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Chapter I: Introduction

The use of polymeric materials in our everyday life is increasing rapidly due to their
remarkable combination of properties such as, high strength or modulus to weight ratios,
toughness, resilience, resistance to corrosion, heat and electrical insulation, low cost, low weight
and ease of processing [1]. In the early 1950s, a thermoplastic polymer referred as acrylonitrile-
butadiene-styrene (ABS), consists of three monomers, acrylonitrile, butadiene and styrene, was
commercialized and quickly gained popularity due to its excellent mechanical properties like high
impact resistance, toughness, as well as chemical, heat resistance and processability. It has been
used in a wide range of applications, including automotive parts, electronic housings, household
appliances and toys [2]. However, ABS is inherently highly flammable and releases toxic gasses
during the combustion that significantly limits its industrial applications; therefore, it has always
been a challenge to tailor a suitable flame retardant (FR) system for ABS to control its fire hazard
[3, 4].

By introducing brominated FRs to the market in the 1960s, most of the concerns regarding
the flame retardancy of ABS were considered accomplished [5]. However, in the 1990s the use of
these halogenated flame retardants was reported to endanger the environment and human health.
In the past decades, the use of these additives, such as tetrabromobisphenol A (TBBPA) and
brominated diphenyl ethers (BDESs), has been strictly limited [6-8]. Consequently, the halogen-
free flame retardants (HFFRs) were developed and introduced to the industry as environmental
friendly alternatives. The HFFRs, mainly based on phosphorus, are reported to be the most
effective flame retardant systems to improve the fire behavior of polymeric matrices. The most
widely used phosphorus based flame retardants (PFRs) in ABS or in its polymer blends are based
on organic and inorganic phosphorus compounds such as: triphenyl phosphates (TPP) [9],
bisphenol A bis (diphenyl phosphate) (BDP) [10], aluminum hypophosphite (AHP) [4], red
phosphorus (RP) [11], piperazine pyrophosphate (PAPP) [12] and ammonium polyphosphate
(APP) [13]. These phosphorus-based flame retardants have a prominent action in the condensed
phase or gas phase, depending on their chemical composition [14]. Some of them, such as APP,
PAPP and BDP during the thermal decomposition are converted to phosphoric acid leading to the

formation of pyrophosphate and polyphosphate structures acting mainly in the condensed phase.
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They catalyze the dehydration reaction of polymer end chains and induce char formation. On the
other hand, TPP, AHP and RP have a major action in the gas phase during decomposition. They
mainly volatize to produce free radicals (POze, POs and HPO-¢), which scavenge He and OHe
radicals, forming less reactive or even inert molecules in the flame, and suppressing the radical
reactions of combustion in the gas phase [15-17].

APP, composed of inorganic salt of poly phosphoric acid and ammonia, has attracted the
industry attention due to its low loadings, lower cost, processability and its function in intumescent
flame retardant systems [18]. APP has been used to enhance the fire behavior of different polymers
in intumescent flame retardant (IFR) systems, where it was used with other substances that act as
charring agents such as pentaerythritol (PER) [19], dipentaerythritol (DPER) [20], poly-(4-
nitrophenoxy)-phosphazene (DPP) [21] and poly-N,N'-ethyleneterephthalamide (PETA) [22].
These charring agents act by catalyzing the esterification reaction of APP, promoting the release
of non-flammable gasses such as H20, CO, CO, and NHs in the gas phase and the formation of a
cohesive and cross-linked char in the condensed phase. For example, the occurrence of synergistic
interactions between APP and aluminium diethyl phosphinate (AIPi) revealed to enable the
liberation of phosphorus radicals at a temperature range which acted like scavengers of those
radicals yielded during ABS decomposition, as well as, to promote the formation of a more
effective protective layer in the condensed phase [13].

On the other hand, in the present days, there is a remarkable surge of interest towards novel
flame retardants derived from renewable sources. This attention is driven by the accessibility of
these sustainable alternatives and growing awareness of environmental issues associated with the
increased use of fossil resources. Moreover, the advancement of flame retardant systems sourced
from renewable materials is well-suited to be a solution for the increasing use of polymers in many
technical fields, by reducing their environmental footprint [23]. It has been reported that in some
cases, bio-based materials act more efficiently in the condensed phase by producing a thermally
stable char residue [24, 25]. For instance, the incorporation of a system consists of low-cost starch,
flax fabric (FF) and APP was reported to exhibit an improvement in the flame retardancy of a
biodegradable polymer by the formation of a compact cross-linked 3D network (P-O-P and P-O-
C) as a protective char layer due to the presence of both APP and starch as a charring agent [26].

In another study the influence of lignin on the thermal and fire properties of ABS blends was
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investigated and it was concluded that the presence of lignin could have a positive impact on the
fire behavior by increasing the char formation [27].

Recently, the interest in valorization of industrial and forestry by-products and wastes is
increasing rapidly in order to promote the circular economy. Portugal and Spain are considered the
main manufacturers of cork products with the production rate of 46% and 33% of the world total
production (200 thousand tons per year), respectively [28, 29]. However, an important waste of
approximately 30% (of the total production), with no economic value, called cork powder, a term
used to cover all cork wastes, is produced during this industrial cork processing [30, 31]. In order
to valorize this forest waste, some studies have been carried out by employing cork powder in
polyolefinic matrices, mainly focusing on the effect of cork powder composition in water
absorbance, mechanical and insulation properties of cork polymer composites (CPCs) [32-34]. In
addition, there are different strategies reported to be applied in order to improve the desired
properties of CPCs such as, chemical modification of cork [35], the use of coupling agents [35,
36] to promote cork matrix bonding and the use of different natural or synthetic fibers to reinforce
CPCs [37, 38]. Moreover, the charring ability of cork attributed to the presence of lignocellulosic
components can help to slow down the combustion process by forming a protective barrier when
exposed to heat.

Moreover, to enhance the flame retardant properties of cork through chemical modifications,
some treatments such as phosphorylation can be proposed. By introducing phosphorus groups into
the surface of cork particles, the material's flame retardancy can be significantly improved by not
only enhancing the charring ability of cork but also provides probable additional fire protection
benefits such as releasing phosphorus radicals. Overall, the combination of cork's inner flame
retardant properties and its charring ability, along with advancements in chemical modification
techniques, positions cork as a versatile and eco-friendly material for enhancing fire safety in
diverse industries. Further research and development in this area hold great potential for unlocking
new opportunities for using cork powder, a bio-waste, in flame retardant applications while
promoting environmental sustainability.

Although there is no study regarding cork phosphorylation, there are some related to the
phosphorylation of lignocellulosic materials. For instance, bisphosphonic acid and vinyl
phosphonic acid (VPA) have been used to introduce phosphorus moieties into the lignin-rich

miscanthus fibers and lignin-poor flax fibers [39]. By using hexane-1,6-diylbisphosphonic acid,
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phosphorus content in miscanthus fibers reached 1.4 wt.% while a lower content of 0.3 wt.% for
flax fibers was registered. Bisphosphonic acid was more efficiently grafted onto miscanthus fibers
than flax fibers due to the presence of a higher lignin content. VPA grafting was less effective than
bisphosphonic acids and phosphorus levels were lower than 0.3 wt.% for both flax and miscanthus
fibers. However, microscale combustion calorimetry (MCC) and thermogravimetric analysis
(TGA) results showed that VPA modified miscanthus fibers released less heat and promoted more
char than those modified by bisphosphonic acids. It was observed that the higher thermal stability
of bisphosphonic acid did not allow it to act as effectively as VPA at microscale. On the contrary,
VPA decomposed simultaneously with miscanthus or flax fibers and promoted the charring of the
fibers. Therefore, it was reported that the final thermal stability and fire performance not only
depended on the phosphorus content but also on the thermal stability of the used phosphorus
component. Furthermore, adding phosphorylated lignin (P-LIG) to ABS has also presented
promising results by improving the thermal stability of the ABS composites and promoting a
higher formation of the protective char [40]. It was observed when P-LIG with 4.1% of phosphorus
content was synthesized and 30 wt.% of P-LIG was added to ABS composites, it promoted char
formation by reacting with ABS during thermal decomposition leading to a significant reduction
of the peak of heat release rate pHRR and THR of 58% and 20%, respectively. It was shown that
P-LIG was acting mainly in the condensed phase by interacting with ABS during the
decomposition of the composite. These interactions induced less release of combustibles to the
flame while a charring protective barrier was formed on the composite surface. A slight inhibition
effect in the flame was observed as well, probably caused by release of phosphorus species into
the gas phase.

On the other hand, while flame retardants play an important role in improving the fire
resistance of ABS, they can also adversely affect its mechanical properties. In general, addition of
large amounts of flame retardants to polymers decreases their mechanical properties particularly,
their toughness and flexibility. Therefore, some treatments, such as incorporation of
compatibilizers and/or impact modifiers, have been suggested. For instance, the impact strength
enhancement of an ABS with an IFR composed of APP, melamine and calcium 3-hydroxy-2,2-
bis(hydroxymethyl) propyl phosphate at the ratio of 3:1:1 was reported [41]. A polybutadiene
grafted SAN rubber, containing a 70 wt.% of polybutadiene (ABS-R) at different loadings of 4-26
wt% was incorporated into the mentioned IFR-ABS. The highest increase of impact strength
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(115%) was achieved for the composite containing 15 wt.% of ABS-R and related to an
improvement in the boundary adhesion between the IFR and ABS matrix. The effect of styrene-
ethylene/butylene-styrene-maleic anhydride-graft (SEBS-g-MA) on a recycled polymeric blend of
ABS/high impact polystyrene/polystyrene (9:21:70), containing 2-10 wt.% of TPP and sepiolite
with a ratio of 1:1 was also reported [42]. The blends with 8 wt.% of FR exhibited a V-1
classification in UL-94 and a 29% limiting oxygen index (LOI) value. nevertheless, the
incorporation of flame retardants led to a drastic reduction of impact strength from 66.12 J/M to
23.5 J/m, while adding 2, 5 and 10 wt.% SEBS-g-MA increased it up to 69.4 J/m, 74.5 J/m and
80.4 J/m, respectively, by increasing the elastomeric phase and subsequently resilience property
of the blend. Although, 2 and 5 wt.% SEBS-g-MA addition increased the tensile strength from
21.6 MPa to 28.6 MPa and 27.4 MPa, respectively, when 10 wt.% of SEBS-g-MA was added, a
lower tensile strength of 25.5 MPa was registered due to the presence of a higher rubbery content
where the elastomeric phase started dominating the blend. Therefore, the blend with 5 wt.% of
SEBS-g-MA was chosen as the optimized one. In general, compatibilizers and impact modifiers
act by reducing the crack growth rate and increasing the energy absorbed in the plastic region,
which is also called stress whitened zone [43].

The present work proposes different approaches to develop flame retarded ABS
composites: (i) improving the mechanical properties of a self-extinguished phosphorus flame
retardant system composed of APP and AlPi, (ii) developing novel FR-ABS formulations with
enhanced environmental sustainability by combining APP with cork powder, a bio-waste of the
cork industry and (iii) modification and phosphorylation of cork powder to improve its flame

retardancy behavior as a promising adjuvant bio-flame retardant.
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.1 Objectives

Two general objectives were defined in the present thesis. The first one was focused on the
development of new strategies to reduce the adverse impact of a highly efficient phosphorus-based
flame retardant system on ABS, previously developed in the Poly2 group. The main requirements
of this objective were to accomplish a minimum notched Charpy impact strength of 6 kJ/m? and a
V-0 classification in UL-94 burning test, that was needed for extending the application window of
ABS. The second goal was aimed to develop ABS formulations with even lower environmental
impact by combining APP with cork powder, a renewable material from natural resources and a
bio-waste of the cork industry, elucidating the effect of this novel system on the thermal stability
and flame retardancy of ABS.
According to the general objectives, the particular ones were established as followed:

e Developing a fireproof ABS composite with enhanced mechanical properties:

- Preparing of ABS composites containing a global 20 wt.% of APP/AIPi with 2-5 wt%. of
the selected compatibilizers/impact modifiers.

- Characterizing the Charpy impact strength and vertical burning UL 94 ranking of flame
retarded ABS composites.

- Discussing the effect of compatibilizers/impact modifiers on the microstructure,
viscoelastic and mechanical behavior, thermal stability and fire performance of
phosphorus flame retardant ABS composite with the optimal balance of impact strength

and flammability.

¢ Investigating the effect of combining APP with cork powder on thermal stability and
fire behavior of ABS:

- Ascertaining the chemical composition of natural cork powder and analyzing its effect on
the cork powder’s thermal stability and flammability.

- Preparing ABS composites containing APP and cork powder with a global filler weight
content of 30 wt.%
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Characterizing ABS/cork/APP composites’ microstructural morphology, thermal
stability, thermo-mechanical and fire properties.

Studying the possible synergistic or antagonistic effect of combining a phosphorus-based
flame retardant and cork powder at different ratios on the thermal stability and fire
behavior of the ABS matrix

Discussing the possible mechanisms and modes of action of APP and cork flame retardant

system.

Investigating the effect of cork powder phosphorylation on thermal stability and fire
behavior of ABS:

Modifying of cork powder surface by using different phosphorus components under
different reaction conditions.

Analyzing the effect of different phosphorylation agents and conditions on the phosphorus
bands’ presence, phosphorus content and final product successful phosphorylation.
Preparing ABS composites containing a phosphorus-based flame retardant and
phosphorylated cork powder at a global loading of 30 wt.%

Characterizing the microstructural morphology, thermal stability, thermo-mechanical and
fire properties of ABS composites containing phosphorylated cork with and without APP.
Investigating the effect of phosphorylation on the fire performance of flame retarded ABS

composites containing cork and/or APP and discussing their mechanisms of action.
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.2 Outline of thesis

The content of this thesis has been divided into six chapters as below:

Chapter | contains the introduction, the motivation and objective of this work, as well as
its structure.

In Chapter I, a bibliographic review is carried out on the state of the art of flame retardancy
and mechanical properties of ABS.

Chapter Il describes the raw materials, the compounding, specimens’ preparation, the
general characterization techniques, and experimental methods used along the whole thesis to
determine the properties of the composites.

Chapter IV shows the materials, the discussion of the results regarding the properties of a
flame retarded ABS and the conclusions with the purpose of improving its mechanical properties.
The results of this preliminary work have been published: Farnaz Ghonjizade-Samani, Laia
Haurie, Ramén Malet, Mark Pérez and Vera Realinho, "Phosphorus based flame retardant ABS
with enhanced mechanical properties by combining ultrahigh molecular weight silicone rubber
and ethylene methyl acrylate copolymer”, Polymers, Vol. 16, NO. 7, PP. 923 (1-21), IF: 5.0, 27
March 2024, DOI: 10.3390/polym16070923. And regarding this chapter, a European patent
application with the number EP23383250 was filed on December 4th, 2023.

Chapter V exhibits the discussion of the results and the conclusions related to the thermal
and flammability of cork, as a bio-waste source, and its components. The results of this preliminary
work have been published: Farnaz Ghonjizade-Samani, Laia Haurie, Ramén Malet and Vera
Realinho, "The Components’ Roles in Thermal Stability and Flammability of Cork Powder",
Materials, VVol. 16, NO. 10, PP. 3829 (1-17), IF: 3.4, 18 May 2023, DOI: 10.3390/mal16103829.

Chapter VI displays the materials and the obtained results of bio-FR ABS composites
containing cork and APP, as well as, the conclusions. The results of this preliminary work have
been submitted: Farnaz Ghonjizade-Samani, Laia Haurie, Ramén Malet and Vera Realinho,
"Study of using cork powder as an adjuvant bio-flame retardant in acrylonitrile-butadiene-styrene
flame retardant formulations”, Polymer degradation and stability.

Chapter VII presents the study of surface modification and phosphorylation of cork bio-

waste and investigates the effect of its phosphorylation on the mechanical properties, thermal
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stability and fire behavior of FR-ABS composites. It also exhibits the discussion of the results and
the conclusions.

Chapter V11 illustrates the general conclusions and the proposed future studies.

In Chapter IX, the publications and conferences participations, regarding this thesis, are
listed.
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Chapter |l: State of the art

Polymers are considered a large and growing part of the fire load in homes, commercial
environments, and transportation [44, 45]. Among them, the most widely used are the least
expensive ones that tend to have the highest flammability. Flammability generally refers to the
propensity of a substance to ignite easily and burn rapidly with a flame and is one of the most
important indicators of fire hazard. Polymers due to their chemical structure, made up mainly of
carbon and hydrogen, are highly combustible [46]. The combustion reaction involves two factors:
one or more combustibles (reducing agents) and a combustive (oxidizing agent). In general, the
combustive is the oxygen in the air. Polymer combustion can be simply summarized in four steps:
(1) heating of the polymer; (ii) decomposition; (iii) ignition and (iv) combustion.

The whole process usually starts with an increase in the temperature of a polymeric
material at the presence of a heat source, to such an extent that it induces the polymer bond
scissions. Thermal decomposition of the solid material results in the formation of flammable
volatiles mainly in the form of gaseous fuel further reacting with the oxidant in the air above the
condensed phase, slowly at first, and when a critical concentration of free radicals is reached,
ignition occurs leading to the flaming combustion above the solid material. The life span of the
combustion cycle depends on the amount of heat released during the combustion of the fuel. When
this amount reaches a certain level, new decomposition reactions are induced in the solid phase,
and therefore more combustibles are produced [47, 48]. The combustion cycle is thus maintained

and called a fire tetrahedron (Figure 11.1).
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CHAIN
REACTION

Figure 11.1. Fire tetrahedron [49].

On the other hand, flaming combustion also can be divided into physical and chemical
processes which occur in three phases: gas, mesophase, and condensed (liquid/solid) phase [50,
51]. The mesophase is the interface between the gas and condensed phase during combustion. The
physical processes include energy transport by radiation and convection between the gas phase
and the mesophase and the energy loss from the mesophase by mass transfer, vaporization of the
pyrolysis gasses and conduction into the solid. Fuel production is the rate-limiting step in polymer
flaming combustion, and is controlled primarily by the rate at which heat and mass are transported
to and from the polymer, respectively (Figure 11.2) [52]. The important chemical processes are
divided to the thermal degradation of the polymer in a thin surface layer (the mesophase) as a
consequence of the physical processes (energy transport), mixing of the volatile pyrolysis products
with air by diffusion, and combustion of the fuel-air mixture in a combustion zone. The combustion
zone is bounded by a fuel-rich region on the inside and a fuel-lean region on the outside. Increasing
the oxygen concentration in the environment increases the flame heat flux, either due to a higher
flame temperature, resulting in an increase of the combustion zone volume or the luminosity of
the flame [46].
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Figure 11.2. Schematic representation of a burning polymer [53].

[1.1 Strategies to improve polymers’ flame retardancy

The need to protect materials against fire has been a scientific undertaking for centuries. The use
of flame-retardant additives for polymeric materials was introduced as a solution in the early
twentieth century. The first fire retardants for polymers were halogen-based such as halogenated
hydrocarbons and waxes used in Army tents. New chemistries followed after that, in order to get
a response to the need to improve fire resistance of materials. With the growing demand of
synthetic polymers in daily use applications, fire safety engineers and insurance companies need
to cover additional fire safety established by governmental regulations.

These fire safety regulations in force today began in the early twentieth century when
insurance companies requested a greater employed fire safety for reducing the paying amount on
losses due to the fire. Different fire safety standards in the United States were created by
organizations like Underwriters Laboratories (UL) and Factory Mutual (FM) [50]. In Europe,
European standards (EN) for reaction-to-fire are specified by the European Commission and
Technical Committees (TC) (ISO/TC92 Fire Safety, TC 89 Fire Hazard Testing). The European
reaction-to-fire classification system was introduced in support of the Construction Products
Directive (CPD) with the aim of achieving harmonization and replacing the different national

standards and tests [54]. Under the European classification system for reaction to fire as defined
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in the standard EN13501 part 1, building products are tested for reaction to fire and divided into
seven Euro-classes as Al, A2, B, C, D, E and F for materials for which performance has not yet
been determined or failing Euro-class E criteria. Tests used to determine the Euro-class for all
construction products except floor coverings and cables are: EN 1SO 1182 (non-combustibility
test), EN ISO 1716 (determination of the heat of combustion), EN ISO 13823 (single burning item
(SBI)) and EN ISO 11925-2 (small flame ignitability test). For example, the first stage of testing
is EN ISO 11925-2, that simulates a small flame ignition such as a cigarette lighter being applied
for a short time (15 seconds) to the edge or surface of a product. This can result in an E or F
classification, or it is a prerequisite for the SBI test (30 instead of 15 seconds exposure), when the
aim is to achieve classes B, C or D. In the SBI test method according to EN 1SO 13823, a specimen
is exposed to a gas flame of 30 kW, simulating a single burning item in corner [54, 55].

There is no one universal fire standard worldwide, which is why fire risk scenarios set the
fire test that a material must pass, and, why a particular flame-retardant system is designed to pass
that test. It should be noted that no one system will pass all fire tests, and, in general, today a
system is designed to meet a particular test, not to be flame retarded against all fire situations.
Since the intensity of a flame will vary from a situation to another one, it is impossible to create a
universal flame-retardant system. So, in industry, flame-retardant polymeric materials are designed
to pass the test related to a specific fire risk scenario for example, fire in plastics used in cars
(FMVSS 302 test) [56], polyurethane foam (Crib V test) [57], and polymers for electronics (UL-
94 test) [58]. For instance, in the electronic fields if the plastic is UL-94 rated V-1 or better, nothing
will happen, as the flame will go out; but if the plastic has a lower flame-retardant rating, the flame
can spread rapidly, and in some cases can lead to a large fire.

To improve the reaction to fire different flame retardants have been used. They can be
categorized in two groups, normal additives and reactive additives. The additives that do not
chemically bond to the polymer and are mixed into the polymer during polymerization or melt
compounding are called normal additives. Normal additives are part of polymer formulations and
the most common type of FR. They are usually mineral fillers, hybrids or organic compounds,
which can include macromolecules. Reactive additives are those which are added to the polymer
during polymerization or a post processing. The modes of action of FRs can be classified in two

different ways. One related to the mode of action by itself, which can be physical or chemical and
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secondly regarding the location of the action, which can be in the condensed phase or the gas

phase. The different modes of action of FRs are described in detail as below:

Physical modes of action: The main physical mechanisms of a FR are via cooling and
acting as a heat sink, dilution of the fuel and/or oxygen content, and protective layer
formation. Some FRs like alumina trihydrate and magnesium hydroxide endothermically
decompose resulting in decreasing the temperature of the reaction to a lower temperature
than the combustion temperature and act through cooling or heat sink mechanisms. Other
FRs like phosphorus based ones liberate nonflammable gasses during thermal
decomposition, such as H20, CO. or NHaz. These gasses dilute the fuel and/or the oxygen
supply, decreasing its concentration sufficiently to prevent ignition or sustained
combustion. Some FRs, such as intumescent and nanocomposites, act by stopping fuel
release through binding up fuel as carbon char and providing thermal insulation for
polymeric matrix by the formation of protective char layers with acts as a thermal barrier
that prevents or slows down the volatile fragments from escaping the material and the
oxygen atoms from diffusing into it, thus inhibiting the exothermic reactions, and reduces
the rate of heat transfer into the material, slowing down the pyrolysis of the polymer [47,
59].

Chemical modes of action: FRs can also act via chemical mechanisms, such as radical
scavenging led to flame inhibition, promotion of accelerated crosslinking and charring,
and promotion of accelerated decomposition Radical scavenging or flame inhibition
mechanism is initiated by the release of specific radicals, such as Bre, Cle or PO« that are
formed through decomposition of the halogen or phosphorus based FRs containing these
elements. When the polymer decomposes into volatile radical fragments, the mentioned
radicals capture these fuel fragments before they react with the oxygen atoms. Therefore,
the exothermic processes are stopped or slowed down, and reduce the heat released by the
combustion and interrupts the cycle. It is important to note that for an FR compound to be
effective, its decomposition must occur before that of the polymeric matrix, so that the
scavenger radicals are already present to capture the fuel fragments once these are

released. The most favorable temperature is when the FR compound decomposes at
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around 50 °C below the polymer. Furthermore, some FRs, such as phosphorus ones, can
enhance the charring reaction, leading to a more intense formation of the protective layer.
The accelerated crosslinking reaction also leads to reducing the release of volatile
fragments, since the atoms are bound to the matrix by a larger number of bonds, therefore
more energy is required in order to be released. Moreover, some FRs can catalyze the
decomposition of the polymer and accelerate the thermal decomposition. This leads to a
sudden reduction in the polymer melt viscosity, making it drip away from the location of
the flame. As a result, the fuel is removed from the source of heat, leading to flame

extinguishment due to the lack of fuel [59, 60].

- Condensed phase and gas phase modes of action: The mentioned physical or chemical
mechanisms can also be categorized regarding the location where they act. Cooling
through endothermic reactions, formation of a solid protective layer, accelerated
crosslinking or charring, and accelerated polymer decomposition are the ones occurring
in the condensed phase. Mechanisms that take place in the gas phase are dilution of the
fuel or oxygen content, formation of a gaseous protective layer, and radical scavenging.
Flame-retardant compounds can work in either or both of gas or condensed phase, and in

one or a combination of the physical and chemical mechanisms.

Flame retardants can also be classified based on their chemical composition such as
halogenated, mineral and phosphorus-based flame retardants. Halogenated flame retardants have
been in use since the 1930s, and were considered a cost effective solution for flame retarding of
polymeric materials. The most commonly used ones in polymers are TBBPA,
Polybromodiphenylether (PBDE), Hexabromocyclododecane (HBCD) and Tetrabromophthalic
anhydride (TBPA). However, there are some significant drawbacks which limit their use, such as
an increase in smoke release during combustion and the release of corrosive gasses during burning.
Therefore, in the 1990s, the use of these halogenated flame retardants was reported to endanger
the environment and human health due to their high toxicity. As a result, the use of these additives,
such as TBBPA and BDEs, has been highly limited [7, 8]. Consequently, HFFRs were developed

and introduced to the industry as environmental friendly solutions.
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On the other hand, the mineral FRs generally are reported to act by decomposing
endothermically during the combustion, and reduce the temperature in the condensed phase,
resulting in slowing down the thermal decomposition of the polymer. Then, the non-flammable
residue which is left behind from thermal decomposition, usually a metal oxide, dilutes the total
amount of polymer fuel and the liberation of non-flammable gasses from the mineral filler
promoting the dilution of the available fuel in the gas phase. The most commonly used mineral
FRs are metal hydroxides and metal carbonates. The chosen hydroxide or carbonate in the mineral
FRs should be able to release the water or carbon dioxide at temperatures before the beginning of
polymer matrix decomposition, such as aluminum, magnesium hydroxides, magnesium carbonate
[61, 62].

Although mineral FRs are inexpensive and they produce a lower amount of smoke and
toxic gasses, they have limited fire performance. When sufficient heat has consumed all the
mineral filler and all the water/CO has been released, the remaining metal oxide would not protect
the polymer. So, the mineral filler can delay ignition and slow initial flame growth, but it cannot
stop it completely while exposing to constant external heat. And another disadvantage of them is
their high loading, which is necessary to make them effective, that reduces the mechanical
properties of the composite. Therefore, mineral fillers have some practical limits of usefulness for

a few polymeric materials, for instance polyolefin and rubbers [47, 60].

The most widely commercial non-halogenated FRs are based on phosphorus compounds.
As the name describes, phosphorus-based FRs incorporate phosphorus into their structure, and the
structure can vary greatly from inorganic to organic forms, and between different oxidation states
(0, +3, +5) [63]. Phosphorus compounds can act both in gas phase and condensed phase, depending
on their chemical structure and their interaction with the polymer [64-66]. This means that they
can be useful even in low amounts when combined with polymers that inherently produce char.
Further, phosphorus FRs tend to act well in high heat flux fire conditions, and through char
formation, which can provide a significant fire protection in combination with other FRs [60].

This group of FRs includes as elemental red phosphorus, phosphines, phosphonium
compounds, phosphonates, phosphites, phosphinates, and phosphates. These compounds act in the
condensed phase by changing the pyrolysis process of the polymer and reducing the amount of
gaseous combustibles. Their main modes of action are dehydration and char formation [67]. Then,

they convert to phosphoric acid during thermal decomposition, which produces pyrophosphate and
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polyphosphate by elimination of water. They can cause the dehydration of polymer end chains and
trigger char formation. The released water dilutes the oxidizing gas phase. In some cases, they
volatilize into the gas phase to form PO>’, PO" and HPO" free radicals, and act as scavengers of H’
and OH" radicals [59, 68].

Another common group of flame retardants are IFRs. They have been considered to be one
of the most promising eco-friendly flame retardants because of their advantages of relatively high
efficiency, low smoke, and low toxicity [69]. In these systems, materials swell when exposed to
fire or heat to form a porous foamed mass, usually carbonaceous, that acts as a barrier to heat,
oxygen and other pyrolysis products [70, 71]. Three agents are generally required in this approach:
an acid, a carbonizing agent or a char forming agent, and a foaming agent. Initially, the released
acid esterifies the carbon-rich source and later, the ester decomposes via dehydration yielding a
carbonaceous residue. The released gasses from these reactions and decomposition products cause
the carbonizing material to foam. It should be mentioned that the temperatures at which the acid
has to be liberated should be below the decomposition temperature of the carbonizing agent and
the decomposition temperature of the polymer should be around that of the dehydration reaction.
One of the best known examples of this system is APP in combination with PER in polymers, such
as polypropylene (PP) and polyamide (PA) [72, 73].

In these systems, synergists are also used to enhance the efficiency of intumescent FRs.
For example, zeolite can effectively enhance the mechanical strength of the char layer and stabilize
it by Si-O-P-C and Al-O-P-C bonds. Some recent investigations have noted the use of polymers
like polyamide 6 (PA6) as char-forming agents instead of traditional organic compounds such as
polyol to achieve improved mechanical properties and also to avoid problems of exudation and
water solubility [59, 70]. An IFR system, composed of a carbonization agent (CA), poly(1,3,5-
triazin-2-aminoethanol diethylenetriamine), and APP, was applied into polystyrene (PS) [74]. The
results of LOI and UL-94 test demonstrated that when the content of APP and CA was 22.5 and
7.5 wit%, respectively, the LOI value of PS/IFR composite was 32.5%, and a V-0 classification
was achieved. The cone calorimeter data showed that the heat release rate (HRR), the total heat
release (THR) and the mass loss rate (MLR) were reduced largely with the addition of IFR. Some
cone calorimeter data, such as smoke production rate (SPR), total smoke production (TSP) and
carbon monoxide production (COP), revealed that the IFR could greatly suppress the generation

of the smoke during the material flaming. The improvement in flame retardancy of this system
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was reported to be due to the formed intumescent charred layer, which could act as isolating
barriers to avoid heat transfer and flame propagation. The study on the flame-retardant mechanism
of IFR indicated that a steady structure containing P-O-C was formed due to the reaction between
APP and CA. A potential char-forming mechanism of this IFR is shown in Figure 11.3.

260~ 300 °C
APP =23

ultra-/ pyro-/ poly-phosphoric acid

+ [ 300~ 450 °C /{ 3 ~ 500 °C e
—> aromatization
7/’T“\

phosphorus-rich cross-links

CA

Figure 11.3. Potential char forming mechanism of APP/poly(1,3,5-triazin-2-aminoethanol diethylenetriamine) (CA)
[74].

1.2 Bio-flame retardants

The interest in biomaterials is rapidly growing due to the concerns about the environment and their
unique characteristics. They are renewable, completely or partially recyclable, and biodegradable.
Bio-based composites are those composites, in which at least one of the components is originating
from biological products (biomass). This means that polymer composites, in which either the
matrix or the reinforcement is bio-based, can be already considered as bio-based (partially bio-
based or completely bio-based) [75, 76].

In order to understand how bio-based components can be used to develop flame retardants,
their biochemical composition should be considered. Thus, four main families of compounds can

be distinguished: proteins, lipids, phenolic and carbohydrates compounds [77].

23



Chapter Il

i.  Proteins and lipids:

Proteins are linear biological polymers found in living cells. They are made of sequences
of amino acids bonded by peptidic linkage. The thermal stability and the pyrolysis products of
proteins tightly depend on their amino-acid composition. There are some researches regarding
their flame retardancy. A novel chicken-feather keratin-based flame retardant was synthesized to
improve fire behavior of cotton. The agent showed high thermal stability and excellent char-
forming ability, which produced much higher char yields at high temperature in nitrogen and
obtained a higher LOI value in comparison with the untreated cotton [78].

Lipids are a group of naturally occurring molecules whose main biological functions are
energy storing, signal transmission and structural material for cell walls [79]. Due to the presence
of various functional groups (hydroxyls, carboxylic acids, double bonds) in their structure, a great
variety of reactions are expected. Some lipid derivatives such as undecylenic acid or cardanol have
been used to prepare phosphorus containing monomers that can act as reactive flame retardant.
Also, phospholipids and sphingolipids are two categories of lipids containing phosphorus and
nitrogen atoms in their backbone. Considering the influence of these atoms in the fire behavior of
polymers, these lipids can be proposed as potential raw materials for new bio-based flame
retardants.

ii.  Phenolic and carbohydrates compounds:

Natural polyphenols are a class of organic molecules found in plants and characterized by
the presence of phenolic units having one or several hydroxyl groups resulting in a high molecular
weight complex structure. Lignin, from this group, is the second most abundant natural polymer
after cellulose and the first aromatic polymer. Lignin is mainly found in higher plants and in some
algae. In comparison with other components of biomass, lignin degrades over a broader range of
temperature between 200 °C and 500 °C. The thermogravimetric curve generally shows a first
weight loss between 100 °C and 180 °C that corresponds to the release of water physically bonded
into the raw matter. In the first step of the decomposition (200-260 °C), low molecular weight
products resulting from the propanoid side chain cleavage are released. Then, the main degradation
step (275-450 °C) corresponds to the cleavage of the main chain either by C—C and B-scission or
by aryl-ether cleavage. Above 500 °C, further rearrangements and condensation of the aromatic
structure occur, leading to the formation of a significant char yield of 57% at 600 °C and the release

of dihydrogen in the gas phase [80].
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Carbohydrates, also known in biochemistry as saccharides, are biological molecules
containing carbon, hydrogen and oxygen atoms. They include low molecular weight compounds
such as glucose and lactose or more complex molecules such as oligo and polysaccharides. The
compounds that attracted more attention for flame retardant development are polysaccharides, and
more particularly starch and cellulose. Starch, a well-known biodegradable polymer, is widely
utilized to develop bio-plastics for biodegradable films or biodegradable composites [81, 82].
Chemically, starch is a polysaccharide consisting of amylose and branched amylopectin (a-D-
glucose links with 1,4 and 1,6-branch) [26]. Starch is an ideal candidate to serve as a carbonization
agent in an intumescent system. This charring ability of starch, if accompanied by an acidic source,
can generate an effective IFR system [83]. Biodegradable flame-retardant composites using a
compression technique on low-cost starch, FF and APP were developed [26]. The effect of APP
on the flammability and thermal properties of the TPS with flax fabric composites was studied.
LOI and horizontal-burning tests exhibited significant sustainability of the composites toward
flame and direct flame self-extinguishment. The FR properties of the composites were speculated
to be due to the protective compact cross-linked P-O-P and P-O-C network of the char. The
reported effects of APP include improvement in mechanical and biodegradation properties.

Cellulose, another biomaterial from this family, is the most abundant one, having low
density, high specific strength and modulus, low cost, low energy consumption non-toxic
renewable biomass in the world. Its reactive OH groups makes it convenient for graft
polymerization with synthetic polymers [84, 85]. A cellulose-g-poly (butyl acrylate) with and
without nanoparticles of kaolin was used to prepare nanocomposites. The porous nature of the
nanocomposites showed higher thermal behavior and enhanced mechanical properties. The LOI
value and cone calorimetry test presented enhancement in fire retardancy of the nanocomposites.
It was suggested that the nanocomposite may find use in the industries as fire-retardant materials
and open the door of formulating self-extinguishing materials [86].

As it was previously discussed, fuel, heat and oxygen are the three important elements in a
combustion process. Once the flame is ignited by stopping any of the mentioned three elements
the propagation of flame can be terminated or reduced. In the case of lignocellulosic natural fibers,
they start to decompose rapidly under heat sources while polymer matrices melt. The
hemicellulose decomposition starts first in the beginning of combustion and with the increase in

temperature lignin also gets decomposed. Mass is continuously lost during the decomposition

25



Chapter 11

process because of the evaporating gasses. Different techniques has been used to study the
flammability and thermal behavior of natural fiber reinforced polymer composites [87]. The most
widely used natural fibers include flax, sisal [88], hemp [89], jute [90], and cotton [91] as well as
wood [92]. In nature, some lignocellulosic plants have developed protective behaviors against fire
growth. For example, the cork oak that is considered more fire-resistant than other trees owing to
the slow combustion of cork, containing mainly suberin (33 wt.%-50 wt.%) (waxy substance
composed of polyaliphatic and polyaromatic domains interlinked by glycerol) followed by lignin
(20 wt.%—25 wt.%), polysaccharides (12 wt.%—20 wt.%) and extractives (14 wt.%—18 wt.%). In
terms of structure, cork presents tiny hollow cells of hexagonal shape in a closed-cell foam [93-
95].

These bio-based compounds can have advantages as flame retardant additives because of
their molecular composition and structure providing them inherent ability to produce thermally
stable charred residues when exposed to fire. This charring competency is particularly important
for developing effective flame retardant systems. During the combustion, charring flame retardant
systems act by creating an insulating layer at the surface of the burning material resulting in the
improvement of its fire behavior by reducing both the thermal and oxygen diffusion, as well as the

volatilization of combustible products [25].

1.3 Modification of bio-based materials

As it was previously discussed, the use of bio-based materials is getting a high attention in terms
of the reduction of the environmental impact. In addition, the valorization of numerous by-products
and wastes has become an interesting topic. Nevertheless, to achieve the optimized thermal
stability and fire performance, chemical modifications for bio based materials can be proposed.
For instance, the functionalization with phosphorus-containing-moieties modifies the fire
retardancy performance of bio-based compounds. Numerous strategies have been developed to
introduce phosphorus-containing moieties.

Materials from natural sources contain mainly hydroxy and phenolic hydroxy groups or

unsaturated groups like amino groups in chitosan, carboxylic acid or aldehyde groups in lignin.
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There are different methods to introduce the phosphorus compounds to organic bio-based
backbones, such as R-OH, double bonds and amine functional groups phosphorylation.

There are two types of hydroxy groups available in bio based materials, the aliphatic OH
such as in the cellulose and aromatic OH such as in the biophenols like lignin derivatives. To
introduce phosphorus-containing functions to hydroxy groups, the esterification reactions with
H3POs or H3PO4 has been used (Figure 11.4). The phosphorus could be covalently attached to the
renewable molecule chain via a reaction of hydroxy groups and produce phosphate groups,
phosphite groups or phosphonic acid groups where these derivatives contain mobile hydrogen

atoms directly attached to phosphor that lead to obtain phosphonated compounds [96].

OH
0-P-OR + H,0

oH A ©H

0=P-OH
V
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Base C _0.5 .
ROH ———» R Pg = HC

CIP(O)R')2

Figure 11.4. Phosphorylation of hydroxy functions with A) Esterification with HsPO., B) Phosphorylation with
P4O10 and C) Reaction of Williamson reaction (R = aliphatic or aromatic groups and R’ = chloro, alkyl, aryl or

oxyalkyl groups) [96].

The double bond phosphorylation can be done via the Pudovik reaction (Figure 11.5) that
is the addition of organophosphorus compounds containing P-H bonds. A reaction between Dialkyl
phosphites and carbonyl compounds is reported to result in the production of chiral a-hydroxy

phosphonates and phosphonic acid [97].
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Figure 11.5. Pudovik reaction [96].

The Atherton—-Todd reaction in Figure 11.6 [98] is considered a typical reaction for amine
functional groups phosphorylation. The reaction has been reported as an effective single-step route
to yield phosphoramidates from diphenyl and dialkyl phosphonates. The reaction of carbon
tetrachloride, an amine and an organophosphorus compound containing a P-H bond resulted in the
formation of a P(O)CI oxychloride species and the condensation of this intermediary with N-H

containing substrates.

0 0
i 1

R1O—I%'*H + CCly +2RyR3NH Ri0-P-OR; + CHCl3 + [RoR3NH,]
OH N,

R4 = alkyl, phenyl Rz =alkyl, H Rj3=alkyl, H

Figure 11.6. Atherton and Todd’s reaction [96].

As previously explained, cork consists of three main different components. Suberin is the
main component of cork, that is a glyceridic polyester made of glycerol and long-chain fatty acids.
The second major component of cork is lignin, a highly cross-linked aromatic phenolic polymer.
Polysaccharides are also present in cork cellular structure as polysaccharide derivatives consisting
of chains of mono-saccharides with intermediate linkages. Although, to the best of author
knowledge, there is no study on cork or suberin phosphorylation, there are some published

researches regarding the phosphorylation of bio components similar to the cork’s. For instance,
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for phosphorylation of the triglyceride which is an ester derived from glycerol and three fatty acids
found in plants and animals, some methods have been proposed.

There are different types of triglycerides depending on the oil source, highly unsaturated
or less unsaturated. Vegetable oils are the most abundant, annually renewable natural resources
available from various oilseeds with the carboxylic group and the unsaturated chains which can be
functionalized. For triglycerides or fatty acids, the available functional groups are considered
double bonds, hydroxy, carboxylic acids or epoxy. Acrylate and phosphine oxide-containing
vegetable oils have been reported to be successfully synthesized in a one-pot two-step reaction. In
presence of chlorodiphenylphosphine, allylic phosphinites were capable to undergo a 2,3-
sigmatropic rearrangement leading to tertiary phosphine oxides directly linked to triglyceride. The
obtained phosphorus-containing triglycerides with different hydroxyl content were activated to
polymerization by acrylation and these acrylate triglycerides were radically cross-linked in
presence of different amounts of pentaerythritol tetra-acrylate. The presence of overall 2.8 wt.%
phosphorus content slightly increased the LOI values from 19.6% to 22.4%. Thermal degradation
study under nitrogen and air, also showed that phosphorus-containing compounds were released
upon heating acting through a gas phase mechanism. Moreover, the production of a char residue,
observed by scanning electron microscope (SEM), that acts in the condensed-phase was reported
[99].

Another method has been developed to introduce 9,10-dihydro-9-oxa-10-
phosphaphenanthrene-10-oxide (DOPO) into the fatty acids structures [100]. DOPO reacted with
p-benzoquinone to form a phosphonate diol and the hydroxy groups of DOPO derivatives were
esterified with natural castor oil. With the double bound available from this derivative, acyclic
diene metathesis polymerization of a phosphorus-containing a,m-diene led to the formation of a
series of phosphorus containing linear polyesters. The presence of a synthesized FR system in
epoxy with overall 5.7 wt.% P content resulted in a LOI value as high as 32%. The SEM
micrograph of the top surface view of the specimen after the LOI showed the appearance of a black
charred material with small cavities. It was also reported that SEM energy-dispersive X-ray
spectroscopy (EDX) demonstrated that the phosphorus density increased toward the top burned
surface and a phosphorus-rich layer was formed. During combustion, phosphorus compounds can
form glass-like polyphosphoric acid that protects the burning surface, or they can form

phosphorus—carbon char by reacting with organic components. This protective layer protects the
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underlying polymer from attack by oxygen and radiant heat as well as prevents the combustible
gasses from transferring to the surface of the materials and feeding the flame, which resulted in
improving the fire performance.

In general, the phosphorus function combined with aromatic groups allows balancing the
aliphatic chains of triglycerides (Figure 11.7). The use of these new structures have been reported
to be capable of improving the flame retardancy of polymeric matrices both in gas and condensed
phases. In a study, phosphorus-containing thermosetting resins derived from high oleic sunflower
oil were prepared through phospha-Michael addition of a difunctional secondary phosphine oxide,
the 1,3-bis (phenylphosphino) propane dioxide on the a triglyceride containing 2.4 a,f-unsaturated
ketone groups per molecule derived from high oleic sunflower oil [101]. LOI value of 21.5% was
reported for the phosphorus-free resin showing its high flammability. The presence of 1.6% of
phosphorus resulted in a remarkable increase of the LOI value to 35.0%. This LOI value increased
with the phosphorus content and a maximum value of 38.0% was obtained for the thermoset
containing 4.7% of P. These results showed an important improvement on the flame retardant

properties related to the presence of phosphorus.
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Figure 11.7. Phosphorylation of a triglyceride containing 2.4 o,f-unsaturated ketone derived from high oleic
sunflower oil [101].
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Furthermore, phosphorylation of biophenols and particularly lignin and lignocellulosic
materials, due to their strong abundance as renewable resources, has gained a particular interest.
The main application of phosphorylated lignin is as a flame retardant additive for polymers. The
phosphorylated lignin is considered a high performance flame retardant since the aromatic
structure of lignin combined with phosphorus groups can act as a very efficient char-forming
additive (Figure 11.8).
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Figure 11.8. Phosphorylation of lignin by Pudovik reaction [96].

In addition, phosphorylation of a lignocellulosic compound, sugarcane bagasse, has been
proposed via grafting of phosphorus groups by reacting thiophosphoryl chloride on hydroxy
groups followed by hydrolyzation of the product [102]. A successful grafting with the presence of
a phosphorus content of 4.08 wt.% was reported (Figure 11.9).

S ]
I -HCl I +2 H,0 I
Fiber—H +Cl—P—Cl ——— = Fiber—P—Cl ———— = Fiber—O—P—0H
! 2 HCl |
Cl Cl B OH

Figure 11.9. Phosphorylation of sugarcane bagasse [102].

The efficiency of lignin phosphorylation is difficult to evaluate since lignin is a natural
macromolecule that its chemical structure depends on its resource. In general, the content of
phosphorus presented in phosphorylated lignin depends on the type of phosphorylation and the
phosphorus-containing precursor used. The phosphorus content of the modified lignin also
depends on the hydroxy groups substitution degree. A phosphorylated lignin with 16.6 wt.% of
phosphorus content was obtained by using phosphoric acid, while by using hypophosphorus acid
and phosphoric anhydride, a 3.6 wt.% and 6-13 wt.% of phosphorus were registered, respectively
[96]. An Enhancement of flame retardancy was reported for ABS composites containing 30 wt.%
P-LIG with 4.1% of phosphorus content via the reaction presented in Figure 11.10. The P-LIG
thermal stability was significantly enhanced in comparison to that for lignin. Grafting phosphorus
onto lignin increased the amount of residue at high temperature compared to ABS. It was shown
that P-LIG promoted char formation by reacting with ABS during thermal decomposition leading
to a significant reduction of the peak of heat release rate (p0HRR) and THR of 58% and 20%,
respectively. It was presented that P-LIG was acting mainly in the condensed phase by interacting

with ABS during the decomposition of the composite. These interactions induced a lower release
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of combustibles to the flaming zone while a charring protective barrier was formed on the
composite surface. A slight inhibition effect in the flame was also observed probably due to the

release of phosphorus species into the gas phase [40].
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Figure 11.10. Lignin phosphorylation with phosphorus pentoxide (P.Os) [40].

Furthermore, for polysaccharides, the use of phosphorylating agents such as
polyphosphorus and alkyl chlorophosphate have been introduced in order to prepare fireproof
fabrics [103]. Phosphorylated polysaccharides are char-forming materials and they can prevent the
combustion or delay the spread of the fire after ignition. During combustion, phosphorus generates
a polymeric form of phosphoric acid that induces the formation of a char layer which can act as a
protecting barrier for the material from oxygen. Chitosan derivatives, that are a polysaccharide,
were phosphorylated with P4O1o reaction with glycidyl methacrylate and then cross-linked under
UV in order to prepare new flame retardant material for epoxy. MCC results showed that presence
of phosphorylated chitosan significantly led to a 56% reduction of the peak heat release and 50%
of total heat release of epoxy composites. Thermogravimetric analysis exhibited that the thermal
stability of materials was improved at high temperature. Fourier transform infrared of evolved
gasses and the residue revealed that phosphorylation promoted the formation of char and reduced
the release of combustible gas [104].

A sodium alginate/carboxymethyl cellulose/chitosan polysaccharide-based composite
aerogel was fabricated by freeze-drying [105]. It was reported that phosphorylation of
polysaccharides—based composite with sodium hypophosphite resulted in a significant
enhancement of flame retardancy. It was shown that peak heat release rate and total heat release

of the composite decreased from 30 W/g to 20 W/g and 15 kJ/g to 10 kJ/g, respectively. Results
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indicated that the ester cross-linking could improve the thermal stability of polysaccharide-based
aerogels because of the phosphorylation of polysaccharide and easily form a thermostable
carbonization layer. In addition, it was reported that the aerogel can serve as a thermal shielding
layer and the second-degree burn time could reach up to 87.1 s under radiant heat exposures of
11.3 KW/m?. Therefore, the polysaccharide-based aerogels were proposed as an ideal material for

thermal protective clothing application.
I1.4 Flame retardant acrylonitrile-butadiene-styrene composites

ABS is an engineering thermoplastic polymer which consists of polybutadiene (PB) as a discrete
phase and styrene-acrylonitrile (SAN) copolymer as a continuous phase. ABS, due to its good
mechanical performance, chemical resistance and easy processing, is widely used in many
applications especially in the electronics and automotive industries [106-109]. In different studies,
fire behavior of ABS and its composites have been investigated. It was reported that ABS is not
classified in the UL-94 test and its LOI value is 18-20% [110, 111]. This high flammability of
ABS which is due to its chemical structure needs the incorporation of flame-retardant materials to
achieve high flame retardancy and thermal stability.

The most widely used flame retardants in ABS are phosphorus-based ones. For instance,
aluminum isobutylphosphinate (APBu) and its synergistic system with red phosphorus (APBu/RP)
were reported to improve the fire behavior of ABS and it was observed that the addition of RP to
ABS-APBuU enhanced the flame retardation of APBu both in the gaseous phase and condensed
phase, leading to a high synergistic effect [112]. Hexakis (4-nitrophenoxy) cyclotriphosphazene
(HNTP) with APP were applied to ABS in order to improve the intumescent flammability and
thermal properties of ABS. It was found that when the weight loading of FR was 30 wt.%, the ratio
of HNTP and APP was 1:1, the ABS sample achieved V- 0 classification and a higher LOI value.
The cooperation of HNTP and APP could remarkably enhance the ability of charring with a high
amount of residue of 8.11% at 800 ° C under air [113].

Recently, it was also revealed that synergistic interactions between APP and AlPi promoted
the liberation of phosphorus radicals at a temperature range which acted like scavengers of those
radicals yielded during ABS decomposition, as well as, the formation of a more effective
protective layer in the condensed phase resulted in a remarkable reduction of the peak heat release

rate (74%) and of the maximum average rate of heat emission (65%), obtained by cone calorimetry
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(CC). Analyzing the pyrolysis, flammability and fire behavior showed synergy in flammability by
combining both flame retardants, a UL-94 V-0 classification and combined condensed (by APP)
and gas phase-based (by AlIPi) mode of action in the ABS matrix [13].

As previously discussed, lignocellulosic materials have shown potential in the field of
flame retardant materials due to their excellent char forming ability. In a study, lignin was
modified with aluminum phosphate and then coated with red phosphorus and used as a flame
retardant in ABS. Addition of 25 wt.% of modified lignin was reported to result in a V-0
classification and the reduction of peak heat release rate, total heat release and total smoke release
by 64.6%, 49.3%, and 30.1%, respectively. This significant reduction was due to the formation of
PO- and HPO- free radicals via the decomposition of modified lignin that captured the H- and
HO- free radicals produced during the combustion of ABS and inhibit the flame oxidation chain
reaction; the decomposition of modified lignin absorbed heat, and its decomposition products were
dehydrated and carbonized to form a protective char layer on the burning surface, that prevented
the heat and oxygen transfer [114]. In another study, the alkali lignin was blended with ABS at
different loading levels of 5, 10 and 20 wt.%, and the in situ reactive compatibilization was also
employed to improve their interfacial compatibility. It was reported that lignin was uniformly
dispersed in the ABS matrix. It was also observed that addition of lignin reduced the initial
degradation temperature of ABS due to its lower thermal stability. However, lignin could enhance
the high-temperature stability due to the char-formation of lignin at relatively lower temperature.
The compatibilization only had a slight influence on the thermal stability and char formation of
the composites. Adding 20 wt.% of lignin into ABS resulted in a 32% reduction in pHRR. THR
and MLR also decrease with increasing lignin content. The in situ reactive compatibilization with
SEBS-g-MA, can further reduce the flammability of ABS due to the improved char layer. As the
amount of compatibilizer is 10 wt%, the pHRR reduction reaches 44% relative to pure ABS. The
highly conjugated graphitic carbon layer is primarily responsible for the improved flame
retardancy. Moreover, the free radical-trapping capacity of lignin also contributes to the reduced
flammability of ABS [27].

In Table 1.1, different types of phosphorus FR applied in ABS with the reported fire

performance are presented.
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Table 11.1. Different types of phosphorus flame retardants used for ABS in the literature.

LOI

pHRR reduction

0] -
Flame retardant system wt.% UL-94 (%) of CC (KW/m?) References
APBu and RP 15:5 V-0 29.8 57410 178 [112]
PAPP and AlPi 20:5 V-0 30.8 1059 to 260 [12]
'(AZ'E')' APP,PERandzincborate 15515553 . 28.1 712 to 354 [115]
AHP 25 V-0 25 1059 to 365 [4]
AHP 30 V-0 25.1 704 to 174 [116]
Poly(diethylenetriamine , i
terephthalamide) and APP 7.5:22.5 V-0 315 649 to 556 [117]
APP:AIPI and organic 10:10:2 Vo 287 486 to 154 [118]
montmorillonite
Microencapsulated aluminum
hypophosphite with a shell of 30 V-0 255 1059 to 242 [119]
melamine formaldehyde resin
Alkylphosphinate salt—
aluminium B-( p-nitrobenzamide) 30 V-0 27.6 717 to 351 [120]
ethyl methyl phosphinate
Hydroquinone bis(diphenyl
phosphate) 20:10 V-2 31 Reduced to 255 [121]
and novolac phenol
APP, AlPi and expandable 75:75:5 V-0 ; Reduced to 306 [122]
graphite
APP, poly(hexamethylene
terephthalamide) (PAG6T) and 23.3:4.7:2 V-0 28.5 - [123]
Al(H2PO;);
APP and expandable graphite 3.75:11.25 V-0 31 - [124]
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Melamine phosphate

microencapsulated with SiO; 22.5:75 V-0 31.2 - [125]
particles and dipentaerythritol

Tris(3-nitrophenyl) phosphine and 1421 V-1 o5 ) [126]
triphenyl phosphate '

Poly(p-propane terephthalamide) _ i i

(PPTA) and APP 22.5:75 V-0 31.6 [127]
APP, pentaerythritol and organic [

montmorillonite 22.5:7.5:4 V-0 31.3 - [128]
APP, poly-N,N'- E.

ethyleneterephthalamide and AIPi 25:5:2 V-0 32 i [22]
DOPO 27.5-30.0 V-0 - - [129]
APP and poly(diphenolic phenyl

phosphate)(poly(DPA-PDCP)) 24:6 - 25.2 662 to 265 [130]
derived from biomass

Phosphorylated lignin 30 - - 602 to 411 [40]
Lignin-diethylenetriamine/red

phosphorus nanoparticles 8 i i 52910 170 [131]
Modified lignin/aluminum o5 V-0 265 756 t0 268 [114]

phosphate coated red phosphorus

1.5 Effect of flame retardants on the ABS or ABS blends’ mechanical

properties

In general, the addition of flame retardants decreases the mechanical properties of thermoplastics

like ABS such as flexibility and impact strength that have an adverse effect on their processability

limiting their industrial applications where both fire resistance and high mechanical performance
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are essential, such as in automotive components, electronic devices, or structural elements. In
Figure 11.11, the effect of adding different flame retardant systems consist of 20-30 wt.% APP:AIPi
(1:1) (FR) with 5 wt.% PER and 1-3 wt.% ZB or magnesium hydroxide (MH) is shown. Although
all flame retardant systems showed an enhanced fire performance with V-0 classification, a drastic

reduction in Izod and Charpy notched impact strength (INIS and CNIS) was observed [115].
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Figure 11.11. 1zod notched and Charpy notched impact strength results of ABS and its composites, respectively
[115].

In another study, effect of different FRs like APP, AlPi, brominated flame-retardant ether of
2,4,6-tribromophenol (FR245), melamine polyphosphate (MPP), nanocaly (NC), melamine
poly(zinc phosphate) (safire), halloysite nanotubes-not modified (HNTs:HP), halloysite
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nanotubes-modified with ammonium polyacrylate (HNTs:APA), expandable graphite and

molybdate-coated magnesium silicate (kemgard) on charpy impact strength was reported. As it

can be seen, addition of these FRs also had an adverse effect on Charpy impact strength of flame
retarded ABS composites (Figure 11.12) [122].

#ABS: pure ABS

#1: AlPi 20wt%
#4:AlPi/MPP

#5: AIPi/APP 1/1

#9: AlPi/Safire

#14: AIPi/APP/NC

#15: AIPi/APP/HNT:HP
#16: AlPi/APP/HNT:APA
#19: AIPi/APP/EG280-5%
#20: AIPi/APP 1/1.7

#21: AIPi/APP/Kemgard
#23: AIPi/APP/EG280-10%
#24: AIPi/APP 18wt%

b
o

10 15
Charpy notched impact strength [k).m?]

o
v

Figure 11.12. Charpy notched impact strength of flame retarded ABS composites [122].

It was revealed that the incorporation of 25 wt.% of microencapsulated aluminum

hypophosphite (MFAHP) with a shell of melamine formaldehyde resin into ABS led to an

enhancement of flame retardancy and a V-0 classification, while no remarkable change in flexural

and tensile strength was observed [119]. However, the Izod notched impact decreased significantly
from 17 kJ/m?to 2.6 kJ/m? due to the presence of the MFAHP flame retardant (Table 11.2).

38



State of the art

Table 11.2. Charpy notched impact strength of flame retarded ABS composites [119].

sample Flexural strength Notched impact
P (MPa) Strength (kJ/m?)
ABS 62.6+0.5 17.0£0.3
ABS/20% MFAHP 68.5+0.3 26+0.3
ABS/22% MFAHP 67.9+0.3 25+£0.2
ABS/25% MFAHP 67.1+£0.2 2.6+0.3

Therefore, some treatments, such as incorporation of compatibilizers and impact modifiers are
required to improve the mechanical properties. Many studies have been carried out to investigate
the effect of using various compatibilizers or impact modifiers such as ABS-g-(maleic anhydride)
(ABS-g-MA), styrene—butadiene—styrene (SBS) block copolymer, ethylene-methyl acrylate-
glycidyl methacrylate (EMA-GMA), methacrylate—butadiene—styrene (MBS) and ethylene—vinyl
acetate (EVA) on mechanical properties of ABS blends, particularly in ABS/polycarbonate (PC)
and ABS/ polyamide 6 (PA6). In a PC/ABS blend, adding ABS-g-MA compatibilizer resulted in
an increase of impact strength compared to blends without compatibilizer. The maximum amount
of increase was registered for the blends with an optimum content of 5 phr compatibilizer [132].
It was reported that the addition of SBS to the ABS/PC blend resulted in a decrease in the elasticity
modulus, the tensile and yield strengths, while the percentage elongation and impact strength
significantly increased [133]. In addition, it was shown that a small amount of ABS-g-MAH has a
notable influence on the impact strength of the ABS/PC and the impact strength of the ABS/PC
alloy increases with an increasing ABS-g-MAH content and it was confirmed by SEM that ABS-
g-MAH could greatly enhance the compatibility of the ABS/PC blends [134]. EMA-GMA and
ethylene-n butyl acrylate-carbon monoxide-maleic anhydride (EnBACO-MAH), were used at 0,
5, and 10% by weight to compatibilize the blend composed of ABS and polyamide 6 (PA6). It was
shown by SEM that incorporation of compatibilizer resulted in a homogenous morphology with
reduced dispersed particle diameter at the presence of 5 wt.% compatibilizer. Regarding the
mechanical properties, different trends in yield strengths and strain at break values were observed
depending on compatibilizer type, loading level, and blend composition. For the blend with 5 wt.%

EnBACO-MAMH, the highest toughness at room temperature was registered [135]. In another study,
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the effect of different compatibilizers on mechanical properties of a flame retarded PC/ABS blend
has been investigated. It was reported that the addition of MBS and EVA up to 3 phr increased the
impact strength significantly for the PC/ABS containing a 10 and 15 phr flame retardant [136].

There are few studies regarding the improvement of ABS composites mechanical behavior
that contain fillers. The impact strength enhancement of an ABS with an intumescent system
composed of APP, melamine and calcium 3-hydroxy-2,2-bis(hydroxymethyl) propyl phosphate at
the ratio of 3:1:1 was reported. For that, an ABS-R was added at different loadings of 4-26 wt%
into the mentioned IFR-ABS. It was reported that the incorporation of ABS-R resulted in reduction
of the storage modulus, damping behavior and glass transition temperature, obtained by dynamic
mechanical thermal analysis (DMTA). By increasing the ABS-R loading, the tensile strength and
the flexural strength gradually decreased; however, the notched impact strength increased. The
highest increase of impact strength (115%) was reported for the composite containing 15 wt.% of
ABS-R due to an improvement in the boundary adhesion between IFR and ABS matrix, confirmed
by SEM [41]. In another work, the effect of SEBS-g-MA impact modifier on a recycled polymeric
blend of ABS/high impact polystyrene/polystyrene (9:21:70), containing 2-10 wt.% of TPP and
sepiolite with a ratio of 1:1, was investigated. The blends with 8 wt.% of FR showed a V-1
classification in UL-94 and a 29% LOI value. However, incorporation of FRs resulted in a drastic
reduction of mechanical properties of the blends. Therefore, SEBS-g-MA impact modifier was
added in order to improve the mechanical properties. The impact strength of the recycled blend
without FR was 66.12 J/m, and after the addition of 8 wt.% FR, it was reduced to 23.5 J/m.
However, the incorporation of 10 wt.% SEBS-g-MA resulted in a significant increase of impact
strength to 80.4 J/m. It was also reported that the tensile strength was improved with the addition
of an impact modifier, from 21 MPa to 27.4 MPa. It was shown that as wt.% of SEBS-g-MA
increased, the tensile and flexural strength decreased due to the presence of a higher rubbery
content where the elastomeric phase started dominating the blend. On the other hand, a higher
wt.% of SEBS-g-MA resulted in an enhancement in the impact strength by increasing the
elastomeric phase and subsequently resilience property of the blend [42].

In general, compatibilizers and impact modifiers act by reducing the crack growth rate and
increasing the energy absorbed in the plastic region, which is also called stress whitened zone [43].
Ethylene methyl acrylate (EMA), and silicone/poly(n-butyl acrylate) with a styrene-acrylonitrile-
maleic anhydride terpolymer (Si-MAH) were used as impact modifiers in a glass fiber (GF)-

40



State of the art

reinforced PC composites. It was seen that by increasing EMA content, the tensile strength, the
bending strength and modulus continuously decreased. The addition of 2 wt.% and 6 wt.% EMA
reduced the tensile strength by 13.0% and 29.6% and the bending strength by 13.9% and 22.4%,
respectively. Dispersed EMA elastomers in the GF-PC matrix acted as stress concentrators. A
decrease in the modulus was also observed attributed to the enhanced mobility of the matrix
molecules induced by the EMA elastomer. Addition of 2 wt.% of EMA resulted in an increase of
impact strength by 39.7%, due to the high energy absorption capability of the flexible molecular
chains in EMA. It was reported that further increasing the EMA content had no significant effect
on the impact strength as a result of the balance between elastomer toughening and matrix
continuity disruption caused by rubber coalescence. The same trend was also observed for
incorporation of Si-MAH in GF-PC. By adding 2 wt.% of the Si-MAH, a significant enhancement
of impact strength (152%) was registered. By further increase of Si-MAH, the impact strength
increased; however, when the Si-MAH content increased to 4 and 6 wt.%, The impact strength
remained almost constant. This improvement was the result of the high toughness of the silicone-
poly(n-butyl acrylate) core and the good compatibility between the styrene acrylonitrile-maleic
anhydride shell and PC. However, at a high Si-MAH content, large diameter rubber granules could
appear and decrease the uniform contribution and energy absorbing capability of the additive. It
was concluded that Si-MAH at 2 wt.% loading was the most efficient impact modifier for GF-
reinforced PC composites. Then, the PC/GF/Si-MAH blend was chosen and its flame retardancy
was enhanced by adding three different FRs: TPP, a TPP/RDP mixture and and oligomeric
siloxanecontaining potassium dodecyl diphenylsulfone sulfonate (SiKSS). For this formulation, a
V-0 classification in UL-94 when 9 wt.% TPP, 6 wt.% TPP/RDP, or 0.2 wt.% SiKSS was reported
[137].
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Chapter Ill: Materials and methods

Prior to the presentation of experimental results, this chapter will provide the principal
characteristics of materials used along the study, as well as the description of the preparation

methodologies and testing procedures used for characterization of the prepared composites.

I11.1 Materials

111.1.1 ABS

Two different grades of ABS were provided by Elix Polymers (Tarragona, Spain) and used as the
polymeric matrix. According to the manufacturer, the first one, used in chapter 1V, contains 37
wt.% ABS grafted with 13 wt.% SAN (total of 50 wt.% ABS) and 50 wt.% of ABS pellets and has
an impact strength of 24 KJ/m? and a melt volume rate of 20 cm3/10 min, measured at 220 °C and
10 kg. Also, an ABS (used in chapter VI and VII), with the commercial name ELIX™ 128 IG,
containing 26—28 wt.% of butadiene in a matrix of SAN and has a melt volume rate of 15 cm®/10
min, measured at 220 °C and 10 kg was used. The chemical structure of ABS is presented in Figure
1.1

—ECHZ—(\JHZl;ECHZ—CH}ECHZ—CH:CH—CszI—
n n
C
|
N

Figure 111.1. ABS chemical structure.
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I11.1.2 Impact modifiers

Two different compatibilizers/impact modifiers, EVA and EMA, with different vinyl acetate (VA)
content and different methyl acrylate (MA) content, respectively, have been used. Primeva®
P1820C (EVA18) with average content of 18 wt.% VA and Primeva® P40055 (EVA40) with
average content of 40 wt.% VA were provided by Repsol (Madrid, Spain) and used as
compatibilizer and/or impact modifier. LOTRYL® 24MAOQ7T (E24) with average content of 23-
26 wt.% MA and LOTRYL® 29MAO03T (E29) with average content of 27-31 wt.% MA were
provided by Arkema (Colombes cedex, France) and used as compatibilizer and/or impact modifier.
The chemical structure of EMA is presented in Figure 111.2.

Figure 111.2. EMA chemical structure [138].

Ultrahigh molecular weight silicone rubber (UHMW-SR), GENIOPLAST® PELLET S, a
pelletized silicone gum formulation with a high loading of ultrahigh molecular weight siloxane
polymer (70 wt.%) and 30 wt.% silica, was supplied by Wacker (Munich, Germany) and used as

impact modifier.

[11.1.3 Phosphorus flame retardants

APP, Exolit® AP422, was supplied by Clariant Produkte (Sulzbach, Germany), and used as flame
retardant. APP (see Figure 111.3), with chemical formula (NH4PO3)n, possesses a polymerization
degree (n) higher than 1000 and a phosphorus and nitrogen content of 31-32 wt.% and 14-15 wt.%

respectively, with average particle size of 17 p and a density of 1.90 g/cm?,
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n

Figure 111.3. APP chemical structure.

AlPi, OP1230, with chemical formula of ((C,Hs),P0,) 3Al, was also supplied by Clariant
Produkte and used as a flame retardant. A phosphorus content of 23.3-24 wt.%, a density of 1.35
g/cm? and an average particle size of 20-40 p was reported by the manufacturer. The chemical

structure of AlIPi is shown in Figure 111.4.

- -3

Figure 111.4. AlPi chemical structure.

111.1.4 Cork powder

The cork powder was kindly provided by Corcho de Extremadura (Mérida, Spain);
dichloromethane, ethanol, methanol, chloroform, sodium methoxide and sulfuric acid were
purchased by LabKem (Barcelona, Spain). The components' composition of the employed cork
powder as it was reported [95]: suberin (Figure 111.5) is its main component with a 40 wt.% of the
total weight, followed by 24 wt.% of lignin (Figure 111.6), 19 wt.% of polysaccharides (Figure
111.7) and 14 wt.% of extractives.
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Figure 111.5. Suberin chemical structure [139].
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Figure I11.6. Lignin chemical structure [140].

OH OH

n

Figure 111.7. Polysaccharides chemical structure.
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111.1.5 Components for cork’s phosphorylation

Three different phosphorus components were used as modifier agents for cork powder’s
phosphorylation. An analytical-grade of glyphosate 95% in powder form with a phosphorus
content of 18 wt.%, a density of 1.7 g/cm? and solubility in water of 1.01g/100ml at 25°C was used
as a phosphorus compound for cork phosphorylation. The chemical structure of glyphosate is
shown in Figure 111.8.

O

HO

-

0 OH
N Y
NH |

O

Figure 111.8. Glyphosate chemical structure.

OH

Triethyl phosphate (TEP), in liquid form, with a phosphorus content of 17 wt.% and molecular
weight of 182.15 g/mol was supplied by Aldrich Chemical Co., Inc. with 98 % purity. The
chemical structure of TEP is presented in Figure I11.9.

H,C ﬁ
LO—P—O'\
| CH,
H3C\/O

Figure 111.9. Triethyl phosphate (TEP) chemical structure.

Dimethyl-3-triethoxysilanepropylphosphoramidate (DTSP) was synthesized according to the
Atherton and Todd reaction [141]. 0.2 mol of dimethyl phosphite and 0.2 mol of CCls were
dissolved in 200 mL tetrahydrofuran (THF) in a three-necked flask. The mixture was cooled down
between 0 to 5 °C using an ice bath. Then a mixture of 0.2 mol of 3-aminopropyltriethoxysilane
(APTES) and 0.2 mol of trimethylamine (TEA) dissolved in 50 mL THF was added dropwise into
the above solution under an ice bath. After complete addition of APTES and TEA, the solution

was allowed to warm up to room temperature and stirred for 12 h. The formed hydrochloride salt
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of triethylamine was removed by filtration and yellow liquid was obtained by removal of the
solvent. The chemical structure of the product, DTSP, is shown in Figure 111.10. Analytical-grades
of ammonia, isopropyl alcohol (IPA), dichloromethane (DCM) and toluene were used to wash the

excessive remaining phosphorus on the surface of cork powder.

(l)El
EtO—Si—OEt

Figure 111.10. Dimethyl-3-triethoxysilanepropylphosphoramidate (DTSP) chemical structure [141].

I11.2 Chemical extraction of cork powder’s components

In order to determine cork composition, chemical analyses that included the determination of ash,
extractives, suberin, lignin and cellulose were carried out. All experiments were performed in
duplicate. The ash content was determined by incinerating 2 g of cork at 500 °C during 12 h,
following TAPPI standard T 15 0s-58. Successive Soxhlet extractions (Figure I11.11) were
performed using 3 g of samples to separate extractives with DCM for 6 h, ethanol for 8 h and water
for 20 h, following TAPPI standards (T204 om-88 and T207 om-93) [142, 143]. After each
extraction step, the solution was evaporated, and the solid residue weighed. The suberin content
of the cork was determined using an extractive-free material by methanolysis for de-
polymerization [144]. A total of 1.5 g of extractive-free cork was refluxed with 250 mL of 3%
NaOCHz3 in CH3OH over 3 h, filtered and then refluxed with CH3OH for 15 min. After filtration,
the residue was acidified with 2 M H>SO4 to pH 6 and evaporated in a rotating evaporator. The
residue was suspended in 100 mL of water and extracted with 100 mL CHC13 three times; then
the combined extracts were dried over Na>SOg salt, filtered, evaporated and weighted as suberin.
Lignin was determined after acid hydrolysis with 72% H>SO4 at 30 °C for 2 h and boiling for 4 h
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after dilution with water to 4% H>SOg4, following TAPPI T-222 standard. The residue was washed
with hot water, dried and determined as lignin [145, 146].

Cork

DCM

Ethanol l
DCM extractives

i

Water
v Ethanol extractives
l |
Extractive free cork Water extractives
Methanol
| l
Suberin Desuberized cork

Figure 111.11. Soxhlet extraction procedure of cork powder.

I11.3 Phosphorylation of cork powder

Glyphosate with a phosphorus content of 18 wt.%, TEP with a phosphorus content of 17 wt.% and
DTSP with a phosphorus content of 12 wt.% were used as phosphorus components and cork

modifiers. The proposed reactions are as following:
1. Cork powder modified by glyphosate (Cg) via proposed reaction presented in Figure 111.12.
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Figure 111.12. Proposed reaction of cork powder and glyphosate.

Condition 1 (Cg): 1 gr of cork powder was mixed with 5 gr of glyphosate and 20 mL

distilled water in a round bottom flask. The reaction was set at room temperature for 3
days under nitrogen atmosphere (Figure 111.13).

Figure 111.13. Digital photograph of reaction setup of cork/glyphosate in water at room temperature.

Condition 2 (Cg): 1 gr of cork powder was mixed with 5 gr of glyphosate and 20 mL

distilled water in a reaction set up shown in Figure 111.14. The reaction was set at 120
°C for 12 hours.
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ALy

Figure 111.14. Digital photograph of reaction setup of cork/glyphosate in water at 120 °C.

Condition 3 (Cgs): 1 gr of cork powder was mixed with 5 gr of glyphosate in 20 mL
toluene under a reflux set up. The reaction was set at 120 °C for 12 hours under

nitrogen atmosphere (Figure 111.15).

Figure 111.15. Digital photograph of reaction setup of cork/glyphosate in toluene at 120 °C.
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2. Cork powder modified by TEP (Ct) through the proposed reaction shown in Figure 111.16.
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Figure 111.16. Proposed reaction of cork powder and TEP.

- Condition 1 (Cy): 1 gr of cork powder was mixed with 10 mL of TEP in a round bottom
flask. The reaction was set at 120 °C for 12 hours under nitrogen atmosphere.

- Condition 2 (Cy): 1 gr of cork powder was mixed with 10 mL of TEP in a PYREX set
up. The reaction was set at room temperature for 3 days.

3. Cork powder modified by DTSP (Cq) via the proposed reaction presented in Figure 111.17.
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Figure 111.17. Proposed reaction of cork powder and DTSP.

- Condition 1: 1 gr of cork powder was mixed with 5 gr of DTSP in 20 mL toluene under
a reflux set up. The reaction was set at 120 °C for 12 hours under nitrogen atmosphere.
Analytical grades of ammonia, IPA, DCM and toluene were used to wash the excessive

remaining phosphorus on the surface of cork powder.
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[11.4 Melt-compounding and specimens’ preparation

The neat ABS and ABS composites were melt-compounded in a mixing chamber (Brabender,
Duisburg, Germany) (Figure 111.18) under fixed processing conditions including a blending time
and temperature of 10 min and 160 ° C respectively and a screws rotating rate of 60 rpm. Previous
to melt compounding, ABS, APP, AlPi and cork were dried under vacuum in a convection oven
in order to minimize the moisture and degradation during melt compounding. APP, AlPi and cork
were dried overnight at 100 °C, ABS for 4 h at 80 °C.

Figure 111.18. Digital photograph of Brabender mixing chamber.

Samples were prepared by using compression molding technique in a hot-plate press (IQAP-
LAP PL-15) shown in Figure 111.19. The materials after melt-compounding were directly placed
into a square and circular molds with different dimensions. The circular mold with a diameter of
75 mm and thickness of 4 mm and the square mold with dimension of 120 mm and average of 3.2
mm thickness were used to prepare samples for different characterizations. A temperature of 170
° C was applied for 6 minutes and then 2 minutes under 80 bar of pressure. Subsequent cooling,
under a constant pressure of 80 bar for 4 min, was applied at the end of the compression cycle.

Then, specimens were cut for the characterizations following the standards.
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Figure 111.19.

Digital photograph of the hot-plate press.
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The composition of the melt-compounded materials studied in this thesis is listed in Table

1.1
Table I11.1. Samples identification and composition in weight %.
Materials ABS APP AlPi E24 E29 UHMW-SR Cork Cqy Ca
ABS 100 - - - - - - - -
ABS S 98 - - - - 2 - - -
ABS E24 95 - - 5 - - - - -
ABS E29 95 - - - 5 - - - -
ABS E29 S 93 - - - 5 2 - - -
ABS P 80 10 10 - - - - - -
ABSSP 78 10 10 - - 2 - - -
ABS E24 P 75 10 10 5 - - - - -
ABS E29 P 75 10 10 - 5 - - - -
ABSE24SP 73 10 10 - 5 2 - - -
ABSE29SP 73 10 10 - 5 2 - - -
ABS/30APP 70 30 - - - - - - -
ABS/1C/29APP 70 29 - - - - 1 - -
ABS/3C/27APP 70 27 - - - - 3 - -
ABS/5C/25APP 70 25 - - - - 5 - -
ABS/10C/20APP 70 20 - - - - 10 - -
ABS/15C/15APP 70 15 - - - - 15 - -
ABS/20C/10APP 70 10 - - - - 20 - -
ABS/25C/5APP 70 5 - - - - 25 - -
ABS/30C 70 - - - - - 30 - -
ABS/30C, 70 - - - - - - 30 -
ABS/30Cq 70 - - - - - - - 30
ABS/20C,/10APP 70 10 - - - - - 20 -
ABS/20C4/10APP 70 10 - - - - - - 20
ABS/3Cy/27APP 70 27 - - - - - 3 -
ABS/3C4/27APP 70 27 - - - - - - 3
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I11.5 Morphological and physical characterization

I11.5.1 Scanning electron microscopy

The morphology of fracture surface of the composites and the residue after cone calorimetry tests
were analyzed using a JEOL JSM-5610 SEM. Samples were prepared by sputter depositing a thin
layer of gold onto the fracture surface, the upper and inner surface of ashes in argon atmosphere
using a BAL-TECSCDO005 Sputter Coater (Figure 111.20).

Figure 111.20. Digital photograph of sputter coater and SEM.

I11.5.2 Cork particle size and density

The particle size distribution of the cork powder, as received, was determined by a laser diffraction
particle size analyzer (LDS), shown in Figure 111.21, using LS 13 320 equipment (Beckman
Coulter, Indiana, United States). LS 13 320 software (Beckman Coulter, Indiana, United States)
was used to calculate the values such as Dso, which is the median diameter or the medium value
of the particle size distribution and the value of the particle diameter at 50% in the cumulative

distribution. The Dgo was also calculated to describe the diameter where 90% of the distribution
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has a smaller particle size and ten percent has a larger particle size. The mean value, a calculated
value similar to the concept of average, was also obtained. An AccuPyc Il 1340 helium pycnometer

(Micrometritics, Georgia, United States) was used to determine the density of the cork powder.

Figure 111.21. Digital photograph of LDS analyzer.

[11.6 Thermal analysis

[11.6.1 Thermogravimetric analysis

Thermal stability under pyrolysis conditions was characterized by means of TGA under nitrogen
atmosphere, using a Mettler Toledo STAR System model SMP/PF7548/MET/400W and a
NETZSCH-Gerédtebau GmbH equipment with a constant heating rate of 10 °C/min from 30 °C to
800 °C. For each experiment a mass of 5-10 mg and a gas flow rate of 250 mL/min were used.

[11.7 Dynamic mechanical thermal analysis

DMTA was used to study the influence of the additives in thermo-mechanical behavior of ABS
composites. A DMA Q800 model from TA instruments (Figure 111.22) was used and calibrated in

a single cantilever configuration. The experiments were performed from 30 °C to 150 °C at a
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heating rate of 2 °C/min and frequency of 1 Hz applying a dynamic strain of 1%. Specimens were
cut with an average length of 35 £ 0.1 mm, width of 12.75 + 0.1 mm, and thickness of 3 £ 0.1 mm.
Dynamic mechanical properties of a material are described by the storage and loss modulus and

tan delta through the following expressions:

E'=(ol¢) % cos & 1)
E" = (ol¢) X sins 2
tan § = E"/E’ )

Where E' is storage modulus, E" is loss modulus, ¢ is the stress, € is the deformation and 6
is the phase difference between the applied strain and the tension produced. The peaks in loss
modulus and tan delta curves present the window of the glass transition temperatures.

Figure 111.22. Digital photograph of DMTA.
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I11.8 Mechanical characterization

[11.8.1 Three-point bending test

Flexural test was conducted according to ASTM D 790. Specimens of 80 x 10 x 3.2 mm?® were
loaded in three point bending with a recommended span (L) to depth (d) ratio of 16:1 (L = 16d).
The test was conducted on the MTS 810 Material Test System (Figure 111.23) using data acquisition
software Test Works-Il using a load cell of 10kN at 1 mm/min rate of loading. For each
formulation, three to five specimens were tested and an average result was obtained. Flexural
strength (o) was calculated according to maximum of of = (3PL)/(2bd?), where o (MPa) is the
stress; P (N) is the load; L is the support span (mm); b is the width of beam tested (mm); and d is
the depth of beam tested (mm). Flexural strain is given by & = (600sd)/(L?), where s is the
deflection. The flexural modulus is calculated from the slope of the initial portion of the stress-

strain curve.

Figure 111.23. Digital photograph of three-point bending testing machine.
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111.8.2 Charpy impact test

Charpy notched impact strength was determined using a Zwick HIT 5.5P testing machine (Figure
I11.24). Specimens were tested according to 1SO 179 standard. Specimens were 70 £ 0.5 mm in
length, 10 £ 0.1 mm wide and 4 + 0.1 mm thick and a notch (type A) of 2 mm depth was done
according to ISO 2818. All specimens were tested using a pendulum size of 1 J at room

temperature.

Figure 111.24. Digital photograph of Charpy impact strength testing machine.

111.9 Chemical characterization

111.9.1 Attenuated total reflectance and Fourier transform infrared spectroscopy

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy using a
Nicolet™ 510 with ZnSe lenses and a single-reflection diamond ATR element, was employed to
analyze the chemical nature of cork, its components and phosphorylated cork (Figure 111.25). The
measurements were obtained in the spectral range of 4000 cm™ to 400 cm™. Also, the FTIR
spectrometer, Nicolet™ 510, was used to analyze the chemical nature of ABS composites’ residue

after fire-reaction tests. The samples were prepared by mixing 1 mg of dried samples with 100 mg
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of pure KBr, pressed at a pressure of 10 Ton into pellets and analyzed using OMNIC ™ software.

Measurements were obtained in the spectral range of 4000 to 400 cm™. Also,

Figure 111.25. Digital photograph of ATR-FTIR and FTIR spectrometers.

111.9.2 TGA-FTIR

A TGA, using SDT Q600 equipment model (TA Instruments), coupled with a Fourier-transformed
infrared spectrometer (FT-IR) presented in Figure 111.26, was carried out in order to investigate
the volatile emissions during the decomposition of the samples under study by means of a TG-IR-
GCMS Interface TL8000 (Perkin Elmer, USA) and a IR Spectrum Two™ equipment (Perkin
Elmer, USA). The interface device operated with a gas flow of 80 mL/min and a temperature of
250 °C.

RS e e e D P

Figure 111.26. Digital photograph of TGA coupled FTIR analyzer.
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111.9.3 Thin layer chromatography

Thin layer chromatography (TLC), a chromatographic technique, was used to determine if a
reaction is complete (Figure 111.27). For the detection of phosphorus presence and confirming if
the bonding was a chemical bonding or physical bonding to the surface of cork powder, pre-coated
HPTLC plates (silica gel 60 F254, Merck Ltd., Darmstadt, Germany) were used. Different solvent
systems for phosphorus residues for each reaction were prepared. Standard glyphosate, TEP, DTSP
and modified cork were prepared in methanol and DCM (2 mg/mL) under 5 minutes of sonication.
The samples were spotted on the HPTLC plates with fine capillary tubes along with pure
phosphorus components as the control sample. The plates were dried, and the chromatogram was
developed in a pre-saturated tank containing the solvent system. After developing the plates, the
extra solvent was evaporated (dried) in a fume hood. The plates were then dipped in aqueous
chromogenic reagent, potassium permanganate. After that, intense purple spots for the control
samples were observed and if for the modified cork any spot showing presence of phosphorus
residue was detected the samples were washed again to remove the phosphorus residue. The

washing procedure continued until no spot appeared for the modified cork samples.

(-~ TLC Chamber

oe ®
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®

Figure 111.27. Scheme of TLC technique.
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111.9.4 Gas chromatography—mass spectrometry

Gas chromatography—mass spectrometry (GC-MS) is an analytical method that combines the
features of gas-chromatography and mass spectrometry to identify different substances within a
test sample. The digital photograph of the GC-MS system is presented in Figure 111.28. Analytical
GC-MS was performed on a Carlo Erba Fractovap 2150 with a FID (DB5-column, 28 m; Carlo
Erba, Thermo Finnigan, Hemel Hempstead, UK). Cork modified by different phosphorus
compounds was sonicated in different solvents. Cg, Ct and Cq samples as well as the reference
samples of glyphosate, TEP and DTSP were prepared and sonicated for five minutes in DCM. The
solvent was filtered and collected to perform GC-MS in order to detect the presence of the
phosphorus components of glyphosate, TEP and DTSP.

Figure 111.28. Gas chromatography-mass spectrometry system.

111.9.5 X-ray photoelectron spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is a technique which analyzes the elements constituting
the sample surface, its composition, and chemical bonding state by irradiating x-rays on the sample
surface, and measuring the kinetic energy of the photoelectrons emitted from the sample surface.
XPS was carried out on a Thermo Scientific K-Alpha spectrometer using Al K, radiation to analyze

the surface composition of phosphorylated cork powder.
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[11.10 Fire performance analysis

[11.10.1 Limiting oxygen index

LOI measurements was performed in an oxygen/nitrogen atmosphere (Figure 111.29), in

accordance with 1SO 4589 standard, on 80x10x4 mm?® specimens.

specimen

&.':)

k
g
S

mixture of gased (N»/O5)

Figure 111.29. Scheme of LOI measurement setup.

111.10.2 UL-94 flammability test

The flammability behavior was investigated by the UL-94 test on 125x12.5x3.2 mm?3 specimens
ignited from one side of specimens in the horizontal (Figure 111.30) and the vertical (Figure 111.31)
configurations according to the standard of UL-94 (Underwriters Laboratories, USA). In vertical
test, the samples were classified regarding Table 111.2. Linear burning rate (LBR) was calculated
in the horizontal configuration by standard through LBR = 60 L/t in mm/minute, where L is the
damaged length in mm and t is time, in seconds (If the flame front passed the 100 mm mark of

specimens, L =75 mm).
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Figure 111.30. Scheme of horizontal UL-94 setup.
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Figure 111.31. Scheme of vertical UL-94 setup.

Table 111.2. Vertical UL-94 materials classifications.

Criteria conditions V-0 V-1 V-2
Afterflame time for each individual specimen t; or t; <10s <30s <30s
Total afterflame time for any condition set (t1 plus t for the <50s <250s <250s
5 specimens)

Afterflame plus afterglow time for each individual specimen after <30s <60s <60s
the second flame application (to+t3)

Afterflame or afterglow of any specimen up to the holding clamp No No No
Cotton indicator ignited by flaming particles or drops No No Yes
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111.10.3 Micro-scale combustion calorimetry

MCC, known as a pyrolysis combustion flow calorimeter (PCFC) from Fire Testing Technology
(FTT) was used following ASTM D7309 standard (Figure 111.32). A 10 £ 0.5 mg of each sample
was exposed to a heating rate of 1 °C/s from 150 °C to 700 °C under N2. The pyrolysis gasses were
evacuated into an oven at 900 °C, containing a gas flow of 80/20 of N2/O> mixture, where its total
combustion took place and the oxygen consumption was determined. MCC is a useful instrument
to evaluate the heat release rate and the fuel content of the decomposing volatile products. The
curves of HRR versus temperature were plotted and the peak of heat release rate, the temperature

of the pHRR (TpHrr), THR and residue were measured.

B

—T—/:

a

Figure 111.32. Digital photograph of MCC.

[11.10.4 Cone calorimetry

Reaction-to-fire tests were carried out by means of a cone calorimeter (INELTEC, Barcelona,
Spain) according to 1SO 5660 standard procedure. Specimens of ABS and ABS composites with
diameter of 75 = 0.1 mm and thickness of 4 £ 0.1 mm were irradiated with a constant heat flux of
35 kW/m? using a constant distance between the electrical resistance and the specimen of 25 mm.

HRR vs. time curves were registered during the tests. Typical fire-reaction parameters such as time
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to ignition (TTI), pHRR, the time to PHRR (trrrr), time of combustion (tcombustion), total heat
emitted (THE), effective heat of combustion (EHC), maximum average rate of heat emission
(MARHE) and residue were obtained from the cone calorimeter tests. Furthermore, a fire
retardancy index (FRI) was also determined (Equation 1) to quantify the flame retardancy
performance of ABS composites [147].

PHRR . THR
(( TTI ) )neat polymer

pHRR
~—+—)*THR
(( TTI ) )composite

FRI=

(1

The photograph of a burning sample under cone colorimeter is shown in Figure 111.33.

Figure 111.33. Digital photograph of cone calorimeter while burning a sample.
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Cork components’ thermal stability and flammability

Chapter V: The components’ roles in thermal
stability and flammability of cork powder

V.1 Introduction

Interest in bio-materials is rapidly growing due to concerns about the environment and their unique
characteristics: they are renewable, completely or partially recyclable and bio-degradable [23, 76,
169].

Cork is a biological tissue that is the outer bark of the oak tree Quercus suber L. that acts as a
protective layer and is harvested each 9-12 years [32, 33, 35, 38, 170]. Due to cork’s remarkable
properties such as super compressibility without fracture, full recovery, impermeability and heat
insulation, this lignocellulosic material has been widely used in various applications, for example,
wine stoppers and construction materials for acoustic and thermal insulation [171-174].

The macroscopic cellular structure of cork presents an alveolar structure similar to a
honeycomb with close cellular structure and thin-walled cells. The cells are rectangular prisms,
packed base-to-base in columns parallel to the radial direction of the tree. The walls of cork cells
are made of a thin, lignin-rich middle lamella (internal primary wall), a thick secondary wall of
suberin and wax lamella and an outer tertiary wall of polysaccharides such as cellulose and
hemicellulose (Figure V.1) [93, 94].

Suberin, the main component of cork, is a polyester consisting of natural aliphatic and
aromatic macromolecules linked via ester bonds that provides cork with corrosion resistance and
anti-aging characteristics [175]. The second major component of cork is lignin, a highly cross-
linked aromatic phenolic polymer which causes durability of cork by increasing stress resistance,
mechanical strength and hardness of cork cellular walls. Polysaccharides are also present in cork
cellular structure as polysaccharide derivatives consisting of chains of mono-saccharides with
intermediate linkages and contribute to the structural rigidity of the cork cells [172, 176, 177].
Finally, the last parts of cork chemical composition are extractives, which generally include

phenolic compounds, terpenoids, fatty acids, resin acids and waxes [178].
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Polysaccharides Suberin

Lignin

Figure V.1. Schematic of cork cells wall presenting the position of each main component.

Different applications have been reported for components of cork; for example, suberin is
used as a starting agent for production of polyurethane [179] and polyester polymers [180, 181]
and a grafting agent for polymer composites [182], ink additives [183] and cosmetic and
pharmaceuticals products [184, 185]. Lignin has applications within the sustainable construction
industry such as lignin admixture and additives for concrete, lignin modified asphalts, lignin-based
paints and coatings [186] or as reinforcing fillers in polymeric composites and an adhesive
promoter in natural fiber composites [187, 188]. Polysaccharides are used in pharmaceutical [177],
food and packaging applications [189, 190].

As a result of cork processing and manufacturing of different cork products, the cork
industry generates substantial amounts of cork dust (the so-called “cork powder”), approximately
30% of the bulk material, which is usually considered a waste with low economic value and burned
in boilers of industrial processes or disposed of in landfills [30, 36, 191]. Therefore, it is
economically interesting to find a more valuable alternative application for this industrial waste
bio-material. Recent studies were carried out in order to obtain “green materials” to improve
polymers fire retardancy through the development of flame-retardant bio-composites [24].
Lignocellulosic-based materials are capable of producing charred residues, which can be
particularly important for developing more sustainable intumescent flame retardants (IFR).
Several studies reported that halogen-free flame retardants combined with bio-based materials
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such as starch [26], lignin [192] and cellulose [193] resulted in an improvement in fire retardancy
of thermoplastics by producing a foamed, thermally stable char and consequently protecting the
underlying material against fire propagation.

In this sense, it is important to fully understand the chemical nature of cork powder to find
a more valuable application for this bio-waste as, for instance, a potential synergistic in flame
retardant systems. Although some studies are conducted to investigate the thermal stability of cork
powder, to the best of authors’ knowledge, there is a lack of studies regarding its flammability and
the mechanisms of action of cork’s main chemical components in its fire reaction.

With all that in mind, in the present chapter, after the extraction of the main component of
the cork, the chemical analysis, thermal stability and fire behavior of cork powder, its extractives,

suberin and lignocellulosic components, are reported in detail.

V.2 Results and Discussion

V.2.1 Particle size distribution, density and morphology of cork powder

A density of 1.526 g/cm? was registered in accordance with the studies reported for the density of
cork powder and cell walls [194, 195]. A symmetric distribution with a 218 um average value of
particle size, a Dsg of 147 pm and a Dgo of 500 um for cork powder were obtained.

Cellular structure of cork powder was observed by SEM (Figure V.2). The cells are
described as rectangular prisms in previous studies and are packed base-to-base in columns parallel
to the radial direction of the tree [94]. The anisotropy of cork’s cellular structure, which was
observed in SEM, can result in its anisotropic properties [196]. In Figure 3, a representative particle
with an average diameter size of 200-250 um can be observed, in agreement with the obtained
average dimensions. Likewise, it was observed that cutting or grinding cork during industrial

processing results in the deformation or partial breakage of its cellular structure.
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Cork Power
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Figure V.2. SEM micrographs of cork powder at 250x, 500x and 5000 with a scale bar of 100, 50 and 5 pm,
respectively.

V.2.2 Chemical composition and analysis of cork components

The results obtained for the summative chemical composition of cork powder are summarized in
Table V.1. The chemical composition of cork mainly depends on different factors such as
geographic origin of cork, climate of the origin, soil, tree dimensions and growth conditions [94].
The results were in agreement with the range reported for cork components in the literature [175,
176].

Table V.1. Chemical composition of cork powder.

Chemical Component Wt.% *
Suberin 40
Lignin 24
Polysaccharides 19
Extractives 14
-DCM Extractives 7
-Ethanol Extractives 3
-Water Extractives 4
Ash
Total mass 100

* Each value is the average of performed experiments with variation coefficients within 0.02-0.8.

104



Cork components’ thermal stability and flammability

The chemical nature of cork powder and its main components was characterized by means
of ATR-FTIR spectrometry. Figure V.3 shows the normalized ATR-FTIR spectra of cork powder,

extractive-free cork, desuberized cork, suberin and lignin.

Desuberized Cork

-Suberine L‘/W_MJ \va

4000 | 3000 | 2000 | 1000
Wave number, A (Cm_l)

Absorbance (a.u.)

Figure V.3. ATR-FTIR spectra of cork powder, extractive-free cork, desuberized cork, suberin and lignin.

All materials presented a broad absorbance band between 3700 cm™' and 3000 cm™,
characteristic of the hydroxyl groups stretching, presented in their chemical structure. Peaks at
2920 cm ! and 2850 cm™! were mainly attributed to the aliphatic chains of suberin, characteristics
of asymmetric and symmetric C-H stretching vibrations, respectively [197-199]. The absorbance
peaks at 1735 cm™!, 1235 cm™! and 1150 cm ™! were assigned to C=0, symmetric and asymmetric
C-O stretching of the suberin ester group, respectively [197-203]. The peak registered at 1460 cm™!

is also characteristics of C-H asymmetric deformation of suberin, as well as of lignin and
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polysaccharides [198, 201]. Desuberized (lignin and polysaccharides) cork showed a
disappearance of the main absorbance peaks of suberin at 2920, 2850, 1735, 1235 and 1150 cm ™.
This fact indicates that suberin was successfully extracted from the cork powder. Furthermore,
besides the mentioned characteristic peaks of suberin, peaks between 1600 cm™! and 1500 cm™!
and at 1095 cm™! were registered in the Suberin spectra (see Figure V.3), which could be related
to lignin and polysaccharide presence. Particularly, C=C stretching registered at 1600 cm™ and
1510 cm™' was assigned to the stretching of G-lignin aromatic ring vibrations [182]. The
absorbance peaks at 1095 cm™' and 1035 cm™ are characteristic of C-O vibrations stretching the
vibration of polysaccharides and lignin, respectively [198, 201, 203].

The spectrum of the extractive-free cork was identical to the one of the cork powder, which

can be due to the relatively low amount of extractives in the cork (see Table 1).
Figure V.4 shows the ATR-FTIR spectra of cork extractives. In fact, extractives are not chemically
bonded to the cork structure and can be extracted by polar and non-polar solvents [94]. Non-polar
extractives were extracted by DCM, and polar extractives were extracted by ethanol and water.
Non-polar extractives reportedly consist of waxes with aliphatic and aromatic compounds such as
glycerol, fatty acids, triterpenes, while the main parts of polar extractives are phenolic compounds
such as phenolic acids and tannins [94, 204].

Spectrum of DCM showed a broad absorbance band with low intensity between 3700 cm™
and 3000 cm™!, which is characteristic of hydroxyl groups. This band has a significantly lower
intensity than that of polar extractives. The strong peaks at 2920 cm™' and 2850 cm™ are
characteristic of symmetric and asymmetric C-H vibrations present in the aliphatic structure of
terpenes of the waxy material. At 1710 cm™!, characteristic peaks of carbonyl as carboxylic acid
function group and at 1460 cm™! characteristic of aromatic C-C vibration were presented [205-
207]. In addition, the peak at 720 cm™! was attributed to the C-H bond related to the vinyl group
of terpenes [202].

The absorbance band between 3700 cm™! and 3000 cm™! was also observed for ethanol
extractives with a higher intensity compared to the non-polar one, corresponding to OH groups of
tannins and phenolic compounds. The vibrations at 2920 cm™! and 2850 cm™! are characteristic of
C-H vibrations present in aliphatic parts of phenolic acids found in ethanol extractives such as,
ferulic acid, vanillic acid and cinnamic acid [94]. The signs at 1710 cm™', 1600 cm™,1460 cm™

and 1075 cm™!, respectively, correspond to C=0 carboxylic stretching, aromatic C=C stretch,
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aromatic C-C vibration, C-O asymmetrical stretching, which are typically observed in phenolic
compounds [202, 207, 208].
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DCM extractive 1460
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Figure V.4. ATR-FTIR spectra of DCM, ethanol and water extractives.

ATR-FTIR spectra of water extractive of cork also presented the same broad band of OH
groups at 3700-3000 cm™!. The intensity of the peaks at 2920 cm ' and 2850 cm™!, corresponding
to C-H vibrations, which are characteristics of phenolic compounds or water-soluble
polysaccharides, was much lower compared to the rest of extractives. The signals of C=0
stretching at 1710 cm™!, aromatic C-C vibration at 1600 cm ™! and C-O asymmetrical stretching at
1050 cm™! were also registered for water extractives due to the presence of phenolic compounds
[208]. Furthermore, compared to the rest of the extractives, the water extractive showed a decrease
of 1710 cm'and 1460 cm™! peaks intensity and a shift in C—O asymmetrical stretching from 1075
cm! to 1050 cm ™!,
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V.2.3 Thermal stability of cork powder and its main components

Thermogravimetric analyses were carried out in order to characterize the role of each component
in thermal stability of cork powder. Comparative thermogravimetric curves (TG) of pyrolysis and
the first derivative of TG curves (dTG) obtained for cork and extractive-free cork are presented in
Figure V.5. In addition, the temperature corresponding to Tpeak, ML of each decomposition step
and the amount of residue remained at 800 °C are shown in Table V.2.

Table V.2. TG and dTG data of thermal degradation and residue of cork and its main components.

Materials TD Step Tpeak (°C) ML (%) Rswo-c (%)
1 280 10.5

Cork 13.1
2 400 70.1
1 300 8.7

Extractive-free cork 171
2 400 714
1 65 5.1

Desuberized cork 2 125 49 32.6
3 270 49.8
1 295 33.8

Suberin 2 420 52.1 9.5
3 740 1.5
1 60 6.7

Lignin 29.4
2 350 325

DCM extractives 1 360 95.8 1.4
1 310 66.1

Ethanol extractives 16.7
2 645 16.9
1 280 16.3

Water extractives 2 520 12.1 60.1
3 745 11.4
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Untreated cork started to decompose between 180 °C and 290 °C (see Figure V.5),
followed by a higher mass loss of 70.1% between 290 °C and 600 °C.
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Figure V.5. TG and dTG curves of cork and extractive-free cork obtained at 10 °C/min under N, atmosphere.

The removal of extractives from cork shifted the decomposition temperature, at a 5% of
mass loss, from 260 °C to 280 °C and led to the formation of a more thermally stable residue
between 500 °C and 800 °C. This fact implies that extractives can act as a catalyst by reducing the
decomposition temperature of untreated cork and promoting the thermal decomposition of other
components. Similar behavior was also observed for the contribution of extractives to the wood
thermal degradation [209-211]. However, this effect contradicts the role of extractives in thermal
stability improvement of cork in oxidative atmosphere [170]. An analysis of the different
extractives’ thermal stabilities was also conducted; the TG curves of the extractives are shown in
Figure V.6.
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Figure V.6. TG curves of cork extractives obtained at 10 °C/min under N, atmosphere.

As it is possible to see in Figure V.6, at 5% of mass loss, ethanol extractives showed a
lower decomposition temperature compared to DCM and water extractives. Furthermore, above
350 °C, the polar extractives (ethanol and water extractives) showed a lower mass loss rate
compared to the one observed for non-polar DCM extractives. In fact, the non-polar extractives
only presented a 1.6% residue at 800 °C (see Table V.2). Meanwhile, the amount of residue at 800
°C for water and ethanol extractives was 60.1% and 16.7%, respectively.

In order to evaluate the possible catalytic effect of extractives on the cork thermal
decomposition, the experimental and calculated TG and dTG curves of cork were compared
(Figure V.7). The calculations were obtained from the TG/dTG contribution of the extractive-free
cork and individual extractives; calculated cork = (86% x extractive-free cork + 7% x DCM

extractives + 3% x ethanol extractives + 4% X water extractives).
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Figure V.7. Experimental and calculated TG and dTG of curves of cork at 10 °C/min under N atmosphere.

The calculated curves show, between 200 °C and 300 °C, a slightly higher thermal stability
than those registered in the experimental curves of cork. Thus, when extractives are inherently
present in the cork composition, they promote a slightly higher thermal decomposition than
expected in that range of temperature. Moreover, between 500 °C and 800 °C, the calculated curve
shows a higher weight percentage than that of the experimental curve. These facts reinforce the
catalytic effect of extractives on the beginning and end of cork thermal decomposition.

The comparative TG and dTG of cork, desuberized cork, suberin and lignin are shown in
Figure V.8. Desuberized cork (or suberin free cork) showed a lower thermal stability than cork
below 400 °C. This might be due to a higher loss of free and bounded water also observed in the
case of polysaccharides from different bio-materials [212-214]. Its major mass loss occurred at

270 °C, 130 °C lower than that of cork, confirming the thermal stability effect of suberin on cork
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thermal behavior. The higher residue observed in the desuberized cork samples could be due to

the presence of sodium from the sodium methoxide, used for the extraction of suberin [170].
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Figure V.8. (a) TG and (b) dTG curves of cork and extractive-free cork obtained at 10 °C/min under N
atmosphere.

Suberin decomposes in two main steps, similar to cork. The first peak started slowly at 175
°C and continued to 390 °C, with a mass loss of 33.8%. It should be said that the mass loss of this

step could be affected by the presence of residual lignin and polysaccharides detected in ATR-
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FTIR curves. The second and major thermal decomposition step, between 390 °C and 500 °C,
showed a 20 °C shift of Tpeak to higher temperature compared to cork. This indicates that suberin
contributes to increase the thermal stability of cork [202]. However, in both the mentioned thermal
decomposition steps, the mass loss rate (%/min) was higher than that of cork.

Furthermore, it was reported that suberin is mainly composed of ®w-hydroxy acids and a,
o-diacids [145]. The decomposition peaks of w-hydroxy acids and a, w-diacids, presented in
suberin of different types of cork, were reported to be at 429 °C and 480 °C, respectively [145]. In
this sense, it can be concluded that the present suberin is mainly composed of ®-hydroxy acids.
Lignin degraded in a broad step between 140 °C and 600 °C with a mass remaining of 59.4% at
600 °C. At lower temperatures, lignin decomposes due to the cleavage of alkyl-aryl ether linkages,
while at higher temperatures the cleavage of aromatic rings and C-C bonds is the cause of thermal
degradation [145, 170]. A small weight loss below 100 °C, due to free or bonded water, was also
observed for lignin. By comparing lignin with desuberized cork (lignin and polysaccharides), it
can be seen that lignin appears to be more thermally stable than polysaccharides at temperatures
lower that 400 °C. Particularly, from the dTG desuberized and lignin curves, it is possible to
observe that the mass loss rate of lignin was lower than that of desuberized sample. In addition,
that Tpeak Of the major step decomposition, between 140 °C and 600 °C, was 75 °C higher in the
case of lignin. This fact confirms that polysaccharides are the main responsible component for the
first temperature peak in the thermal degradation of cork due to its lowest thermal stability among
the other main components, and the same results were also observed for the cork components’

contributions to the thermal behavior of cork in oxidative atmosphere [170].

V.2.4 Potential flammability of cork powder and its main components

In order to assess the flammability properties of cork and its components, MCC was used. In
general, the fire behavior of materials is characterized by the amount of released heat when the
material is exposed to a fire. MCC allows to obtain the HRR of materials using a low amount of
the sample [215]. As it was described in Section 2, the MCC analysis consists of first heating the
sample under pyrolysis conditions in a nitrogen atmosphere; then the degradation gasses are
purged by an inert gas to the combustor, a chamber at 900 °C with a mixture of nitrogen (80%)

and oxygen (20%), where these products are oxidized. The most representative flammability
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parameters, pHRR, Tpnrr and THR are summarized in Table V.3. Tpurr represents the maximal

heat flow temperature, and THR is obtained by integration of MCC curves.

Table V.3. Main results obtained from micro-scale combustion calorimetry.

Samples pHRR (W/g) THR (kJ/g) Temperature to pHRR (°C)
230+ 12 3301
Cork 31.5+0.3
70+5 475 +1
225+ 12 3302
Extractive-free cork 27.7+0.9
70+5 455 +1
90+2 225+1
Desuberized cork 105+8 24.1+0.4 365+1
80+4 580+0
135+ 17 325+1
Suberin 175+ 11 27.2+0.5 390+1
80+2 480+0
110 + 12 290+1
Lignin 26.8+0.5
95+ 12 490 +1
DCM extractive 365+4 36.6+0.7 410+ 2
Ethanol extractive 220+ 10 30.1+£0.9 385+0
Water extractive 35+0 41+0.1 310+ 2

Figure V.9 presents the heat release rate curves of cork powder and extractive-free cork.

The cork started to degrade around 200 °C, and the heat release rate continued to increase by
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increasing the temperature due to the release of combustible gasses during decomposition until it
reached a maximum of 230 W/g at 330 °C.
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Figure V.9. Heat release rate vs. temperature of cork and extractive-free cork.

The removal of extractives from the cork shifted the starting temperature of degradation
from 220 °C to 250 °C with a 12% lower THR, confirming that the extractives act as catalysts by
reducing the decomposition temperature of cork and promoting the thermal decomposition of other
components; a similar trend was also observed in TGA.

Heat release rate curves for cork extractives are presented in Figure VV.10. The highest value
of pHRR, 365 W/g at 410 °C, was registered for dichloromethane extractive. This non-polar
extractive started to decompose at 190 °C in one step with almost no residue remaining, showing
its high flammability. Ethanol extractive started at 180 °C with a pHRR of 220 W/g at 385 °C, and
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then water extractive at about 200 °C with a pHRR of 35 W/g at 310 °C, which reached its pHRR
at a lower temperature; however, its pHRR and THR were much lower compared to DCM and
ethanol extractives. DCM extractives showed the highest TpHrr, and together with ethanol
extractive, they can be considered the main combustible parts of extractives with the highest pHRR
and THR, which can be due to the presence of highly combustible compounds such as waxes, fatty
acids and triterpene [204, 216].
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Figure V.10. Heat release rate vs. temperature of cork extractives.

In Figure V.11, experimental and calculated HRR curves of cork are compared. The
calculation was obtained from the HRR contribution of the extractive-free cork and individual
extractives, calculated cork = (86% x extractive-free cork + 7% x DCM extractives + 3% x ethanol

extractives + 4% x water extractives).
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Figure V.11. Experimental and calculated heat release rate curves of cork.

The calculated curve exhibited higher onset decomposition than that obtained in the
experimental curve of cork. This observation confirms the catalytic effect hypothesis of
extractives, as it was also discussed previously in TGA analysis. Moreover, the second pHRR of
cork powder compared to the calculated HRR vs. temperature curve of cork occurred at a higher
temperature with a lowest HRR. This fact indicates that, as well as extractives catalyze the
beginning of cork thermal decomposition, they also promote the formation of a more thermal-
stable carbonaceous residue at higher temperatures (above 350 °C).

The comparative HRR curves of cork, desuberized cork, suberin and lignin are shown in
Figure V.12.
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Figure V.12. Heat release rate vs. temperature of cork powder and its components.

Following the same trend as it was observed in TGA, desuberized cork (or suberin free
cork) decomposes at lower temperatures (150 °C) than cork (200 °C). The peaks observed between
200 °C and 320 °C of 90 W/g and 55 WI/g, respectively, could be due to the release of
polysaccharides of small-chain length [217]. The broad decomposition between 350 °C and 450
°C with a pHRR of 105 W/g could be attributed to the release of combustible volatile products
from lignin [218]. The pHRR of 80 W/g at 580 °C is a result of the volatiles' released combustion
when the charred layer formed during lignin pyrolysis was broken [219].

Lignin degraded in two broad steps with a lower TpHrr (290 °C) compared to suberin and
cork. By comparing lignin with desuberized cork (lignin and polysaccharides), it can be seen that
lignin appears to be more stable than polysaccharides at lower temperatures as it started to
decompose at 230 °C, about 50 °C higher than desuberized cork. As it was described by other
authors [80, 218], the cleavage of the main chain of lignin involves the scission of several oxygen
functional groups from its structure with different thermal stabilities. Therefore, a pHRR of 110
W/g at 290 °C that it is followed by a broad area of 70 W/g of HRR until approximately 425 °C
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can be observed, when probably the char was broken and some flammable gasses were released,
giving rise to a higher release of heat of 95 W/g at 490 °C.

The MCC curve of suberin shows three steps. The TpHrr Of the first peak is at 325 °C. This
higher decomposition temperature in comparison with the other constituents of cork is in good
agreement with the heat resistant characteristic reported in the literature [220]. The peaks at 390
°C and 480 °C with 175 W/g and 80 W/g of HRR are probably due to the decomposition of the
different hydroxy and diacid chains of suberin [170].

V.3 Conclusions

Chemical composition, thermal stability and fire behavior of cork and its main components were
investigated in this work. The ATR-FTIR spectra of cork and the individual components showed
that suberin was successfully extracted from cork powder; however, the presence of a small
fraction of lignin and polysaccharides, in the spectrum of suberin, was detected. Thermal behavior
of cork and extractive-free cork, in TGA analysis, revealed that polar and non-polar extractives
had a catalytic effect on the thermal degradation of cork powder. It was also observed that by
removing suberin from cork, the temperature of maximum mass loss rate shifted to lower
temperatures, implying suberin plays an important role in enhancing the thermal stability of cork.
Furthermore, MCC analysis was conducted to study the flammability of cork and its components.
The removal of extractives from cork shifted the onset temperature of degradation from 220 °C to
250 °C and the temperature of the second pHRR from 475 °C to 450 °C, confirming that extractives
act as catalysts at the beginning and end of cork combustion. Among extractives, non-polar
extractives are the most combustible ones with the highest pHRR of 365 W/g. It was also
concluded that, although suberin is the most heat-resistant component by delaying the thermal
decomposition, it exhibits a high flammability as the temperature increases by releasing flammable
gasses during the combustion without any significant charring effect. It was also noted that the
lignocellulosic part of cork starts to degrade by the formation of a char barrier leading to the HRR
reduction during the combustion; nevertheless, by increasing the temperature, the char layer was
no longer effective and could not protect the underlying material. Further studies of cork powder

or its main components as synergistic additives in flame retardant systems can be promising.
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Chapter VI: Cork powder as an adjuvant bio-flame
retardant in ABS flame retardant formulations

VI.1 Introduction

ABS, an engineering thermoplastic polymer, consists of polybutadiene as a discrete phase and
styrene-acrylonitrile copolymer as a continuous phase and, due to its toughness, impact resistance,
chemical resistance and easy processing has been widely used in many applications such as in
electrical and electronic industries, automotive and household appliances. [113, 148, 149, 221].
However, the high flammability of ABS combined with the smoke production could limit its
applications. In order to improve its inherent high flammability and suppress the production of
dark smoke, the use of different FRs in ABS has been reported. Most of the drawbacks related to
flame retardancy of ABS were considered almost achieved with the development of brominated
FRs [5]. However, in the 1990s it was revealed that some of these FRs release toxic gasses which
adversely affect the environment and human health [7]. Therefore, more environmentally friendly
FRs like mineral, carbon, nitrogen, silicon or phosphorus-based compounds were introduced as
alternatives of brominated ones in ABS. A fire retardancy improvement for ABS with 60 wt.% of
layered double hydroxides has been reported, by achieving a 28.3% LOI value and a 56% reduction
of HRR compared to neat ABS [222]. ABS with 20 wt. % expandable graphite composites also
showed a higher fire performance by increasing LOI value from 19.2% to 27.6% and a V-1
classification [223]. Nevertheless, to achieve a more efficient flame retardancy, many FRs systems
are generally tailored based on the combination of the mentioned different families of flame
retardants. For instance, combining SiO> particles microencapsulated with melamine phosphate
and dipentaerythritol with the ratio of 3:1 at overall loading of 30 phr in ABS, has been reported
to achieve a V-0 classification and a LOI value of 31.2% [125]. However, the most widely used
multicomponent FR systems in ABS, or in its polymer blends, are based on organic and inorganic
phosphorus compounds such as: TPP [9], BDP [10], AHP [4], RP [11], PAPP [12] and APP [13].
These have a prominent action in the condensed phase or gas phase, depending on their chemical
composition [14]. Some of them, such as APP [19], PAPP [224] and BDP [9] during the thermal
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decomposition are converted to phosphoric acid leading to the formation of pyrophosphate and
polyphosphate structures acting mainly in the condensed phase. They catalyze the dehydration
reaction of polymer end chains and induce char formation. Meanwhile, TPP [9], AHP [225] and
RP [226] have a major action in the gas phase during decomposition. They mainly volatize to
produce free radicals (PO2e, PO+ and HPO¢), which scavenge He and OHe radicals, forming less
reactive or even inert molecules in the flame, and suppressing the radical reactions of combustion
in the gas phase.

Within phosphorus flame retardants, APP has drawn industry attention due to its low loadings,
lower cost and processability; however, APP by itself does not have an effective flame retardancy
in ABS [18]. It is usually used as an acid source and foaming agent in bi-component IFRs [22]. In
ABS, the use of APP with several charring agents such as PER [128], DPP [21] and PETA [22]
have been reported. These charring agents act by catalyzing the esterification reaction of APP,
promoting the liberation of non-flammable gasses such as NH3, CO, CO2 and H20 in the gas phase
and a more cohesive and cross-linked char formation in the condensed phase. More recently, it
was also revealed that synergistic interactions between APP and AlPi promoted the liberation of
phosphorus radicals at a temperature range which acted like scavengers of those radicals yielded
during ABS decomposition, as well as, the formation of a more effective protective layer in the
condensed phase [13].

Furthermore, many studies have been carried out to obtain more environmentally friendly
systems in the field of polymer science through the development of biocomposites [23]. Following
the same trend, there is an increasing interest in fully or partially replacing synthetic flame
retardants with bio-based ones. It has been reported that in some cases, bio-based materials act in
the condensed phase by producing a more thermally stable char residue [24, 25]. For instance, the
system containing low-cost starch, FF and APP showed an improvement in the flame retardancy
of a biodegradable polymer due to the formation of a compact cross-linked 3D network (P-O-P
and P-O-C) as a protective char layer due to the presence of both APP and starch as a charring
agent [26]. A study about the influence of lignin on the thermal and fire properties of ABS blends
concluded that the presence of lignin could have a positive impact on the fire behavior by
increasing the char formation [27]. The strategy of adding P-LIG has also shown promising results
by enhancing the thermal stability of the ABS composites and promoting the formation of a

protective char [40].
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The use of materials from renewable resources of forest-food-agricultural industrial wastes,
as well as, replacing more traditional technologies by advanced green ones have been proposed,
among other strategies, to come towards an ecological transition in multifunctional polymer
composites development [227, 228]. In this context, in the past years, promoting circular economy
by valorization of bio-wastes, like cork powder, has gained attention [229, 230]. Portugal and
Spain are considered the main manufacturers of cork products and are responsible for 46% and
33% of the world total production (200 thousand tons per year), respectively [28, 29]. However,
an important waste of approximately 30% (of total production), with no economic value, called
cork powder, a term used to cover all cork wastes, is produced during industrial cork processing
[30, 31]. Some few studies have been carried out by adding cork powder in polyolefinic matrices,
focusing on the effect of cork powder composition in water absorbance, mechanical and insulation
properties of cork-polymer composites [33, 34]. Nevertheless, there is yet a lack of knowledge
regarding the effect of natural cork powder, mainly composed of suberin, lignin and
polysaccharides, on the thermal stability and fire behavior of polymeric matrices, like ABS.
Furthermore, analysis of cork powder ability as a potential charring agent in IFR systems has also
not been reported.

Based on the previously exposed, the present chapter proposes to analyze the effect of cork
powder (C) and APP on the thermo-mechanical behavior, thermal stability and fire performance
of ABS composites. As well as, ascertain possible synergistic/antagonistic effects on the gas and/or
condensed phase mechanism of action of such hybrid (natural-synthetic based additives) IFR in
ABS.
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VI.2 Composition of ABS formulations

The composition of the melt-compounded materials studied in this chapter is listed in Table VI.1.

Table VI.1. Materials identification and weight percentage (wt.%) of the components.

Materials ABS APP Cork
(wt.%0) (wt.%0) (wt.%0)
ABS 100 - -
ABS/30APP 70 30 -
ABS/1C/29APP 70 29 1
ABS/3C/27APP 70 27 3
ABS/5C/25APP 70 25 5
ABS/10C/20APP 70 20 10
ABS/15C/15APP 70 15 15
ABS/20C/10APP 70 10 20
ABS/25C/5APP 70 5 25
ABS/30C 70 - 30

V1.3 Results and discussion

VI1.3.1 Morphology of ABS composites

Morphology of ABS, ABS/30APP and ABS/30C composites are shown in Figure VI.1. APP
particles are well dispersed in the ABS matrix with the size of 3-20 um in accordance with what
was reported by the supplier. For ABS/30C, it can be seen that the compression molding process

of composite contains cork powder resulting in the deformation of cork cells.
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Figure VI.1. SEM micrographs of ABS, ABS/30APP and ABS/30C, at 250 x and 1500 %, with a scale bar of 100

and 10 pm, respectively.
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In Figure V1.2, for ABS/3C/27APP and ABS/20C/10APP, cork cells were also observed
compressed. Although ABS/C/APP composites exhibited a homogeneous microstructure with
cork and APP particles well dispersed in the ABS matrix, there was evidence of poor interaction
between cork or APP particles and the ABS matrix. It can be also seen that some of APP particles

were removed during the fracture due to the weak particle-polymer interaction.
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Figure VI1.2. SEM micrographs of ABS/3C/27APP and ABS/20C/10APP, at 250 x and 1500 x, with a scale bar of
100 and 10 pm, respectively.
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VI1.3.2 Dynamic mechanical thermal analysis

The samples’ Tg was obtained from the temperature corresponding to the maximum of the tan o

(Max tan 8) curves. The E’ was collected from the DMTA curves at 30 °C. There was a difference

between the onset and the end of tan & associated with the glass transition of SAN. The end of the

transition was taken as reference to determine its intensity (peak of tan 6 to the end of the curve).

Figure V1.3 shows the variation of the storage modulus and tan & with temperature. As the

temperature increased, the storage modulus decreased in the temperature region from 90-110 °C

until reaching the energy of free movement of the SAN chain segments.
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Figure V1.3. Storage modulus (E’) and tan 6 of ABS and ABS formulations.
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The results of the DMTA of all samples are presented in Table VI.2. The glass transition
temperature of the SAN phase of ABS, in general, was not significantly affected by the presence
of APP or cork particles. Although adding both APP and cork to the polymer resulted in a clear
decrease in the intensity of the tan ¢ and replacing cork by APP further decreased this intensity

which implies a reduction of energy loss, structural relaxation and improvement in elasticity [231].

Table VI1.2. Storage modulus (E”), intensity of tan & and glass transition temperature (Tg4) of ABS and ABS

formulations.

Materials E’ at 30 °C (MPa) Intensity of tan o T (9
Max tan o
ABS 1409 + 8 1.64 £ 0.05 110+ 0.4
ABS/30APP 1902 + 18 1.62 £0.01 111+0.2
ABS/1C/29APP 1913 +21 1.56 £0.01 111+0.1
ABS/3C/27APP 1854 + 10 1.38£0.03 111+0.1
ABS/5C/25APP 1664 + 74 1.37£0.01 111+0.1
ABS/10C/20APP 1393 + 29 1.14 £0.01 111+0.1
ABS/15C/15APP 1241 + 13 0.98 £0.02 111+0.1
ABS/20C/10APP 1058 + 12 0.89+0.01 111+0.7
ABS/25C/5APP 919+9 0.89+0.01 110+ 0.4
ABS/30C 802+6 0.72+0.01 111+0.1

In Figure V1.4, it is shown that with the 30 % addition of APP to ABS, the storage modulus
increased in comparison with neat ABS. Then by substituting APP with C, the storage modulus
decreased continuously. In addition, ABS/10C/20APP showed a similar behavior, in the elastic
part, to neat ABS. It is clear with adding more than 10 wt.% of cork, the storage modulus decreased
compared to the pure ABS which shows enhanced softening of the composites due to the low E’
of cork (20-90 MPa) [232-234].
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Figure V1.4. Storage modulus (E’) of ABS / Storage modulus (E”) of ABS formulations.

VI1.3.3 Pyrolysis: thermogravimetric analysis

Mass and dTG curves of the individual components, that is, ABS, APP and cork are shown in
Figure V1.5 (a) and (b), respectively. Furthermore, the TD steps, Tsu%, Tpeak, ML and residue at 800
°C are summarized in Table V1.3.

ABS decomposed in a single step between 330 °C and 520 °C with a mass loss of 97.8%,
with almost no charring ability by itself, and a maximum mass loss rate at 423 °C. It has been
previously reported that ABS thermal decomposition starts with the evolution of butadiene
monomer and aromatics from the decomposition of the styrenic portion followed by the evolution
of the acrylonitrile [158, 159, 235].

APP thermally decomposed in two steps. The first one between 250 °C and 420 °C had a mass
loss of 13.1% with the maximum mass loss rate registered at 341 °C attributed to water and
ammonia release [13, 236, 237]. The second one between 570 °C and 710 °C related to the
degradation of the polyphosphate network, showed a major mass loss of 59.8% and a maximum

mass loss rate occurring at 659 °C [238].

131



Chapter VI

@ -- APP
. @ Cork
*
< \
= %
\
@,\\,’,E,Be?i*
1.6
1.2 4
¥
E | /a
< 08 ‘
9 ’ / |
5 . o
N 0.4 k / |
4 — L /B{ |
(b)
& \.
0.0 Py D e B d /E_lin - - \EET
T T T T T T T T T T T T
100 200 300 400 500 700

Temperature (°C)

Figure VIL.5. (a) Mass and (b) dTG curves of ABS, APP and cork powder obtained at 10 °C/min under N

atmosphere.

Cork started to decompose at lower temperature compared with APP and ABS, with a Tso, of

260 °C. It showed one main thermal decomposition step with a mass loss of 78.8% and maximum

mass loss rate at 410 °C. The shoulder observed at the beginning of its thermal decomposition,

between 200 °C and 350 °C, was related to the polar extractives decomposition followed by

polysaccharides and suberin. The higher mass loss rate between 350 °C and 500 °C, was attributed

to the decomposition of lignin, suberin and non-polar extractives [95, 170].
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Table VI1.3. Thermal decomposition data obtained from TGA (mass and dTG curves) of ABS, APP and cork (C).

Materials TDstep  Ts50(°C) Tpeak (°C) ML (%) Rsooec (%0)

ABS 1 380 423 97.8 1.2
1 341 13.1

APP 321 18.5
2 659 59.8

Cork 1 260 410 78.8 18.9

Figure V1.6 shows the comparative of ABS ABS/30C and ABS/30APP Mass and dTG curves.
Like the neat ABS, the thermal decomposition of ABS/30C occurred in one main step. Due to the
lower thermal stability of cork components, a reduction of 55 °C of Tsy and a 6 °C of Tpeak Were
observed for ABS/30C respect to ABS (Table V1.3). Nevertheless, above 475 °C a lower mass loss
than that of ABS with a 6.8% residue at 800 °C was registered due to the inner higher cork charring
ability. Meanwhile, thermal decomposition of ABS/30APP occurred in two stages similar to APP
thermal decomposition. The first and main one, between 260 °C and 510 °C, related to ABS
decomposition and partially volatilization of APP, showed a mass loss of 73.3% and a Tpeak Of 6
°C higher than that of ABS. The second one, attributed to the main thermal decomposition step of
APP, showed a 53 °C reduction in Tpeak cOmpared to neat APP (see Figure V1.5 and Figure V1.6).
Also, addition of 30 wt.% APP to ABS exhibited a 7.9% residue yield at 800 °C which was slightly
higher than that of ABS/30C (see Table V1.3).
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Figure VI1.6. (a) Mass and (b) dTG of curves of ABS, ABS/30APP and ABS/30C obtained at 10 °C/min under N2

atmosphere.

Comparative dTG curves of ABS formulations with APP or cork as the main additive are shown
in Figure V1.7 (a) and (b) respectively. In general, two different thermal decomposition behaviors
were observed and further detailed.

When APP was the major additive (Figure V1.7 (a)), a two-step decomposition similar to
ABS/30APP was registered. Nevertheless, the first step between 250 °C and 500 °C showed a
slight and gradual increase in mass loss as the cork content increased up to 10 wt.%. While, the
second stage between 500 °C and 670 °C displayed a Tpeak shift to a lower temperature as
increasing the cork content. In fact, for ABS/10C/20APP a decrease of 70 °C regarding
ABS/30APP was noticed, as well as, a higher thermal stable residue formation compared to
ABS/30APP (see Table VI.4).

On the other hand, when cork was the major component (Figure V1.7 (b)), a new thermal
decomposition step, between 320 °C and 370 °C, was observed. This could be corresponding to a

less thermally stable fraction of cork components catalyzed by the presence of APP. Additionally,
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between 500 °C and 650 °C, polyphosphate network decomposition of APP was no longer

observed.
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10 °C/min under N, atmosphere.
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Table VI1.4. Mass and dTG data of ABS and ABS formulations.

Materials TDstep  Ts5%(°C)  Tpea(°C) ML(%)  Rsooec (%0)
ABS 1 380 423 97.8 1.2

1 429 73.3
ABS/30APP 368 7.9

2 606 16.12

1 431 73.3
ABS/1C/29APP 366 9.1

2 585 135

1 431 75.8
ABS/3C/27APP 355 9.1

2 560 12.6

1 429 75.2
ABS/5C/25APP 350 9.1

2 556 12.2

1 426 78.4
ABS/10C/20APP 332 11.3

2 536 7.4
ABS/15C/15APP 1 328 426 80.3 14.2

1 364 14.1
ABS/20C/10APP 319 14

2 425 69.7

1 358 16.2
ABS/25C/5APP 312 11.9

2 419 70.3
ABS/30C 1 325 416 91.2 6.8

To further identify the chemical interactions between APP and cork in ABS matrix, calculated

and experimental mass and dTG curves of ABS composites are presented in Figure VI.8. The
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calculated curves were obtained based on the weight percentage of the components in each material
and their individual thermogravimetric results, using the rule of mixture.

For ABS/30APP differences were only noticed during the second decomposition step (Figure
V1.8 (2)): a 50 °C shift of Tpeak to a lower temperature with respect to the expected value was
observed. This fact indicates that the polyphosphate network is less thermally stable and that it
decomposes at a lower rate when combined with products of ABS decomposition. On the other
hand, no significant differences were noticed for ABS/30C (Figure V1.8 (b)), indicating poor
chemical interactions between ABS and cork during composite decomposition.

It should be mentioned that, ABS/C/APP formulations with a cork content lower than 15 wt.%
(C/APP<1) exhibited similar differences between experimental and calculated curves, as well as,
the ones with cork content equal or higher than 15 wt.% (C/APP>1). Therefore, ABS/3C/27APP
and ABS/20C/10APP are reported as the representative of these two groups of formulations in
Figure V1.8 (c) and (d) respectively.

Figure V1.8 (c) shows that the second TD peak of ABS/3C/27APP not only began at lower
temperature than the calculated but also that the mentioned decomposition of polyphosphate cross-
linked structure started at lower temperature than that of ABS/30APP (see blue lines in Figure
V1.8). These observations indicate that cork, as the minor additive, catalyzed APP decomposition
during that range of temperature. When cork was the main additive (Figure V1.8 (b)), an
unexpected thermal decomposition stage between 320 °C and 370 °C combined with the absence
of the second decomposition step of APP also emphasized the presence of chemical interactions
between these two additives. The new step observed at the beginning of thermal decomposition
could be related with hydrolytic reactions of cork promoted by the presence of phosphoric acid
produced during APP first step decomposition. Also, such chemical interactions seem to affect the
ending of thermal decomposition with the absence of the second decomposition stage of APP
leading to a much higher residue formation than expected for the mentioned composites under

pyrolysis conditions (Figure V1.8 (b)).
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Figure V1.8. Experimental and calculated mass and dTG curves of (a) and (b) composite with individual
components (APP and C) in ABS, and representative examples of thermal decomposition behavior of ABS
composites with C/APP weight ratio (c) lower than 1 and (d) equal or higher than 1.

Figure V1.9 compares the experimental and calculated residue values of ABS composites at

800 °C. For all composites, the experimental residue value was superior to the calculated one.

Under a nitrogen atmosphere, ABS composites with a C:APP weight proposition of 1:1
(ABS/15C/15APP) or 2:1 (ABS/20C/10APP) led to the highest residue formation. It has been

reported in the literature that the presence of phosphate enhances the dehydration reactions of

lignocellulosic materials, leading to a high amount of residue with condensed structures that were
not further degraded [239, 240].
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Figure V1.9. Experimental and calculated residue value at 800 °C of flame retarded ABS formulations.

VI1.3.4 Evolved pyrolysis gasses: FTIR analysis

The FTIR characteristic spectra of the gaseous pyrolysis products at the beginning of the
decomposition (Ts,) and at the maximum mass loss rate temperature (Tpea) Of the main
decomposition steps, of ABS, cork powder, APP are presented in Figure VV1.10 and spectra of the
evolved gaseous products of ABS/30C, ABS/30APP, ABS/3C/27APP and ABS/27C/3APP are
shown in Figure VI.11.

FT-IR spectrum of ABS at 380 °C (Ts%) showed the aromatic and aliphatic hydrocarbon
vibrations at 3070 cm™, 3030 cm™ and 2935 cm™, 2870 cm™, respectively with the highest intensity
at 423 °C (see Figure V1.10 (a)). Moreover, absorption bands related to the deformation of CH> of
butadiene at 1490 cm™* and 1450 cm™, vibration of C=C-H and C-H of butadiene at 910 cm™ were
registered [241, 242]. Also, the absorption signal at 690 cm™ was assigned to the out-of-plane
bending of the CH groups in the aromatic ring of styrene units [241]. Acrylonitrile or its

decomposition products were not detected, as reported previously in literature [243]. The detected
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hydrocarbons were products of the chain scission of the polymer [13, 244], being these mainly

from butadiene and styrene monomers and its derivatives.
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Figure V1.10. FT-IR spectra of (a) ABS, (b) cork and (c) APP pyrolysis products between the beginning of
decomposition (Tsy) and the maximum mass loss rate (T peak).-

Figure V1.10 (b) shows the FTIR characteristic spectra of cork gaseous pyrolysis products. At
the beginning of decomposition (260 °C), vibrations at 3800-3500 cm™* mainly related to water
O-H stretching vibration were observed. As pyrolysis proceeded, the absorption band at 2930 cm™
corresponding to aliphatic C-H bonds resulted from the of -OCHs- bonds breakage [245, 246],
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showed the highest intensity at the maximum mass loss rate temperature (410 °C). The band at
1745 cm™ was ascribed to the stretching vibration of C-O of carbonyl (-C=0) and carboxyl
functional groups (—COOH), as a result of organic compounds release such as: aldehydes, ketones,
acids, and ester [246]. The registered absorbance peak at 1110 cm™ was attributed to the stretching
vibration of C-O from phenols [245]. When the pyrolysis temperature reached above 410 °C, these
functional groups of O-H, C-H, and C-O, which were weakly linked to the basic structural unit of
cork main components, were gradually cut off by thermal cracking [247]. The liberation of these
pyrolysis gasses continued up to 480 °C.

The FTIR spectra of APP pyrolysis decomposition gasses showed two intense peaks at 960
cm ™t and 930 cm™ characteristics of NH3, with the maximum absorbance at 341 °C. Also, the less
intense peak observed at 1630 cm™ was attributed to the NH3 asymmetric bend vibration [13, 244].
The sign at 3335 cm™ and vibrations between 1250 cm™ and 750 cm™ characteristics of the release
of NHs, were also registered. Beside NHs volatilization from APP decomposition, the peaks
between 3800-3500 cm™ and 1700-1400 cm™ showed evidences of water release [248, 249].
Furthermore, at 659 °C, where the second step of APP thermal decomposition occurred, a broad
band between 3400 cm™ and 2400 cm™ assigned to P-OH absorption was registered [250]. Also,
the signals at 1285 cm™ and 1090 cm™ of P=0 and P-O, were attributed to the stretching vibration

of volatile phosphorus radicals, in accordance with the literature [13].

As it was previously reported in Table V1.4, ABS/30C lost more than 90% of its weight
during one step. There was no significant evidence of pyrolysis gasses evolution up to 325 °C,
from this temperature on thermal decomposition of both ABS and cork started gradually. In Figure
VI.11 (a) the highest intensity of absorption signals at 3070 cm™, 3030 cm™, 1490 cmt, 1450 cm
1912 cm related to the thermal decomposition of ABS and the peaks at 1745 cm™ and 1110 cm
! corresponding to cork components thermal decomposition, were registered at 416°C. The bands
at 2930 cm™ and 2870 cm™ corresponding to C-H, a common aromatic and aliphatic hydrocarbon
vibration, were also attributed to both ABS and cork. Since no new peak was observed, it can be
concluded that there was no chemical interaction between ABS and cork during pyrolysis thermal

decomposition, as previously discussed.
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Figure VI.11. FT-IR spectra of (a) ABS/30C, (b) ABS/30APP, (c) ABS/3C/27APP and (d) ABS/20C/10APP

pyrolysis products between the beginning of decomposition (Tse) and the maximum mass loss rate (T peak).

ABS/30APP formulation lost 73.3 % of its weight during its first thermal decomposition
step mainly related to the thermal decomposition of ABS and partial decomposition of APP. From
Figure VI.11 (b), it can be noted that APP began to decompose at a slightly lower temperature than
ABS, with the liberation of ammonia and water at 368 °C. This evolution of NHs from APP was
related to acidic site formation observed in the intumescent reaction [13, 238, 251]. At Tpeak Of the
second ABS/30APP thermal decomposition step (606 °C), signals related to stretching vibrations
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of P=0 and P-O volatile phosphorus radicals were registered at 1200 cm™ and 900 cm?,
respectively. Furthermore, by comparing the first and second stages of ABS/30APP thermal
decomposition in Figure VI1.11 (b), it is possible to observe that during the second decomposition
stage, the release of pyrolysis gasses was lower regarding the first one [13, 249, 252].

Aromatic and aliphatic hydrocarbon vibrations of ABS at 3070 cm™, 3030 cm™ and of both
ABS and cork at 2935 cm™ and 2870 cm™ of ABS/3C/27APP registered at Tsy (335 °C), are
presented in Figure V1.11 (c). The intensity of these peaks at 335 °C was much higher than the one
registered for ABS/30APP at 368 °C, its corresponding Tsy (Figure VI.11 (b)), which indicates a
lower thermal stability of ABS/3C/27APP regarding with ABS/30APP at the beginning of
decomposition, in accordance with TGA analysis results. The absorption signals registered at 960
cm™ and 930 cm™ and the peak registered at 1630 cm™ are characteristic of NHs, as previously
discussed, showing their highest intensity at 431 °C (Tpeak Of first step). In addition, the numerous
thin peaks between 750 cm™ and 1250 cm™ are also characteristic of the release of NH3 and the
ones between 1700-1400 cm™ of the release of water [248]. Compared to ABS/30APP, the NH3
release in ABS/3C/27APP started at lower temperature and continued up to a higher temperature
560 °C. In addition, due to the continuous release of ammonia at higher temperature, the expected
P=0 and P-O stretching vibrations bands at 1200 cm™ and 900 cm™ could not be distinguished
from those thin vibrations of NHs. Furthermore, small absorbance signals registered between
3700-3500 cm* related to H.O vaporization [253], were more intense when both additives were
found, and a broader temperature of water release was also observed. The dehydration reaction of
cork, promoted by APP, can be the result of the mentioned higher liberation of water.

FT-IR spectrum of ABS/20C/10APP exhibited the same absorption signals of ABS/3C/27APP
(Figure VI.11 (d)). However, the release of ammonia from hydrolytic decomposition of APP
started at lower temperature (Tsys = 319 °C), indicating a direct effect of cork products’
decomposition content on the APP thermal stability. Although, the peaks at 960 cm™ and 930 cm"
L assigned to ammonia release had a lower intensity compared to ABS/3C/27APP as a result of a
lower amount of APP in the composite. In addition, at Tpeak 1 (364 °C), the intensity of the
absorptions bands at 2930 cm™ and 2870 cm™ attributed to mainly aliphatic C-H vibration of cork
components was higher compared to the other formulations, which can be due to a more intense
dehydration reaction of cork in the presence of APP when cork was the major additive. Also, it

can be seen that the pyrolysis gasses released during the first thermal decomposition stage of
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ABS/20C/10APP were mainly attributed to cork meanwhile APP thermal decomposition mostly
occurred in the second step by releasing the highest amount of ammonia gas, in agreement with

TGA analysis.

VI.3.5 Micro-scale combustion calorimetry

HRR curves of ABS, ABS/30C, ABS/30APP, ABS/3C/27APP, and ABS/20C/10APP are shown
in Figure V1.12 and the corresponding combustion data are listed in Table VI.5.

The HRR curve of neat ABS shows its high flammability by a sudden increase of heat release
reaching its maximum value of 665 W/g. The lowest char formation at the end of consumption
was registered for ABS with a 2.6% of residue. This fact indicates that ABS decomposed almost

without charring; therefore, more flammable volatiles were released.
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Figure V1.12. Heat release rate of ABS and ABS formulations obtained by MCC.
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The presence of 30 wt.% of APP in ABS decreased the beginning of thermal decomposition
temperature in agreement with TGA analysis results. In addition, HRC decreased from 649 J/g-K
t0 498 J/g-K (22% reduction) and 475 °C to 470 °C, respectively when 30 wt.% of APP was added.
Besides pHRR values of ABS/30APP and of ABS/30C were almost similar, the ABS/30C pHRR
temperature was 19 °C lower than that of ABS/30APP, which can be due to the lower thermal
stability of cork components.

By substituting 3 wt.% of APP with cork (ABS/3C/27APP), a 15.8 % and a 16.6 % reduction
of the HRC compared to those of ABS/30APP and ABS/30C was respectively noticed. It should
be mentioned that a higher residue formation of 12.8% was also registered for ABS/3C/27APP
compared to those of ABS/30APP and ABS/30C in accordance with results obtained by TGA
analysis. ABS/20C/10 APP showed the lowest values of HRC and pHRR, with a value of 360 J/g-
K and 385 WI/g respectively, indicating an improvement in fire performance under pyrolysis when
cork was the main additive. This can be related to a combined effect of noncombustible gasses
released during a wider range of temperature, as discussed previously in FT-IR analysis of the
pyrolysis gasses.

In general, combining cork and APP resulted in a decrease in the flammability potential of
FR-ABS composites compared to when they were added individually to ABS, confirming the

occurrence of a synergistic interaction between APP and cork during pyrolysis.

Table VI.5. Summary of data obtained by MCC for ABS and ABS composites.

Temperature to

Samples pHRR (W/g) HRC (J/g-K) Residue (%0)

PHRR (°C)
ABS 665 + 22 649 + 18 473+ 1 2.6+0.1
ABS/30APP 517 + 13 498 + 15 470+ 1 10.7+0.1
ABS/3C/27APP 440 + 9 419+ 6 464 + 1 12.8+0.2
ABS/20C/10 APP 3852 360 + 4 463 +1 13.3+0.2
ABS/30C 523 + 16 503 + 20 451 +1 71+0.1
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VI1.3.6 Chemical analysis of MCC residue

Figure V1.13 shows a comparative of the FTIR spectra of the ABS/30APP, ABS/3C/27APP,
ABS/20C/10APP and ABS/30C residue after the MCC test. FTIR spectra of the ABS/30APP
exhibited a broad absorption band at 3400-3000 cm™ related to N-H and OH stretching vibration
[166, 254]. The band at 1455 cm™ and the sharp peak at 1400 cm™ belonged to asymmetric
deformation vibration of CHs/CH2 and phosphorus oxynitrides, respectively, as a result of
dehydration and cross-linking reactions of APP [251, 254]. The peaks at 1300 cm™* and 1090 cm™
were attributed to stretching vibration of P=0 and P-O-P, respectively, and the peak appeared at
910 cm™! was assigned to P-O-C structure in P-C complex confirming the existence of P-O-C
chemical bonds in char layer, which further indicates a cross-linking reaction between components
[166, 255]. For ABS/30C, at 3430 cm ™, a peak related to O-H stretching and a broad band between
1360 cm* and 830 cm* assigned to C-O and C-H deformation were observed [256].
ABS/3C/27APP and ABS/20C/10APP showed similar absorbance bands as the ones
registered for ABS/30APP, with a small shoulder at 3430 cm™ related to OH absorbance of cork.
By comparing FTIR spectra of ABS/3C/27APP and ABS/30APP, it can be seen that the peak at
1090 cm™* attributed to P-O-P stretching was more intense by replacing 3 wt% of APP with cork,
which is in good agreement with the charring ability of cork and a synergistic effect between cork
and APP in the condensed phase. By further substituting APP up to 20%, the intensity of the peak
at 1400 cm* assigned to phosphorus oxynitrides was increased significantly compared to the other
vibrations of phosphorus, also a slight increase in the intensity of the P-O-C band at 910 cm™ was
noticed. The analysis of the MCC residues confirms the ability of cork to retain phosphorus in the

condensed phase during pyrolysis.
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Figure VI1.13. FTIR spectra of the ABS/30APP, ABS/3C/27APP, ABS/20C/10APP and ABS/30C residue after
MCC test.

V1.3.7 Fire behavior

Cone calorimetry is the most used technique to evaluate the fire behavior of polymeric materials.
The combustion environment of the samples in this technique is similar to the real scale fire, so
the cone calorimeter results can largely reflect the fire performance of the samples [164].

The HRR curves for ABS, ABS/30APP and ABS/30C, obtained from cone calorimetry test,
as a function of time are shown in Figure V1.14. Heat release curve of neat ABS is characteristic
of thermally thin samples [164] that elevated quickly after ignition, followed by a less intense
increase. The latter increase could be related to a growing pyrolysis zone thickness during the cone
test [165]. Finally, this increase reached its maximum value (2835 kW/m?), a sharp peak, with a
rapid HRR decrease to the end of burning. This peak behavior was strongly associated with
increasing thermal feedback from the back of the sample and with the consumption of combustible
matrix as the result of the burning. This feature indicates that the ABS combustion flame spreads
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rapidly. Also, no remarkable residue formation at the end of ABS consumption was noticed
(0.25%).
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Figure V1.14. Heat release rate vs. time curves of ABS, ABS/30APP and ABS/30C.

Heat release rate of ABS/30APP showed a characteristic of the thermally thick charring
materials [164]. It gradually increased after flaming combustion until it reached a quasi-static
plateau associated with a char layer formation in the condensed phase and with the liberation of
ammonia and water of APP which diluted the combustible gasses in the gas phase. Then, a sudden
increase in HRR was observed showing that the char cracked and did not work as an effective
thermal insulator and physical barrier to the mass transfer. After reaching the pHRR (864 kW/m?),
a decrease of HRR with the formation of a new plateau between 150-200s was observed before
the end of combustion. This sample showed the highest amount of residue with 25% of char
formation. On the other hand, ABS/30C curve exhibited an intermediate thickness non-charring
fire behavior and contrary to ABS/30APP, no constant HRR or plateau was registered for
ABS/30C [164]. After passing pHRR of 1374 kW/m?, the HRR decreased rapidly implying that
the sample was consumed with no char barrier effect. It should also be noted that at the end of the
combustion process, this sample continued burning with a constant residual HRR for a long period
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of time (250-550s), without flame with significant white smoke release and no remarkable residue
remained (see Table V1.6).

Table V1.6. Main results obtained from cone calorimeter tests.

- pH RR tPHRR tcombustion EHC ReSIdue
Materials TTI (s) (kW/m?) (s) ) (MJ/kg) FRI (Wi2%)
ABS 44+8 2835184 1131 143 +3 3H+1 . 0.25+0.01
ABS/30APP 302 864 + 47 144 +1 246 +3 31+2 3.1 25%£0.1

ABS/1C/29APP 32+3 852 + 32 167 +9 251+9 31+1 3.4 25+0.1
ABS/3C/27APP 41+5 680+ 9 174 +£2 264 +5 29+1 5.3 24+0.1
ABS/5C/25APP 31+1 827 +50 1479 221 %5 30+1 25 21+0.1
ABS/10C/20APP 33+6 922 + 60 13660 220+14 28%1 3.2 18+0.2
ABS/15C/15APP 26+1 941 +19 150 £19 194 +3 28%1 24 15+0.1
ABS/20C/10APP 27+1 932 + 53 150+ 3 195+7 27+1 25 10+ 0.6
ABS/25C/5APP 29+1 1155+ 36 162 +1 203+ 3 30+1 21 5+05
ABS/30C 33+4 1374+99  158+10 143 +2 33+1 17 0.3+0.01

Regarding the FRI which proposes a classification for flame retarded polymeric materials
based on the results obtained from the cone calorimetry test, all ABS/C/APP flame retarded
formulations are classified as good with 10° < FRI < 10* and for ABS/3C/27APP, the highest FRI
of 5.3 was achieved (see Table 5).

Figure VI1.15 (a) presents the HRR curves of formulations with C/APP < 1. Among these
formulations, ABS/3C/27APP showed a significant fire retardancy enhancement compared to
ABS/30APP. By substituting 3 wt.% of APP with cork, HRR curve exhibited a later time to
ignition and a constantly lower HRR than that of ABS/30APP, with a decrease of the second PHRR
of 21% respect to ABS/30APP. As previously discussed in FTIR analysis of the pyrolysis gasses,
a higher release amount of water and ammonia before and during the beginning of ABS
decomposition, due to the dehydration reactions of cork and volatilization of APP, contributed to

an enhancement action on the gas phase by diluting the combustible gasses which led to the
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ignition delay and to the lower HRR during combustion of the mentioned composite regarding
ABS/30APP. In addition, the time period between the two HRR peaks was relatively longer for
the mentioned ABS cork/APP composite, indicating that a more protective carbonaceous layer
than that of ABS/30APP was also produced. This fact was a result of the synergistic chemical
interaction between cork and APP at the beginning of decomposition observed in TGA that could
lead to the formation of a more cohesive and cross-linked char layer acting as a heat and mass
transfer barrier. Figure V1.15 (a) shows also that replacement of APP to lower or higher than 3
wt.% of cork has an adverse effect on the fire performance of ABS flame retardant composites.
Figure VI1.15 (b) presents the HRR curves of ABS formulations with C/APP ratio >1. When
cork was the major additive, it was observed that 20 wt.% substitution led to the lowest pHRR and
a longer period of time that the protective char layer was formed. This was shown as a quasi-static
plateau during the 25-110 s in the HRR curve that is typically considered as a barrier effect which
controls the polymer degradation rate. However, a slightly higher pHRR was registered for
ABS/20C/10APP compared to formulations with C/APP ratio <1. This fact was related to thermo-
oxidative degradation of char, which decreased its efficiency in protecting the underlying material
after 110 s to the end of the combustion. Nevertheless, ABS/20C/10APP showed the lowest EHC
(see Table 5), and a low residue formation at the ending of combustion, indicating that a gas phase
mechanism of action by continuous water release that led to a dilution of the combustible gasses

occurred [257], in agreement with the FTIR analysis of pyrolysis gasses.
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Figure V1.15. Heat release rate vs. time curves of ABS formulations with (a) C/APP < 1 and ABS/30APP (b)
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In Figure VI1.16, THR curves of ABS and its composites are presented. It can be seen that
THR curve of ABS/3C/27APP exhibited the lowest slope compared to the other formulations,
indicating that the highest reduction of the fire spread took place for that formulation. In addition,

by increasing the amount of cork, the slope of the curves increased.
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Figure V1.16. Total heat release rate of ABS and ABS formulations.

In addition, the flammability behavior (reaction to a small flame) of ABS and ABS
formulations was assessed by UL-94 horizontal burning tests. The results of UL-94 tests are
summarized in Table VI.7. In UL-94 horizontal test, replacing 3 wt.% of APP with cork resulted
in the lowest LBR, indicating an enhancement in fire retardancy behavior compared with
ABS/30APP, in agreement with the TTI delay, the highest reduction of pHRR and the lowest THR
slope for this formulation observed in cone calorimetry. Also, for ABS/20APP/10C, the same LBR
as ABS/30APP was noted, implying that by substituting 20 wt.% of APP with cork, similar fire
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performance can be achieved, also in agreement with CC analysis. It should be mentioned that for

the formulations with C/APP ratio > 1, no dripping during the tests was observed.

Table VI.7. UL-94 horizontal results of ABS and ABS composites.

Linear burning rate

Materials (LBR) Dripping
(mm/min)*
ABS 44 Yes
ABS/30APP 24 Yes
ABS/1C/29APP 21 Yes
ABS/3C/27APP 19 Yes
ABS/5C/25APP 28 Yes
ABS/10C/20APP 28 Yes
ABS/15C/15APP 32 No
ABS/20C/10APP 24 No
ABS/25C/5APP 32 No
ABS/30C 41 No

* Each value is the average of performed experiments with variation coefficients within 1-2.

V1.3.8 Morphological and chemical analysis of CC residue

Digital photographs of residues after cone calorimetry are shown in Figure V1.17. Remarkable
differences were noticed between them and related to composition of ABS composites. As is
possible to see, ABS/30APP generated a carbonaceous residue with the lowest expansion degree.
On the other hand, ABS/30C did not show residue formation ability during combustion, as
previously discussed, and for that reason digital photography was not included. In addition, when
both cork and APP were added into ABS, different expansion degrees and surface structure were
produced. Among all ABS/C/APP formulations, ABS/3C/27APP formed the most stable, uniform
and compact char structure with a significant expansion degree, which contributed to fuel and heat

transfer reduction in agreement with cone calorimeter results. However, by increasing C/APP ratio,
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the expansion and uniformity degree of the char layer gradually decreased which reduced barrier

effectiveness and shielding efficiency of the residue.

55

Figure VI1.17. Digital photographs of (a) ABS/30APP, (b) ABS/1C/29APP, (c) ABS/3C/27APP, (d)
ABS/5C/25APP, (e) ABS/10C/20APP, (f) ABS/15C/15APP, (g) ABS/20C/10APP, and (h) ABS/25C/5APP residue
after cone calorimetry. The approximate residue thickness is indicated on the scale (in centimeters).

 a— f;
N o

The surface of ABS/30 APP, ABS/3C/27APP and ABS/20C/10APP residue after cone
calorimetry was observed by SEM to identify the quality of the protective layer and also to analyze
the formed structure under that layer. Heat transfer through the char layer depends on the resistance
of the substrate to fire, so the char formation process, intumescent effect and insulation efficiency
of the char layer dominate general flame-retardant properties of the system.

As it is shown in Figure V1.18, ABS/30APP residue has a flat surface and smooth layer
surface. By replacing cork with APP, evidence of a higher protective residue was observed, the
surface of this residue showed an intumescent layer with a porous inner structure. By having 3
wt.% of cork a more protective and cohesive layer with the formation of a foamed structure,
composed by closed microspheres, was noticed. This more effective heat insulating foamed
structure combined with the cohesive surface layer resulted in an improved performance on the
condensed phase which could also act as a physical barrier against gas transmission which
endorses the results previously discussed in cone calorimetry. Furthermore, by increasing the
amount of cork up to 20 wt.% a porous morphology with bigger pores was also observed. Due to
the increase of the pores size, it can be concluded that the effectiveness of this foamed barrier was
diminished that resulted in a higher heat release rate leading to a lower flame retardancy behavior
in cone calorimetry compared to ABS/3C/27APP.
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ABS/20C/10APP
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Figure V1.18. SEM micrographs of the upper (left) and down surface (right) of the ABS formulations after the cone
calorimeter tests (at 250 x with a scale bar of 100 mm).

Figure V1.19 shows a comparative of the FTIR spectra of the ABS/30APP, ABS/3C/27APP
and ABS/20C/10APP residue after cone calorimeter test. FTIR spectra of the ABS/30APP
exhibited a broad absorption band at 3800-2500 cm™ related to N-H and OH stretching vibration
[166, 254]. The sharp peak which appeared at 1400 cm™* belonged to phosphorus oxynitrides as a
result of dehydration and cross-linking reactions of APP [251, 254]. In addition, the shoulder at
1150 cm ™t was attributed to the absorption of C-O-C groups and the peak at 995 cm™ was assigned
to P-O symmetric stretching in P-O-C chemical bands [166, 255].
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ABS/3C/27APP showed similar absorbance bands as the ones registered for ABS/30APP. By
comparing FTIR spectra of ABS/3C/27APP and ABS/30APP, it can be seen that the signal at 995
cm ! attributed to P-O-C absorbance peak was more intense by replacing 3 wt.% of APP with cork,
due to the charring ability of cork and a probable synergistic effect between cork and APP in the
condensed phase, in accordance with cone calorimetry results. By further substituting APP up to
20 wt.%, the peak at 1400 cm™* of phosphorus oxynitrides almost disappeared and the intensity of
the peaks related to the vibrations of phosphorus were slightly decreased, contrary to the higher

intensity vibrations of phosphorus registered for this formulation under non oxidative thermal
decomposition in MCC.
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Figure VI1.19. FTIR spectra of the ABS/30APP, ABS/3C/27APP and ABS/20C/10APP residue after cone
calorimeter test.
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V1.4 Conclusions

In this work, ABS and ABS composites containing APP and/or cork were prepared and
characterized. APP and cork particles showed different contributions to the mechanical properties
of ABS composites obtained by DMTA. An increase in storage modulus was registered in the case
of ABS composite with 30 wt.% of APP, due to the higher stiffness of APP particles. On the other
hand, by substituting APP with cork, a continuous reduction of storage modulus was observed.
TGA analysis of the composites under pyrolysis showed that when both APP and cork were
presented, a higher amount of residue remained at 800 °C compared to when APP and cork were
added individually, indicating an enhancement of charring ability and thermal stability of char
residue at higher temperature than expected. It was also observed that for the formulations with
C/APP ratio lower than 1, the second step began at lower temperature than expected, which implied
that cork and APP chemical interaction resulted in an earlier decomposition of the polyphosphate
network of APP. On the other hand, when cork was the main additive, an unexpected thermal
decomposition stage appeared also confirming the presence of chemical interactions between these
two additives that probably resulted in an acceleration and promotion of dehydration reaction of
cork combined with APP earlier thermal decomposition.

In addition, FTIR analysis of the pyrolysis gasses showed interactions between cork and
APP that promoted the liberation of non-flammable gasses at a wider range of temperatures
compared to ABS/30APP that diluted the combustible ones during ABS decomposition. Pyrolysis
combustion analysis revealed that substituting APP with cork presented a lower potential
flammability of ABS composites by a HRC decrease and an increase of residue compared to
ABS/30APP. Furthermore, fire behavior of ABS formulations was studied by cone calorimetry,
showing that a small substitution of APP by 3 wt.% of cork imparted optimum improvement in
fire retardancy performance with the highest efficiency in reducing the pHRR (21%) and LBR
(26%). ABS/20C/10APP also showed a similar pHRR and same burning rate in horizontal UL-94
to the fully synthesized ABS/30APP with the lowest EHC registered among all formulations.

Additionally, from SEM micrographs of ABS/30APP residue was possible to ascertain that
a continuous char layer without intumescence was formed. Nevertheless, by only replacing 3 wt.%
of APP natural cork powder led to the formation of a protective intumescent char with a foamed

and cohesive structure that acted as a more efficient physical barrier against heat and mass transfer.
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In the FTIR analysis of residue, by comparing FTIR spectrum of ABS/30APP and
ABS/3C/27APP, the same peaks were observed with different intensity for characteristic
absorption peaks of P-O-C structure, further indicating a probable cross-linking reaction between
cork and APP due to the chemical interaction between them. Based on TGA, FTIR of evolved
gasses, fire test results and FTIR of residue of ABS/C/APP formulations, evidences of occurrence
of gas phase activity via release of non-flammable gasses and condensed-phase activity through

intumescent charring ability were noted.
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Chapter VII: Effect of cork powder’s
phosphorylation on thermo-mechanical, thermal
stability and fire behavior of ABS formulations

VII.1 Introduction

Developing new sustainable materials is considered a promising approach that has caught the
attention of science and industry due to the many environmental benefits. On the other hand,
regarding circular economy, composite containing agricultural and forest waste or by-products
have shown an important strategy for bio-waste valorization [23, 76, 169].

Cork, a natural and renewable material has garnered attention in recent years for its potential
applications in sustainable and eco-friendly products. One area of particular interest is its use as a
flame retardant material, as the inherent properties of cork make it a promising candidate for
enhancing fire reaction via its char forming ability. In this context, investigating the effect of
phosphorylation and surface modification of cork powder on the improvement of its flame
retardancy behavior can be interesting. By incorporating phosphorus based flame retardants and
cork phosphorylation, studies aim to improve its charring ability and its effectiveness as a bio-
flame retardant.

Several studies have been focused into the using phosphorylated biomaterials, highlighting
their potential in advancing sustainable material development. For instance, chitosan derivatives,
that are considered as polysaccharides, were phosphorylated with P4O1o reaction with glycidyl
methacrylate in order to prepare a flame retardant material for epoxy. MCC results showed that
presence of phosphorylated chitosan led to a 56% reduction of the peak heat release and 50% of
total heat release of epoxy composites. FTIR of evolved gasses and the residue revealed that
phosphorylation reduced the release of combustible gasses and promoted a more protective residue
formation respectively [104].

In another study wheat starch was modified using a phosphate/urea reaction system. It was
shown that starch derivatives from phosphate/urea systems could achieve fire protection
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efficiencies similar to those of commercial flame retardants currently used in the wood fiber
industry. FR efficiency was dependent on the phosphate content, solubility, reaction time, and the
additive form such as physical mixture, uncleaned, or cleaned synthesis products. The calorimetric
measurements also exhibited a significant reduction in HRR compared to untreated wood fibers
indicating an enhancement in fire retardancy behavior of wood fibers [258].

An enhancement of flame retardancy was observed when phosphorylated lignin (P-LIG) with
4.1% of phosphorus content was synthesized and 30 wt.% of P-LIG was added to ABS composites.
The thermal stability of P-LIG was significantly enhanced in comparison to that for lignin.
Grafting phosphorus onto lignin significantly increased the amount of residue from the polymer
blend at high temperature. It was reported that P-LIG promoted char formation by reacting with
ABS during thermal decomposition leading to a significant reduction of the peak of heat release
rate pHRR and THR of 58% and 20%, respectively. It was shown that P-LIG was acting mainly
in the condensed phase by interacting with ABS during the decomposition of the composite. These
interactions induced less release of combustibles to the flame while a charring protective barrier
was formed on the composite surface. A slight inhibition effect in the flame was observed as well,
probably caused by release of phosphorus species into the gas phase [40].

In the previous chapter the effect of combining cork powder and ammonium polyphosphate on
thermal stability and fire performance of ABS was reported. In order to achieve further
enhancement in fire behavior of ABS composites, cork surface modification was carried out with
the aim of the occurrence of a phosphorus chemical bonding on the surface of cork powder by
using different phosphorus components. As previously mentioned, the use of phosphorus
chemistry in combination with biomaterials is of great interest, as it would give access to renewable
resources characterized by intrinsic flame-retardant properties. In the present chapter, firstly, the
chemical analysis of phosphorylated cork by using different phosphorus components and under
different reaction conditions is reported. Then, the effect of cork phosphorylation on the thermos-
mechanical behavior, thermal stability and fire performance of ABS formulations has been
investigated. The cork modification presented in this chapter has been carried out during the stay
at Yildiz Technical University in Istanbul, Turkey.
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VII.2 Composition of ABS formulations

The composition of the melt-compounded materials studied in this chapter is listed in Table VII.1.

Table VII.1. Materials identification and weight percentage (wt.%) of the components.

Materials ABS (wt.%) APP (wt.%) Cgy(wt.%) Cq(Wt.%)
ABS/30C, 70 - 30 -
ABS/30Cq 70 - - 30
ABS/20C4/10APP 70 10 20 -
ABS/20C4/10APP 70 10 - 20
ABS/3C4/27APP 70 27 3 -
ABS/3Cq4/27APP 70 27 - 3

VI11.3 Results and discussion

VI1.3.1 Chemical analysis of phosphorylated cork powder

To identify the presence of phosphorus absorbance bands after the phosphorylation and determine
the best reaction condition, ATR-FTIR analysis was carried out for the raw materials and the
phosphorylated samples. As the cork ATR-FTIR spectra has been discussed in detail in chapter V,
in this part the spectrum of glyphosate, TEP, DTSP and the phosphorylated cork under different
reaction conditions are presented.

In Figure V1.1 the glyphosate spectrum shows the absorbance peak at 3000 cm™ attributed
to N-H stretching and the signals at 2800 cm™' and 2400 cm™! were assigned to C-H stretching.
The peaks at 1560 cm ™! and 1480 cm™! were related to NH deformation of glyphosate while P=0
stretching vibration of glyphosate POsH group was registered at 1260 cm™'. The peaks at 1220
cm™!, 1075 cm™!, 1029 cm™!, 1000 cm™! and 800 cm™! were also attributed to P-OH, P-O-
stretching, CCNC skeletal vibration, P-O symmetric stretching, and POH deformation of
glyphosate, respectively [259, 260].
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Figure VII1.1. ATR-FTIR spectra of cork powder, glyphosate and phosphorylated cork with glyphosate under
condition 1.
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Figure VI1.2. ATR-FTIR spectra of phosphorylated cork with glyphosate under condition 2 and 3.
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As it was explained in chapter 111, cork modification with glyphosate was carried out under
three different reaction conditions. The Cq was washed with IPA, firstly; however, in the spectra
of Cg4, only main absorbance bands of glyphosate were detected and none of the cork absorbance
signals appeared. In order to wash the excessive amount of glyphosate on the surface of the cork
powder, a solution of ammonia:water (1:1) was used. After washing, the spectrum of the modified
cork, at room temperature for three days (condition 1), showed the more intense absorbance bands
at 1265 cm™!, 1025 cm™! and 800 cm™! related to P=0 stretching, CCNC skeletal vibration and
POH deformation of glyphosate, respectively. On the other hand, under condition 2 and 3, similar
spectra to cork without any changes were registered indicating that neither chemical nor physical
bonding between cork and glyphosate occurred (Figure VI1.2).

The spectra of TEP and C; under two different reaction conditions are shown in Figure
VII.3. The peaks at 2980 cm™, 1445 cm™?, 1390 cm™* and 1370 cm™* were associated to C-H
symmetric stretching. The absorbance signals appeared at 1260 cm™*, 1165 cm™ and the sharp
peak at 1030 cm™ were attributed to P=0O, POs and O-P-O stretching vibration of TEP,
respectively. Also, the absorbance bands of P-O-C stretching and P-O stretching vibrations were
registered at 965 cm™ and 795 cm™* [261, 262]. By comparing ATR spectrum of C; under two
different conditions and cork powder, it can be seen that the modification under the condition 2
was not successful, however; under condition 1 at 120 °C for 12 hours, a new peak at 1030 cm™

attributed to O-P-O stretching vibration of TEP was observed.
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Figure VI1.3. ATR-FTIR spectra of TEP and phosphorylated cork with TEP under condition 1 and 2.

DTSP and Cq spectra are presented in Figure V11.4. The absorbance band of 3225 cm™ was
attributed to the stretching vibration of the N-H group, and the signals at 2975 cm, 2930 cm™*
were assigned to the C-H stretching vibrations. Moreover, the phosphoryl (P=0) absorbance peak
of DTSP was registered at 1230 cm™ and the absorption peak corresponding to P-N and Si-O
groups appeared at 1165 cm™ and 970 cm™, respectively. The signals of P-O-C at 1025 cm™ and
of O—P-O at 826 cm™ were registered [141]. After modification of the cork with DTSP and
washing several times with DCM and IPA, a more intense peak at 1025 cm™ corresponding to P-
O-C and a small shoulder at 1160 cm™* related to P-N were observed.
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Figure VI1.4. ATR-FTIR spectra of DTSP and phosphorylated cork with DTSP before and after washing.

TLC method was also carried out to investigate if the reaction and modification of cork
powder was completed. Methanol: ammonia mixture was used as a solvent system for glyphosate
residue and the best proportion (9:2) of mixture by observing the test results was chosen.
Glyphosate is an organic compound, which reacts with a chromogenic reagent, which then forms
a yellow colored spot. When the spot appeared for the modified cork indicated that there was some
glyphosate remaining on the surface of the cork powder with no chemical or even physical
bonding. Therefore, further washing procedure with ammonia and water (1:1) as commented in
ATR-FTIR analysis was essential. The washing process continued until no spot was detected for
the modified cork in TLC test (Figure VI1.5).
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Figure VI1.5. Digital photographs of TLC plates for glyphosate and phosphorylated cork with glyphosate.

Two solvent systems were prepared by mixing ethyl acetate and hexane 5:1 and 3:1 for
detecting TEP residue. The best mixture ratio was chosen as 5 to 1. The presence of a small amount
of TEP was observed for C, so it was washed with DCM and again with IPA before repeating the

test. As it can be seen in Figure V11.6 no spot regarding the presence of TEP remaining was noticed.

Figure VI11.6. Digital photograph of TLC plates for TEP and phosphorylated cork with TEP.

In addition, two solvent systems were prepared by mixing DCM: Methanol (2:1 and 3:1)
for detecting DTSP residue. The best mixture ratio was chosen as 2 to 1. DTSP was detected in
the modified cork sample therefore it was washed with DCM and IPA before repetition of the TLC

test. After washing no spot and trace of DTSP remaining was observed in the sample (Figure
VIIL7).
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Figure VI1.7. Digital photograph of TLC plates for DTSP and phosphorylated cork with DTSP, test was done with
the ratio of 2:1 DCM: methanol as the solvent system.

To complete the TLC analysis and confirm that the phosphorylation reactions were
successful GC-MS analysis was carried out. For Cg it can be seen in Figure VI1.8, no significant
amount of glyphosate residue was observed in the solution and the peak appeared with the retention
time of approximately 7 minutes was related to the DCM [263], confirming a successful chemical
bonding of glyphosate to the surface of cork. C; exhibited the presence of small vibrations of TEP
at 5.5 minutes, while, for Cq, no DTSP residue was observed, confirming the successful

phosphorylation of cork powder with DTSP that was also observed in ATR-FTIR.
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Figure V11.8. GC-MS chromatogram of phosphorylated cork with (a) glyphosate, (b) TEP and (c) DTSP.
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In addition, quantitative data from the XPS analysis of the raw cork powder and
phosphorylated cork samples are listed in Table VI1.2. It shows the presence of C (73.0 wt.%), O
(23.4 wt.%), N (2.7 wt.%) and Si (0.9 wt.%) atoms for cork powder. After phosphorylation and
surface modification with glyphosate, %C and %Si were decreased to 71.4 wt.% and 0.6 wt.%,
respectively, while %0, %N and %P atoms were increased to 23.6 wt.%, 3.6 wt.% and 0.9 wt.%,
respectively. In addition, for C;, the same trend was observed where the %C and %Si were
decreased and %0, %N and %P atoms were increased, however the decrease and increase in the
mentioned atoms was lower for C; compared to Cgy. Furthermore, by comparing Cq to other
modified samples, the highest decrease in %C to 64.4 wt.% and highest increase in %0, %N, %Si
and %P atoms to 25.1 wt.%, 4.4 wt.%, 3.5 wt.% and 2.4 wt.% was registered, respectively. All the
obtained results confirmed the achievement of phosphorylation process for each phosphorus
compound, where hydroxyl groups on the cork surface was substituted phosphoryl groups and the

oxygen content was increased [264].

Table VII1.2. Cork powder, and phosphorylated cork samples XPS component ratios of Cis, O1s, N1s, Sizp and Pop
elements

Concentration (wt.%)

Materials ;

Cls Ols le S|2p P2p
Cork powder 73.0 23.4 2.7 0.9 -
Cy 71.4 23.6 3.6 0.6 0.9
C 72.6 235 3.0 0.4 0.3
Cq 64.6 25.1 4.4 35 2.4

After confirming a successful phosphorylation of cork powder, two phosphorylated cork
samples with the highest phosphorus content, Cyq and Cq4, were added to ABS composite with or
without APP for studying the effect cork’s phosphorylation on thermo-mechanical, thermal

stability and fire behavior of ABS composites.
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VI11.3.2 Morphology of ABS composites

The morphology of ABS formulations with 30, 20 and 3 wt.% of unmodified cork, Cq and Cq was
characterized by SEM. By comparing SEM micrographs of ABS/30C with ABS/30C4 and
ABS/30Cq, it can be noticed that phosphorylation led to a slight improvement in interaction
between ABS and cork powder particles, showing them being partially covered by the polymeric
matrix (Figure VI11.9).
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Figure VI11.9. SEM micrographs of ABS with 30 wt.% of cork and phosphorylated cork, at 250 x and 1500 x, with a
scale bar of 100 and 10 pm, respectively.
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Similar observations were also noticed for ABS formulations containing 20 wt.% Cq4 and
Cq (Figure VI1.10), as well as, a homogeneous microstructure with well dispersed cork and APP
particles in the polymeric matrix. In addition, due to the low content of cork, formulations with 3
wt.% of unmodified or modified cork did not show any significant difference between their SEM

micrographs (Figure VI11.11).
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Figure V11.10. SEM micrographs of ABS with 20 wt.% of cork and phosphorylated cork, at 250 x and 1500 x, with
a scale bar of 100 and 10 um, respectively.
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Figure VI11.11. SEM micrographs of ABS with 3 wt.% of cork and phosphorylated cork, at 250 x and 1500 %, with a
scale bar of 100 and 10 pm, respectively.

VI11.3.3 Dynamic mechanical thermal analysis

Figure VI11.12 shows the variation of the storage modulus and tan & with temperature for ABS
formulations with 30, 20 and 3 wt.% of cork and phosphorylated cork. The samples’ Tgq was
obtained from the temperature corresponding to the maximum of tan & curves and the E’ was
collected at 30 °C from the DMTA curves. There was a difference between the onset and the end
of tan & associated with the glass transition of SAN. The results of DMTA of all samples are

presented in Table VII.3.
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Figure VI1.12. Storage modulus (E’) and tan 6 of ABS formulations, effect of phosphorylation.

In Figure VI11.12, it can be seen that as the temperature increased, the storage modulus
gradually decreased from room temperature to 90 °C, followed by a sudden decrease until reaching
the energy of free movement of the SAN chain segments at approximately 110 °C.

As it was previously shown in chapter VI, the presence of APP or cork particles did not affect
the glass transition temperature of the SAN phase of ABS. As it is also reported in Table VI1.3, no
change was registered for the glass transition temperature of the SAN by the addition of Cq or Cq
in the ABS composites.

It was exhibited that phosphorylation did not remarkably affect storage modulus of the
formulations with 20 and 30 wt.% of cork. Only a slight decrease in it for ABS/20C4/10APP.
However, at 3 wt.% loading of cork and 27 wt.% of APP, after phosphorylation, a high decrease

in storage modulus was observed indicating enhanced softening of the composites.
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Table VII.3. Storage modulus (E”) and glass transition temperature (Ty) of ABS formulations, effect of
phosphorylation.

Materials E’ at 30 °C (MPa) T Q)
Max tan o

ABS/30C 802 111
ABS/30C, 819 110
ABS/30Cq 815 110
ABS/20C/10APP 1058 111
ABS/20C4/10APP 1060 110
ABS/20C4/10APP 980 110
ABS/3C/27APP 1854 111
ABS/3Cy/27APP 1320 111
ABS/3C4/27APP 1390 111

VI1.3.4 Thermal stability

The mass loss curves of cork, C4 and Cq are presented in Figure VI11.13. Furthermore, TD steps,
Tso, Tpeak, ML and residue at 800 °C are summarized in Table V11.4. As it was discussed in chapter
V, unmodified cork decomposed in two main steps, between 200 °C and 290 °C with a Tsy, of 260
°C and followed by a higher mass loss of 70.1% between 290 °C and 600 °C.

Cork modified by glyphosate, similar to unmodified cork, decomposed in two main step,
the first one with a Tsg 0f 195 °C, 65 °C lower than that of cork and with a ML of 11.5%, showing
that the beginning of cork thermal decomposition was accelerated which can be due to the presence
of functional group of glyphosate that started to decompose at lower temperatures [265]. Although
Cy lost its major mass in the second TD step between 220 °C and 450 °C at lower temperatures
compared to the unmodified, the mass loss was lower than unmodified cork and a remarkably high
amount of residue was registered for this sample at 800 °C, indicating that under pyrolysis, a more

stable char residue was formed for Cg.

Cq also decomposed in two steps, the main one between 380 °C and 480 °C with
temperature of maximum mass loss at 440 °C. Modification of cork with DTSP resulted in an

enhancement of thermal stability by delaying the beginning of thermal decomposition to a higher
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temperature of 355 °C with can be due to the char-formation ability of silicon, phosphorus
containing compounds and polyphosphoric acid formed by DTSP during thermal decomposition

[141]. For Cq, a residue content of 14.2% remained at 800 °C, similar to unmodified cork.
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Figure VI11.13. TG curves of cork and phosphorylated cork samples obtained at 10 °C/min under N2 atmosphere.

Table VI1.4. Mass and dTG data of cork and phosphorylated cork samples.

Materials TD Step Tse (°C) Tpeak (°C) ML (%) Rsoo «c (%0)
1 280 10.5
Cork 260 13.0
2 400 70.1
1 195 11.5
Cy 190 30.3
2 355 48.8
1 440 73.2
Cq 355 14.2
2 545 8.6

Comparative mass loss curves of ABS formulations with cork and phosphorylated cork with

or without APP are shown in Figure VI11.14-16. It should be mentioned that the thermal stability
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of ABS composite with unmodified cork has been discussed in detail in chapter VI. In Figure
VI1.14, it can be seen that the addition of 30 wt.% phosphorylated cork resulted in a lower thermal
stability at the beginning of decomposition, compared to the formulation with unmodified cork.
This fact can be due to the volatilization of phosphorus components that were presented in
phosphorylated cork. However, the second and main thermal decomposition step was observed at
higher temperatures compared to ABS/30C that can be related to the formation of a more stable
char residue as result of probable formation of P-O-C cross-linked structure or Si-O-C in case of
ABS/30C, (see Table VIIL.5).
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Figure VI1.14. TG curves of ABS composites containing 30 wt.% of cork or phosphorylated cork, obtained at 10
°C/min under N atmosphere.

As shown in Figure VII.15 , for the formulations with 20 wt.% of cork, no significant effect
on thermal stability of ABS composites was observed. However, a higher char formation was
observed for formulations containing 3 wt.% Cg or Cq with 27 wt.% APP which can be due to the
presence of phosphorus moieties on the surface of cork that resulted in an enhancement of
synergistic effect between phosphorylated cork and APP followed by a higher char formation (see
Figure VI1.16).
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Figure VI11.15. TG curves of ABS composites containing 20 wt.% of cork or phosphorylated cork with 10 wt.%
APP, obtained at 10 °C/min under N, atmosphere.
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Figure VI11.16. TG curves of ABS composites containing 3 wt.% of cork or phosphorylated cork with 27 wt.% APP,
obtained at 10 °C/min under N, atmosphere.
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Table VI1.5. Mass and dTG data of ABS formulations with cork and phosphorylated cork.

Materials TD Step Ts0 (°C) Tpeak (°C) ML (%) Rsooec (%0)
ABS/30C 1 325 416 91.2 6.8
1 210 3.1
ABS/30C, 290 9.9
2 430 83.8
1 265 5.1
ABS/30Cq 310 6.9
2 435 84.2
1 365 14.1
ABS/20C/10APP 320 14.0
2 425 69.7
1 360 2.1
ABS/20C4/10APP 315 13.9
2 430 78.8
1 365 2.3
ABS/20C4/10APP 315 13.8
2 430 79.1
1 431 75.8
ABS/3C/27APP 355 9.1
2 560 12.6
1 435 76.7
ABS/3C4/27APP 355 14.0
2 550 8.7
1 435 74.1
ABS/3C4/27APP 355 141
2 550 8.8

VI1.3.5 Fire behavior

A comparative of HRR curves of ABS formulations with unmodified cork, Cq and Cg4, obtained
from cone calorimetry test, as a function of time is presented in Figure V11.17-19. In chapter VI
the flammability of ABS and effect of unmodified cork has been explained. The main cone
calorimetry results of ABS composite with 30 wt.%, 20 wt.% and 3 wt.% of cork or phosphorylated
cork are listed in Table VI1.6. In this part, the effect of cork phosphorylation on the fire retardancy
of ABS/C/APP formulations was investigated. The most significant enhancement in flame

retardancy, as the results of phosphorylation, can be noticed for the formulations with 30 wt.% of
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cork (Figure VII1.17). Compared to the unmodified one, the highest pHRR, EHC and MARHE
reduction of 57%, 42 % and 51%, was registered for ABS/30Cq, respectively. The observed
enhancement in flame retardancy of the mentioned formulation could be due to the presence of the
higher amount of phosphorus, as a result of phosphorylation, leading to an improvement in both
gas and condensed phase mechanism by releasing noncombustible gasses and forming a more

efficient protective char layer that prevented the heat and mass transfer resulting in the registered
lower HRR values to the end of the combustion.
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Figure VI1.17. Heat release rate vs. time curves of ABS formulations with 30 wt.% cork, the effect of
phosphorylation.

In Figure V11.18, the same behavior was also observed for the formulations with 20 wt.%
of cork; however, in the case of adding 20 wt.% of phosphorylated cork, a lower reduction of
pPHRR and residue value compared to the ABS/30Cy and ABS/30Cq4 was registered, related to the
lower content of phosphorylated cork (Figure VI11.18). In Figure VI1.19, for formulations with 3
wt.% of Cq and Cq, a lower TTI as well as lower HRR values was observed regarding the

unmodified one; nevertheless, the phosphorylation did not have a significant effect on the char
forming ability of these composites.
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Figure V11.18. Heat release rate vs. time curves of ABS formulations with 20 wt.% cork and 10 wt.% APP, the

effect of phosphorylation.
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Figure VI11.19 Heat release rate vs. time curves of ABS formulations with 3 wt.% cork and 27 wt.%APP, the effect
of phosphorylation.
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Table VI1.6. Main results obtained from cone calorimeter tests, the effect of cork phosphorylation.

Materials TTI  pHRR toirr  tcombusion EHC ~ MARHE  Residue
6)  (Kw/md) (s) ) (MIKg)  (KW/m?) (Wt%)
ABS/30C 33+4 1374+109 158+10 143+2 33+1  675+22 032001
ABS/30C, 28+2 599+12 150+1 199+12 19+01 334+17  7.8+08
ABS/30Cq 31+1 585+14 168+6 228+3 19+01 333+13  7.9%0.1
ABS/20C/10APP 27+1 932453 15043 195%+7 27+1  492+11  10+0.6
ABS/20C//10APP 25+2 515+5 15347 203+11 19+01 311+9  124+02
ABS/20C4/10APP 341 505+11 174+4 210+£12 19+02 309+4 13204
ABS/3C/2TAPP 415 680+9  174+2 264+5 29+1  408+7 24+0.1
ABS/3C/27APP  30+1 460+2 18245 26147 20+£02 278+16  23.9+0.1
ABS/3CJ/27APP 352  440+7  213+1 274+15 20+£02 274+3  240+05

In addition, the effect of phosphorylation on the flammability behavior of ABS formulations

was assessed by UL-94 horizontal burning tests. The results of UL-94 tests are summarized in

Table VIIL.7. As it was also observed in cone calorimetry, the greatest improvement in flame

retardancy was observed for the samples with 30 wt.% of cork, resulting in a 43% reduction of

burning rate compared to unmodified ones. It should be noted that the type of phosphorus

compound used for phosphorylation did not affect the LBR. Moreover, for formulations with 20

wt.% of cork, a lower burning rate was registered which can be due to a higher charring ability as

a result of phosphorylation. On the other hand, no change in LBR of formulations with 3 wt.% of

cork was observed due to the low amount of phosphorylated cork.

185



Chapter VII

Table VI1.7. UL-94 horizontal results of ABS and ABS composites, the effect of cork phosphorylation.

Materials LBR (mm/min) Dripping
ABS/30C 41 No
ABS/30C, 23 No
ABS/30Cq 23 No
ABS/20C/10APP 24 No
ABS/20C4/10APP 20 No
ABS/20C4/10APP 20 No
ABS/3C/27APP 19 Yes
ABS/3Cy/27APP 19 Yes
ABS/3C4/27APP 19 Yes

VI1.3.6 Morphological and chemical analysis of CC residue

Furthermore, the digital photographs of residues after cone calorimetry are presented in Table
VI1.8. For the formulations with a higher amount of phosphorylated cork (30 and 20 wt.%), a
different structure of residue was formed. After phosphorylation, the FR-ABS produced a more
stable, uniform and compact char structure that could reduce the mass and heat transfer during
combustion leading to a lower HRR. Furthermore, in case of unmodified cork, it was noticed that
for ABS/30C a very small amount of residue (0.3%) was remained which was slightly white in
color, while after phosphorylation, the char formation was remarkably increased to 7.8% and 7.9%
for ABS/30C4 and ABS/30C4, respectively. Since the samples with 30 wt.% of cork did not show
any expansion their lateral side is not presented.

By studying the effect of cork’s phosphorylation for 3 wt.% of modified and unmodified
cork, a slight reduction in expansion degree of residues can be noted. However, composites with
phosphorylated cork residue showed less cracks on the surface compared to the unmodified one
that resulted in a more efficient protective layer that resulted in a lower HRR as observed in cone

calorimetry.
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Table VI11.8. Digital photographs of ABS formulations residue after cone calorimetry, the effect of phosphorylation.

Materials Lateral side Upper side

ABS/30C

ABS/30C,

ABS/30Cq

ABS/20C/27APP @

ABS/20C4/10APP

ABS/20C,/10APP .
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ABS/3C/27APP 'g .
ABS/3C4/27APP Q .

ABS/3C4/27APP Ql

The surface of the ABS composites residue with phosphorylated and unmodified cork after
cone calorimetry was observed by SEM to further identify the quality of the protective char layer.
As it is shown in Figure V11.20-22 residue of the formulations with phosphorylated cork showed
a more compact and cohesive foamed layer compared to the unmodified ones, confirming the
enhancement of the protective efficiency of the formed carbonaceous layer. This more effective
protective char layer resulted in an improved fire performance on the condensed phase which could
also act as a physical barrier against heat and gas transmission in accordance with the results

previously discussed in cone calorimetry.
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Figure V11.20. SEM micrographs of the upper (left) and down surface (right) of the ABS formulations with 30 wt.%
of unmodified cork or phosphorylated cork after the cone calorimeter tests (at 250 x with a scale bar of 100 mm).
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ABS/20C/10APP

| G

Figure VI11.21. SEM micrographs of the upper (left) and down surface (right) of the ABS formulations with 20 wt.%
of unmodified cork or phosphorylated cork after the cone calorimeter tests (at 250 x with a scale bar of 100 mm).
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Figure VI11.22. SEM micrographs of the upper (left) and down surface (right) of the ABS formulations with 3 wt.%
of unmodified cork or phosphorylated cork after the cone calorimeter tests (at 250 x with a scale bar of 100 mm).

Figure VI11.23 shows a comparative of the FTIR spectra of the ABS formulations residue after
cone calorimeter test. FTIR spectra of ABS/30C4 and ABS/30Cq4 confirmed the presence of P-O-
C network structure in char residue observed at 990 cm™?, in accordance with cone calorimetry
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results. By comparing FTIR spectra of these two formulations, it can be seen that the peaks
between 1300-1000 cm™* were changed into a single broader band due to the presence of the Si-
O-C characteristic band at 1085 cm™ that overlapped them [266].

Both ABS/3Cy4/27APP and ABS/3C4/27APP showed similar absorbance bands. The broad
absorption band at 3800-2500 cm ™ registered for these formulations was assigned to N-H and OH
stretching vibration [166, 254]. The sharp peak which appeared at 1400 cm™ belonged to
phosphorus oxynitrides as a result of dehydration and cross-linking reactions of APP [251, 254].
The shoulder at 1150 cm™* was also attributed to the absorption of C-O-C groups and the peak at
990 cm was related to P-O symmetric stretching in P-O-C chemical bands [166, 255].
ABS/20C4/10APP and ABS/20C4/10APP also presented similar absorbance signals while for these
formulations the phosphorus oxynitrides peak of APP at 1400 cm™* did not appear.
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Figure VI11.23. FTIR spectra of the ABS formulations with 30, 20 and 3 wt.% different phosphorylated cork residue
after cone calorimeter test.
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VI11.4 Conclusions

In this chapter, cork powder phosphorylation with different phosphorus components, glyphosate
and TEP under different reaction conditions as well as phosphorylation with DTSP has been
carried out. In the case of glyphosate, the best condition of reaction was set at room temperature
and for three days (condition 1), where the phosphorus absorbance bands in ATR-FTIR were
detected for Cq. For Cg, a phosphorus content of 0.9 wt.% was observed by XPS analysis. For Ct
under condition 1, at 120 °C for 12 hours, the absorbance peaks of phosphorus at 965 cm™ and
795 cm? registered by ATR-FTIR, confirmed that the phosphorus moieties were successfully
attached on the surface of cork; however, for this sample the lowest phosphorus content was
registered in XPS analysis. DTSP was also successfully synthesized and used for cork surface
modification. The presence of phosphorus moieties in the Cq4 was confirmed by ATR-FTIR and
XPS analysis. This sample showed the highest phosphorus content of 2.4 % in XPS analysis.
Furthermore, the quality of final phosphorylated cork samples was analyzed by GC-MS and TLC,
which showed no sign of phosphorus component weak attachment on the surface of cork powder
confirming a successful phosphorylation.

In addition, ABS composites containing APP and phosphorylated cork were prepared and
characterized. A homogenous microstructure with an enhanced interaction between particles and
polymeric matrix was observed by SEM as an effect of phosphorylation. No significant differences
were noticed in thermo-mechanical properties of ABS with high amounts of phosphorylated cork;
however, at 3 wt.% its loading, a reduction in storage modulus was registered. TGA analysis of
the composites under pyrolysis showed Cork modified by glyphosate showed a lower thermal
stability than unmodified cork at the beginning of the thermal decomposition and it lost its major
mass in the second TD step at lower temperatures compared to the unmodified; however, the mass
loss rate was slower than unmodified cork and a remarkably high amount of residue was registered
for this sample at 800 °C. On the other hand, modification of cork with DTSP resulted in an
enhancement of thermal stability by delaying the beginning of thermal decomposition to a higher
temperature as a result of the catalytic char-formation ability of silicon, phosphorus containing
compounds and polyphosphoric acid formed by DTSP during thermal decomposition. It was also
shown that under pyrolysis, the formed char by Cq was less stable than Cg.
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Furthermore, fire behavior of ABS formulations was studied by cone calorimetry and it
was observed that the greatest reduction of HRR during combustion regarding ABS composites
with unmodified cork as a result of phosphorylation, was registered for the formulations with 30
wt.% of cork. Compared to the unmodified one, the highest pHRR, EHC and MARHE reduction
of 57%, 42 % and 51% were observed for ABS/30Cq, respectively. In the case of adding 20 wt.%
of phosphorylated cork, a higher reduction of pHRR and residue value compared to the unmodified
one was registered, probably related to the higher phosphorus content that resulted in formation of
a cross-linked char structure. An enhancement in flame retardancy of composites with 3 wt.%
phosphorylated cork compared to unmodified one was observed. Since the phosphorylation did
not have significant effect on the char forming ability of these composites, it can be concluded that
the flame retardancy improvement is associated to the higher release of nonflammable gasses at
the beginning of the combustion and the formation of a more thermally stable char that efficiently
prevent the heat and mass transfer resulting in the registered lower HRR values until the end of
the combustion. In general, the observed enhancement in flame retardancy of composites after
cork phosphorylation and the presence of the higher amount of phosphorus led to a synergistic
improvement in both gas and condensed phase mechanism by releasing noncombustible gasses
and forming a more efficient protective char layer that also led to the reduction of burning rate
observed in horizontal UL-94.

Additionally, from SEM micrographs of CC residue, it was possible to ascertain that a
foamed intumescence char layer was formed and phosphorylation of cork powder resulted in the
formation of a more cohesive and protective char with less cavities that acted as a more efficient
physical barrier against heat and mass transfer. In the FTIR analysis of residue, for formulation
with 30 wt.% of phosphorylated cork, absorption peaks of P-O-C structure were observed,
confirming the presence of a cross-linked protective char layer that acted efficiently in the
condensed phase observed by CC. In addition, in case of Cq, the Si-O-C characteristic band was

also detected due to the presence of silicone in the DTSP chemical structure.
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Chapter 1X: Patents and scientific dissemination

IX.1 Patents

- A European patent application with the number of EP23383250 and the title of "Flame-
retardant ABS composition" was filed on December 4™, 2023 to protect the research

detailed in the chapter IV of the present thesis.

IX.1 Publications

- Farnaz Ghonjizade-Samani, Laia Haurie, Ramon Malet and Vera Realinho, "The
Components’ Roles in Thermal Stability and Flammability of Cork Powder", Materials,
Vol. 16, NO. 10, PP. 3829 (1-17), 18 May 2023, DOI: 10.3390/mal16103829, Q1 in
“Metallurgy Metallurgical Engineering”.

- Farnaz Ghonjizade-Samani, Laia Haurie, Ramon Malet, Mark Pérez and Vera Realinho,
"Phosphorus based flame retardant ABS with enhanced mechanical properties by
combining ultrahigh molecular weight silicone rubber and ethylene methyl acrylate
copolymer”, Polymers, Vol. 16, NO. 7, PP. 923 (1-21), 27 March 2024, DOI:
10.3390/polym16070923, Q1 in “Polymer Science”.

- Farnaz Ghonjizade-Samani, Laia Haurie, Ramon Malet and Vera Realinho, "Study of
using cork powder as an adjuvant bio-flame retardant in acrylonitrile-butadiene-styrene
flame retardant formulations"”, Polymer degradation and stability, submitted, Q1 in

“Polymer Science”.

- Farnaz Ghonjizade-Samani, Laia Haurie, Ramén Malet, Tarik Eren and Vera Realinho,
"Effect of cork powder’s phosphorylation on fire behavior of acrylonitrile-butadiene-
styrene flame retardant formulations”, to be submitted.
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IX. International conferences

GreenCHEM-22, 5" International Conference on Green Chemistry and Sustainable
Engineering, Rome, Italy, 20-22 July 2022, “’Cork as synergistic additive in flame
retardant systems, oral presentation’’.

European Meeting on Fire Retardant Polymeric Materials (FRPM23), Zurich, Switzerland,
26-29 June 2023, “’Effects of combining cork powder and APP in mechanical and

flammability of ABS, poster presentation’’.
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