salt [data from 
https://www.fishersci.it/shop/products/humic-acid-sodium-salt-tech-50-60-as-humic-acid-thermo-

scientific/15436395]. 

 

A.2 Instruments 

A.2.1 Compounding 

The composites were processed in a co-rotating twin-screw extruder Process 
11 from Thermo Fisher Scientific (Waltham, MA, USA) with a screw diameter of 
11 mm and L/D ratio of 40. The extruder consisted of 8 blocks and a die with a 
single hole heated and the adopted temperature profile is reported in Figure 55. 
On the first block of the extruder and the third block, respectively, two volumetric 
feeders dosed BC powders and EVA pellets. The die was fitted with a pressure 
sensor and a thermocouple to measure the melt's temperature (145 °C and 25–30 
bar, respectively), and block number seven had a window for degassing. Figure 51 
depicts the screw profile, which was selected to maximize the transfer of 
mechanical energy and enhance BC dispersion. Three kneading blocks were 
inserted to ensure the appropriate mixing of the BC and molten polymer and to 
minimize the size of agglomerates or big particles. Every single component of the 
kneading blocks had a selected orientation of 30°, 60°, and 90° with respect to the 
subsequent one, as shown in Figure 55. The extruder was running at 500 rpm, the 
EVA feeder's mass flow was set at 350 g/h, and the powder feeder was calibrated 
to achieve the necessary filler loading. The finished product was extruded out of 
the machine into a batch of water where it quickly cooled before being pelletized. 
The same screw profile was used for the PE-based compounding but with 
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different conditions: feeding at 250 g/h and temperatures from 185 to 195 °C 
(specifically, 185 - 185 - 190 - 190 - 190 - 190 - 195 - 195 °C). 

 

Figure 55. Screw and temperature profile of the instrument used during extrusion process (KB = 
kneading blocks). 

 

A.2.2 Compression molding 

A Collin P200T press (Maitenbeth, Germany) with hot plates for compression 
molding was used for specimen preparation. For EVA-based materials, square 
samples (50 × 50 × 3 mm3) for cone calorimetry were obtained at 150 °C and 100 
bar for 3 min. The same conditions were used to mold 500 or 1000 µm thick 
layers of EVA-BC, which were subsequently joined to the neat EVA square 
specimens at 80 °C and 100 bar for 1 min. The same method was adopted for 
molding specimens for flammability tests of size 125 × 16 × 3 mm3. 

The same procedures were used for the compression molding of PEs materials 
using different conditions: the temperature was set at 190 °C and the time was 
extended to 6 min. 

A.2.3 Injection molding 

Specimens with a “dog bone” shape for mechanical tests of size 75 × 4 × 2 
mm3, were molded using a Babyplast 610P Standard injection molding machine, 
from CRONOPLAST SL (Abrera, Spain). The EVA-based materials were 
obtained at 150 °C, the first injection time of 8 s at 85 bar for filling the mold, and 
the second injection time of 25 s at 65 bar of maintenance, with a total time cycle 
of 45 s. The PE-based materials were processed at 190 °C, first injection time of 
8.5 s at 80 bar, second injection time of 12 s at 50 bar.  
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A.3 Characterization techniques 

 

A.3.1 Raman spectroscopy 

BC samples were analyzed through Raman spectroscopy by using a Renishaw 
InVia apparatus (H43662 model, Gloucestershire, UK) coupled with a green laser 
line (514 nm) with a 50× objective. Raman spectra were studied in the range 
between 250 cm−1 and 3500 cm-1. 

 

A.3.2 X-Ray photoelectron spectroscopy (XPS) 

The BC surface was studied using a PHI 5000 Versaprobe Physical 
Electronics (Chanhassen, MN, USA) scanning X-ray photoelectron spectrometer 
(monochromatic Al K-alpha X-ray source with 1486.6 eV energy, 15 kV voltage, 
and 1 mA anode current) to evaluate the surface chemical composition. 

 

A.3.3 Mechanical tests 

An Instron 5966 dynamometer (Norwood, MA, USA) was employed for 
evaluating the mechanical behavior through tensile tests, according to the ISO 527 
standard. A 5 kN load cell was utilized, working at 1 mm/min rate until 0.2% 
deformation was reached; afterward, the rate was increased up to 50 mm/min till 
the specimen fracture. At least five specimens were tested for each system and the 
results in terms of tensile modulus (E), elongation at break (ε), and tensile strength 
(σy) averaged. 

 

A.3.4 Morphological investigations 

The morphologies of biochar powders and BC composites were investigated 
using an EVO 15 scanning electron microscope (SEM) from Zeiss (Oberkochen, 
Germany), coupled to Ultim Max 40 energy dispersive X-ray (EDX) micro-
analyzer by Oxford Instruments (High Wycombe, UK), with AZtecLive 



136  

 
integrated software. Fragments of the composites obtained by a brittle fracture in 
liquid nitrogen were fixed to conductive adhesive tapes and gold-metallized. 

 

A.3.5 Proximate analysis 

The proximate analysis was carried both on BCs and feedstock following the 
standard ASTM D1762-84 and using a Vulcan muffle furnace model d-550. 
Moisture content (MC, %), volatile matter (VM, %), and ash (%) were calculated. 
The fixed carbon (FC, %) content was calculated as the difference from the total. 
Results were duplicated and averaged. 

 

A.3.6 Ultimate analysis 

Ultimate analysis was performed on BCs and feedstocks to investigate the 
elemental composition of the sample. Carbon, hydrogen, nitrogen and sulfur 
content was determined using an EA1112 Series CHNS elemental analyzer from 
Thermo Fisher Scientific. The sample (1-2 mg) was inserted in an aluminum 
container together with vanadium oxide (8-10 mg). The oxygen content was 
calculated as a percentage from the difference of the elemental contents plus the 
ashe percentage obtained from proximate analysis (equation (7)). 

Oxygen % = 100 – C (%) – H (%) – N (%) – S (%) – ash (%)  (7) 

 

A.3.7 Differential scanning calorimetry (DSC) 

DSC analyses were carried out using a Q20 TA Instrument apparatus (New 
Castle, DE, USA), on samples of about 8 mg, placed in sealed aluminum pans. 
EVA-based samples were first heated up under dry nitrogen from 30 to 150 °C at 
10 °C/min, to erase the previous thermal history. Then, samples were cooled from 
150 °C to 30 °C at 10 °C min-1 and a second heating was applied up to 150 °C at 
10 °C min-1. PE-based samples were heated until 200 °C. The crystallization 
temperature (Tc), crystallization enthalpy (∆Hc), melting temperature (Tm), and 
melting enthalpy (∆Hm) were identified, using the 2nd heating-up trace. The 
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crystallinity degree (Xc) of the unfilled polymer and of the composites was 
calculated using the following equation (8): 

𝛸𝑐 =
𝛥𝐻𝑚

𝛥𝐻100 (1−𝑥) 
∗ 100      (8) 

 

where x is the filler weight percentage and ΔH100 represents the melting 
enthalpy of the 100% crystalline polymer matrix equal to 290 J g-1 both for EVA 
and PEs (since it is assumed that EVA crystallization only involves polyethylene 
segments [276]).  

 

A.3.8 Thermogravimetric analysis (TGA) 

The thermal and thermo-oxidative behavior of BC powders and BC 
composites was assessed through a Q500 system from TA Instrument (New 
Castle, Delaware, USA). Around 10 mg of each sample was placed into an open 
alumina crucible and heated up from room temperature to 800 °C (heating rate: 10 
°C/min), either in 60 ml/min air or nitrogen gas flow. The following parameters 
were measured: Tonset (temperature, at which the sample starts degrading), Tmax 
(temperature of the peak of dTG - derivative - curves) and residues at the related 
temperatures, as well as at the end of the tests. 

 

A.3.9 Higher Heating Value (HHV) 

The determination of HVV was performed using Semi-Automated 
Calorimeter model C-200 by IKA (Staufen, Germany) and preparing samples of 
0.3 - 0.4 grams.  

 

A.3.10 Micro Gas Chromatograph (Micro-GC)  

The pyrolysis gases were collected using gas bags at different temperatures 
(i.e. 300, 400, 500, 600, and 700 °C). In order to identify the compounds, a micro-
GC model CP-4900 from Varian Inc. (Palo Alto, California, USA) coupled with a 
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Thermal Conductivity Detector was employed. Helium and argon gases were 
employed as carrier gases for the thermal conductivity detector at 80 psi pressure. 
Each sample was analyzed at least three times and the results were averaged. 

 

A.3.11 Rheological measurements 

Rheological measurements were performed using an ARES (TA Instrument, 
New Castle, DE, USA) strain-controlled rheometer, employing a parallel plate 
geometry (plate diameter: 25 mm; gap between the plates: 1 mm). The complex 
viscosity values were measured through frequency scans ranging from 10-1 to 102 
rad s-1 at constant temperature (150 °C). The strain amplitude was chosen for each 
sample in order to fall in the linear viscoelastic region. 

 

A.3.12 UL-94 test 

The UL-94 vertical test was used for studying the flammability of prepared 
materials. It is a conventional vertical spread flame test that distinguishes 
materials into V-0, V-1, and V-2 categories. Figure 56 shows the experimental 
apparatus.  
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Figure 56. Experimental apparatus for the UL94 V flammability test. Reprinted with the 
permission from [4]. 

 

The burner is configured to generate a blue flame with a center cone height of 
20 mm and a power of 50 W. The top of the burner must be 10 mm from the 
specimen's bottom edge when the flame is applied to the bottom of the 
specimen.  After 10 seconds, the flame is removed. The after-flame time, that is 
the length of time needed for the flame to be extinguished is given as t1. After 
extinguishment, the flame is held for an additional 10 seconds. The after-flame 
time t2 and the afterglow time t3 (the time required for the fire glow to disappear) 
are reported. The distance between the burner and the specimen must 
remain constant during flame application. If drops occur, the burner should be 
isolated from the test flame or tilted at a 45° angle. During the test, the burning 
drops that caused a piece of cotton under the specimen to ignite must be recorded. 
Five samples must be tested, according to the standard. The criteria mentioned in 
Table 2 are used to classify the specimen as V0, V1, or V2, as reported by the 
standard [5].  
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Table 40. Classification of materials for the UL 94 V flammability test. 

UL94 V0 t1 and t2 less than 10 s for each specimen 

t1+t2 less than 50 s for the five specimens 

t2+t3 less than 30 s for each specimen 

No after-flame or after-glow up to the holding clamp 

No burning drops 

UL94 V1 t1 and t2 less than 30 s for each specimen 

t1+t2 less than 250 s for the five specimens 

t2+t3 less than 60 s for each specimen 

No after-flame or after-glow up to the holding clamp 

No burning drops 

UL94 V2 t1 and t2 less than 30 s for each specimen 

t1+t2 less than 250 s for the five specimens 

t2+t3 less than 60 s for each specimen  

No after-flame or afterglow up to the holding clamp 

Burning drops allowed 

 

A3.13 Cone calorimetry 

The cone calorimeter was designed in the early 1980s at the National Bureau 
of Standards (NBS), now the National Institute of Standards and Technology or 
NIST [277] and nowadays thousands of scientific papers have been published. 
The equipment and test procedure are internationally standardized as ISO 5660. 
The cone calorimeter is a bench-scale fire test equipment that creates forced flame 
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conditions [278] and, as a result, simulates a fire scenario with a very small 
sample size. The cone calorimeter has found growing application as a 
characterization tool in the study and development of fire-retarded polymeric 
materials. In fact, parameters such as peak of HRR (pkHRR), THR and TTI can 
be compared systematically in relation to the design of new flame-retarded 
materials.  

Cone calorimeter tests work based on measuring the decreasing oxygen 
concentration in combustion gases of a sample exposed to a specified heat flux 
(usually in the range 10 and 100 kW/m2). A cone calorimeter's experimental setup 
is shown in Figure 57. 

  

 

Figure 57. Schematic of cone calorimeter apparatus. Reprinted with the permission from [279]. 

 

In order to assess the mass loss during the experiment, the sample is 
positioned on a load cell. The sample is heated uniformly with a cone-shaped 
electric radiant heater. An electric spark is used for ignite the sample and start the 
combustion. The combustion gases generated flow through the heating cone and 
are collected through an exhaust duct system. Then, gases are sent to analyzers 
that calculate oxygen content and CO and CO2 concentrations. The amount of 
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heat released per unit of time and surface area is calculated using measurements 
of the gas flow and oxygen content, and represent the HRR (heat release rate), 
which is expressed in kW m-2. When assessing the fire retardancy of materials, the 
evolution of the HRR over time, in particular the value of its maximum peak 
(pkHRR), is a fundamental parameter. The calculation is founded on Huggett's 
finding that the amount of heat released by the majority of organic materials 
is proportional to the amount of oxygen used during combustion. The 
proportionality factor, which is 13.1 kJ/g of consumed oxygen, is constant from 
one material to the next [280]. The total heat released (THR), expressed in kJ/m2, 
is obtained by integrating the HRR vs. time curve. Furthermore, the cone 
calorimeter test permits evaluation, of the time to ignition (TTI), time of 
combustion (flame out), mass loss during burning, amounts of CO and CO2, and 
total smoke released (TSR), as main parameters. 

The different typical combustion behaviors result in distinct HRR versus time 
curves that provide information about the tested materials. Figure 58 shows the 
main characteristic HRR vs. time curves. 

 

Figure 58. Typical HRR curves for different characteristic burning behaviours. Reprinted with 
the permission from [10]. 

 

a. Thermally thick non-charring specimens present a rapid initial 
increase of HRR after ignition, reaching a nearly constant HRR value 
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(averaged or steady HRR). This plateau lasts until the PKHRR takes 
place close to the end of the test. 

b. For intermediate thickness non-charring specimens, the plateau 
disappears but the steady HRR is highlighted only by a shoulder, 
followed by the pkHRR. 

c. Thermally thick charring (residue forming) specimens form, after an 
initial increase in HRR, a stable char layer which leads to a 
progressive decrease in HRR.  

d. Some thermally thick charring specimens present two HRR peaks: one 
at the beginning of the test, before charring, and the other at the 
conclusion, due to the char cracking. 

e. Thermally thin specimens exhibit a pronounced peak in HRR and the 
pkHRR is dependent on the total fire load. 

f. Some materials show HRR curves characterized by unstable 
combustion trends. The reasons may be intermittency between ignition 
and self-extinction before a sustained flame or during the entire 
measurement [10]. 

The combustion behavior was investigated through cone calorimetry tests 
according to the ISO 5660 standard, using a Noselab Ats (Nova Milanese, Italy) 
instrument. Square samples (50 × 50 × 3 mm3) were exposed to different heat 
fluxes (i.e., 25, 35, and 50 kW m-2) in horizontal configuration. The specimens 
were wrapped in aluminum foil except the upper face and placed on a load cell, 
maintaining 25 mm (increased to 60 mm for intumescent specimens, as 
recommended by the standard) between specimen surface and cone heater. For 
each formulation, the test was repeated three times and the results were averaged; 
the standard deviations are found to be less than 20 % of the averages. Time to 
ignition (TTI, s), peak of heat release rate (pkHRR, kW m-2), time to peak (s), 
total heat release (THR, kW m−2), total smoke release (TSR, m2/m2), fire 
performance index (FPI, (kW/m2)/s), fire growth rate index (FIGRA, (kW/m2)/s), 
Fire Retardancy Index (defined as the ratio of THR∗ (pkHRR/TTI) between the 
neat polymer and the corresponding thermoplastic composite containing only one 
flame retardant additive, dimensionless) and final residue were evaluated. 

The temperatures involved during combustion were recorded using a K-type 
thermocouple (diameter of 1 mm) from Tersid (Milan, Italy) and a K-type 
thermocouple integrated on a heat-resistant plate (size: 100 × 100 mm2) from 
Thermo Electra (Pijnacker, Netherlands). The first thermocouple was placed in 
contact with the sample surface exposed to the cone heater, in the center of the 
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sample, for collecting the temperature on the top; the second one was used as a 
support for the specimen, in order to collect the bottom temperature. Specimens of 
100 × 100 × 3 mm3 were used; the tests were repeated at least three times and the 
results averaged; the standard deviations were found below 20 % of the averages. 
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