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Introduction

1 Introduction

The idea of sustainability and environmental awareness increasingly permeates our
everyday life. Thanks to new regulations, fewer products made from fossil materials are
beingused in everyday life, with a particular emphasis on singéeproducts. In parallel,
bio-based and biodegradable raw materials are becoming increasingly popular and
fashionable, from smalcale production technologies like 3D printing to the seafed
production of durable goods.

Poly(lactic acid) (PLA) has received increasing attention among biodegradable
thermoplastics because of its abundant renewable source, mechanical properties and easy
processability with common processes, making PLA attractideverse applications as a
viable alternative to petrochemical based
long life-cycle devices; however, since these durable engineering products often require a
remarkable flameetardant grade, therefore deygihg effective flameetardant solutions
for modifying PLA is a current task to be solved.

The vision of using sustainable materials also appears in the polymer additives market.
In addition to efficiency, the fact that the additives come from a renevsablee is
becoming increasingly important. This is especially important in the case-babséal and
biodegradable matrices, where additives can be a severe problem for compostability. For
this reason, more and more research is being done on usthgsreinforcing fillers
and additives. Nevertheless, replacing traditional components such as reinforcing agents
with naturatbased fibres presents researchers with new challenges, such as their higher
flammability. For this reason, it is essential to eagtie effective fire prevention of these
composites, preferably also with biobased additives.

Intumescent flame retardants (IFRs) are considered promising hdlegefiame
retardants because of their low smoke emission, toxicity, and corrddiofbased
excipients serving as charring agents in IFR systems are increasingly encouraged and
highly preferred, especially in biopolymer composites. Substituting gedssd charring
agents with renewable charming materials is a prominent and viable solutmprovide
greener flameetardant formulations, among others, for PLA.

The literature review of this PhD thesis gives an overview of the strategy, production,
classification, and characteristics of natural fibre reinforcements and biobased charring
agents containing flameetardant systems applied in poly(lactic adidsed
biocomposites. The application of phosphebased flame retardants is also discussed in
detail. These phosphorgentaining compounds are environmentally favoured owing to
their lowerenvironmental impact during their entire Hfgcle (including production, use
and disposal) compared to conventional flame retard@htsexperimental part presents
the development results of new, environmentally soundséfe polymer composites. The
application of exclusively phosphorbssed flame retardants was investigated during the
present research period. Green solutions utilizing synergistic effects, multifunctionality and
integrated approaches are proposed to obtain sustainablerftardedpolymer systems.
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2 Literature review

2.1 Poly(lactic acid)

Among biodegradable thermoplastics, PLA has received increasing attention from
industry and academifl, 2] because of its controllable biodegradabili8;, 4] and
abundant renewable source. Moreov&es mechanical properties, processability at high
melting temperature and transparency are excdRel; therefore, it is useful in diverse
applications as a viable alternative to pet
and medical daees[61 10], but it is also applicable for producing long idgcle goods
such as in automotive componefits 11], the electrical industril12], building materials
and the aerospace industry due to ecological and economic advdhgid€d. However,
while these durable engineering products require a remarkable-idardant grade,
therefore developing effective flame retardants for modifying PLA is necgdd4ry

2.1.1 Structure of poly(lactic acid) acid

PLA is a linear aliphatic polyester whoseolecular structure is determined by its
stereochemical composition. The repeat unit consists of asymmegima?2 lactic acid
monomersKigurel), anaturally occurring organic acid.

CH,
*
0 n

Figurel General structure of poly(lactic acid)

It has two optically active isomers)(L- and R) b-lactic acid, shown ifrigure2. Most
lactic acidproducing biological organisms produce primar#iactic acid, and there is no
significant source ob-lactic acid. Theorgcally, three different types of poly(lactic acid)
can be produced from these two isomers: molgttic acid) (PDLA), poly(-lactic acid)
(PLLA), and poly0,L-lactic acid) (PDLLA)[17]. They can be produced by three different
polymerisation processestirect condensation polymerisation, azeotropic dehydration
condensation and lactide formatifit¥]. Lactide polymerisation, patented by Cargill Inc.
in 1992, is the most widely used production metH@]. It involves a prgpolymerisation
step to prodce low molecular weight poly(lactic acid) from lactic acid, which is then
catalytically converted at low pressure into a mixture of dilactide stereoisomers. Dilactide
is a cyclic dimer of lactic acid formed by condensing two molecules (Figuég.2)

Since the ratio of the lactide isomers determines the crystallinity of the final polylactide,
the lactide is purified by vacuum distillation before polymerisation. A PLA withlactic
acid composition of more than 93% may be sergstalline, whereas@olymer with an.-
lactide content of between 50 and 93% may be exclusively amorf8juBepending on
the preparation conditions,palyl act i de) crystallises in thre
U is the most stable crhesatralsitirrees sf ammd; t ke mp
can form by epitaxial crystallisatidg0].
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Figure2 Constitutive formula of Land Dlactic acid and the three possible stereoisomers of
dilactide rings

Both the mesoandb-lactide unis induce bends in the otherwise regular structure of the
L-lactide chain. These irregularities in the molecular chain are responsible for the decrease
in crystallisation rate and degree of crystallinity. Since the polymer always contains meso
lactide impurities, PLA is always composed.efndD,L-lactide copolyners[6]. Isotactic
PLLA and PDLA mixed in a 1:1 ratio form stereomplex crystals with a melting
temperature of 238 ¢21], much higher than PLLA and PDLA homopolymers, with a
glass transition temperature of about@AC and a mel wfil65J85AE@ mper a
depending on impurity and molecular weight. The polymer should, therefore, be processed
at 180190A C . At hi gher temperatures, chain sci
thermal degradation may ocda2].

2.1.2 Properties of poly(lactic aci d)

Among biodegradable polymers, one of the most promising is PLA, whose production
has reached the industrial scale and is increasingly penetrating various market segments
[23, 24] It can be produced from renewable agricultural sources (e.g. corh)$26L
Therefore, its production uses atmospheric (28] and offers significant energy savings
[27] because its production requires significantly less fossil fuel and produces significantly
fewer greenhouse gas emissions than conventional petrdlased polymerg7].

One of the advantages of PLA is that its processing range is similar to that of
conventional thermoplastic polymers. In addition, it has good mechanical properties (high
modulus and strength), is biocompatible, highly transpaeemt,exhibits low toxicity in
medical application§28, 29] Its waste management can be achieved by various methods
such as composting, chemical recycling and anaerobic digg30p31} However, it is
essential to note that the degradation of tloéyrper starts only at the appropriate
temper atA€Cne amM@6 humi dity provided by indust
first step of hydrolytic degradation, followed by the degradation of the smaller units by
microorganism$32], under the conditiaof use PLA is stable. Lastly, PLA burns with a
pure blue flame without producing corrosive or toxic gd6¢8].

Neverthelessn addition to its advantageous properties, PLA has several disadvantages.
Hydrolytic degradation unavoidably occurs duringermomechanical processing;
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therefore, it should always be thoroughly dried before proceg¥3hdts melt strength, an
important parameter in film and injection blow moulding, thermoforming, fibre formation
and foaming, is low but can be improvedibgreasing the chain length and criis&ing

[34]. Because of its slow crystallisation kinetics, a high crystalline fraction can only be
achieved by prolonged cooling or using gel formers, and thus, it generally has a low degree
of crystallinity [35, 34. It has moderate hardness and tough{@gs PLA is brittle [35]

and requires increased attention during storage due to its strong physical [@88ging
Furthermore, its easy ignitability makes ensuring adequate flame retardancy in specific
applcations critical.

In 2006, almost 70% of PLA production was used for packa@p Its use in other
sectors, such as textiles, automotive and electronics, is increasing. This means that PLA's
biodegradability and excellent performance will be exptbit€onsidering the potential
engineering applications of PLA, toughening and improving its flame retardancy should be
considered a priority for research and developnightindeed, most flammability tests
show that PLA is quite flammable without usidgnhe retardants. For example, in 194
flammability test, it is "not classifieMC", i.e. the worst rating, and its oxygen index (LOI)
is low (19-21%).

2.2 Carbohydrate derivatives used in polymer composites

Carbohydrates, including natural fibres, starches and sugars, are probably the most
widespread organic substances in nature. Carbohydrate derivatives are extensively used in
polymer composites as reinforcements (dedural fibre3 and as a large variety of
modifiers, such as helping the incorporation of other additives C3atodextring,
blending with polymers or coating other additives (Sagohydratalerived epoxy resins

2.2.1 Natural fibres

Most plant fibres are composed of cellulose, hemicellulose, lignin, waxes, and some
watersoluble compounds. There is extensive research on the mechanical properties of
composites of biopolymers and natural fibres, especially with cellulose, the most @bundan
of all, which can be isolated from most plants such as wood, bamboo, and40}t@ue
to their specific properties, positive environmental impact, economical production and
processing, safe handling and working conditions, lignocellulosic natiores fconstitute
an exciting alternative to traditional synthetic fibres in composite matgtiglsrheir main
advantages in composite materials can be summarised as w2}

biodegradability;

low specific weight, which results in higher sgie strength and stiffness than glass;
made from renewable resources, @@utral;

produced with low investment at a low cost;

reduced wearing on tools during processing;

good working conditions and no skin irritation;

good thermal and acoustic insul@tiproperties.

= 4 4 4 45 45 2

On the other hand, they have some disadvantages compared to conventional reinforcing
fibres:
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variable quality and price depending on several factors;
moisture absorption;

limited processing temperature;

lower impact strength;

lower durability;

poor fire resistance and candlewick effect;

fibre-matrix compatibility issues.

E N B

None of the less, some of these issues can be addressed with surface modifications. For
example, to PLA/natural fibre systems, maleated PLA ({gtMA) can be addef43, 44]

or alkaline treatment can be uddd, 45]to improve interfacial interaction3o decrease

water absorption, silane treatment is posgbié, andto counteract the candlewick effect,

one can treat the fibres with flametardant additivegl6i 48].

2.2.2 Cyclodextrins

Cyclodextrins are cyclic oligosaccharides consisting of 6, 7, or 8 glucos¢4®jisee
Figure 3) formed by the enzymatic treatment of stafgB]. Cyclodextrins and their
derivatives are widely used in many industrial and scientific fif3d$ and have also
gained popularity in thplastic industryf52, 53] Theirwatersolubility is surprisingly low
in their original form, but attaching hydrophobic substituents increases their solubility
significantly[54]. One of their most prominent field of practical utilization is basethem
solubilizing capacity because of their complex forming abjbt]. Inclusion complexes
of fragrances, antimicrobial and antioxidant agents, dyes, insecticides, and UV filters can
be incorporated into polymers either to ensure siel@ase or hongeneous distribution
of the complexed substanc¢s6] utilised in the packaging industrfs7, 58] and
pharmaceuticalfb9, 60]

Figure3St r uc t-u+ e a-mydodektrin[61]

Recently, cyclodextrins have been sisstally electrospun as they can form polymer
like supramolecular structures via intermolecular interact[68% Vasset al. [63, 64]
manufactured grindable -l2ydroxypropytbetacyclodextrin (CD) microfibres with
diameters ranging from200m and a uni quely hig/gsingpanoduct
aqueous higispeed electrospinning technique. The thus obtainable enhandadeto-
volume ratioof the fibrous material provides further benefits and widens the perspectives
of cyclodextrirbased formulations.

10
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2.2.3 Carbohydrate-derived epoxy resins

Epoxy resins account for approximately 70% of the market of thermosetting polymers
(or thermosets)Thermosets are a family of plastics characterized by forming from a liquid
solution that irreversibly leads to a solid material. Epoxy monomers are usually low molar
mass prepolymers with at least two epoxide groups, which may be reacted with themselves
or coreactants, such as polyfunctional amines, acids, anhydrides, phenols, alcohols, and
thiols (often called hardener$5].

Epoxies have evolved dramatically since the beginning of their commercial production
and are used in diverse industrial apgticns due to their excellent strength, adhesion,
chemical resistance, and performance at elevated temperatures. Because of these
favourable properties, the possibilities of combining PLA and epoxy systems have already
been researched; researchers havestibat multicomponent PLA blends can be made
compatible with epoxie§66], the mechanical properties of PLA can be improved by
reactive blending of PLA and epoj§7], and the durability of PLA can be increased with
an epoxy coatinfs8]. In additon, it was also shown that the coating of auxiliary materials
with poor adhesion helps the formation of interfacial interactions in the PLA njé@ijix
and that PLA can be protected with an epoxy coating containing flame retdifjnts

However, wherblending with PLA and other bibased, biodegradable materials, it is
vital to consider using sustainable materials and renewable resources. Thus, the use and
development of partially or fully biobased epoxy crbisked polymers are nowadays a
real targefor academia and industf{@5]. Sugars, such as sorbitol, mannitol, or glucose,
can be transferred by chemical modification and polymerization into relevant bioepoxy
derivativeg71] and used in biobased composite systems.

2.3 Flame retardancy of polymer composites

Most polymers easily ignite when exposed to heat and burn brightly. Plastics degrade
during burning; low molecular weight substances are produced from them, their viscosity
decreases, and the burning is accompanied by dripgpig The drippng polymer
increases the spread of the fire, and the decomposition products feed the fire, and toxic
gases can be released from them (mainly carbon monoxide, but in some cases even
hydrogen cyanide and other irritating gases such as hydrochlori¢7&3)d Extensive
statistical researcfr4] shows that with the increase in plastic use, fire incidents have
increased significantly, endangering our everyday lives. In the United States, between 2015
and 2019, 346,800 household fires were registered, witimaual average of 2,620 civilian
deaths, 11,070 injuries, and $7.3 billion in direct property darfi@jeand in Hungary,
between 2010 and 2013, 480 people lost their lives due to the exacft&use

2.3.1 Incorporation of flame retardants into the poly mer
FR additives can be classified into two classes based on their incorporation method into
the polymer systems;

1 Additive-type flame retardants (FRs) are incorporated into the polymer matrix by
physical method$77], such as extrusion or internal mixinghis is the fastest and
easiest way for the flame retardancy of commercial polymers, as thergtemgant

11
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additives and nanoparticles are directly added to the material (e.g. thermoplastic or
thermoset polymer) or coated on its surface (e.g. structiee| textiles)78, 79] This
approach is often used for producing materials with reduced flammability, as it offers
a suitable compromise between costs and material properties and offers enormous
scope for developing materials with multifunctionabperties[80]. However, many
problems are associated with using additiyge FRs, such as their poor interaction
with polymers, leaching, and decreased mechanical prop@iies

1 The use ofeactive flame retardantsnecessitates the design of newrfearetardant
polymers or the modification of existing polymers. In this case, a flataedant unit
or units are incorporated into the main chain by copolymerisation or linked to it as a
branching. Reactivgype flame retardants do not migrate to the surface of the matrix
during hightemperature processing or application. To achieve time $avel of fire
retardant efficiency, these components must be used in smaller quantities than
additivetype materials, which also reduces the emission of toxic gégsgsThese
newly developed, inherently flame retardant ecatled "high performancgolymers
are less flammablfB0, 82} however, special production and processing steps often
have to be developed for them, and it is often only possible on a laborator{88cale
84]. Due to changes in the molecular structure of the polymer systiris
processability and other properties (e.g. price, ageing properties, mechanical
properties) also change, so they often cannot meet the demands expected in their
intended application area, so their use and development are complicated and
expensive.

2.3.2 Gas and solid phase mechanisms of flame retardants

The combustion of polymers is a complex physibemical process. Flame retardants
interfere with combustion processes such as heat and mass transfer, polymer decomposition
and chemical reactions in the camsed phase, chemicidcompositionand oxidation of
the pyrolysis products in the gas phase ignition or flame propad&spnThe complex
action mechanism inhibits several processes simultaneously to varying degrees.
Accordingly, the physical and emical reactions of the flanmetardant additives can have
their effect in the condensed and/or gas phieggi(e4) [80]:

|
PHYSICAL | CHEMICAL
A |
Far Field
Radiation AR
Gas Phase COMBUSTION ZONE (Fuel/Air Mixture)
Flame
Surface Radiation
Reradiation \ Fuel Rich Limit
Flame
Convection Vaporization Fuel Lean Limit
I -
Mesophase Pyrolysis, Charring

---q--

Conduction

Devitrification

Condensed Phase
and Melting

Figure4 The processes taking place in the gas, condensed and mesophase during cof@djstion
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Reaction in the condensed phase

1 The dr un aw[87 is wherftlieadditive accelerates the degradation of the
polymer; as a result, the liquefied material leaves the flame space, so the flame dies.

1 Forming a protective layer: A layer with low thermal conductivity reduces heat
transfer to the intact materi@lows down the further decomposition of the polymer,
thus reducing the amount of combustible matdifdl]. A typical example of this
phenomenon is the intumescence mechanism, during which a foamed carbonaceous
protective layer is formed on the mateésaurfacg78]. A similar mechanism can also
be observed in the case of boric acid, inorganic borate and silicone compounds, where
a glasdike heatstable protective layer fornj88].

Reaction in the gas phase:

1 Radical trapping: The decomposition pducts of the flame retardant intervene in the
radical mechanisms of combustion processébat occur in the gas phase. The
exothermic processes in the flame are stopped, and the system cools down, so the
formation of combustible gases decreases and theases completely. This
phenomenon is particularly characteristic of halogenic flame retari@ts

1 Endothermic decompositionof hydrated fillers also occurs in the gas phase, which
cools the pyrolysis zone and dilutes the concentration of decompogdges by
releasing noftombustible gasg80]. The main representatives of this mechanism are
aluminium hydroxide (ATH) and magnesium hydroxide (MDH). Their embedded
amount greatly influences their effectiveness. In thermoplastic polymers, upt&e0
may be necessary to ensure the appropriate ftetaedant effecf89], dramatically
affecting the mechanical properties and appearance of the polymer (colour, surface).

1 Diluting effect i by embedding inert materials (e.g., talc or calcium carbonate/pxid
and the additives mentioned above that form inert gases during decomposition, the
concentration of combustible materials in the condensed and gas phase can be reduced
so that they do not reach the concentration of the lower ignition[80iit

ACTION IN THE GAS PHASE

Thermal feedback ——
Oxygen Heat
./ Combustion products
y — Smoke
H Interruption of radical chain mechanism
eat Br, Cl, P Carbonaceous
Combustible gases !ayer by P, N, B
|, Dilution by water formation |ntumescenc<.e,
AI(OH)3, Mg(OH)2 nanocomposites

J T - l Carbonization
, Decompositio ' 2
n area SR

Cooling (endothermic) and substrate dilution: Al(OH);, Mg(OH),

ACTION IN THE CONDENSED PHASE

Figure 5 Flameretardant processes during combustion in the condensed and gaq@blases
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Figure 5illustrates the condensed and gas phase effects of the most commonly used flame
retardants. Interestingly, increasing the thermal decomposition temperature is not a
promising fire prevention approach because the energy transferred to the material during a
fire or burn test is usually high enough to cause the polymer to reach its decomposition
temperature. In fact, many successful flam&@rdant systems begin to degrade at lower
temperatures than the corresponding pure polyBéis

2.3.3 Intumescent flame -retardant additive systems
Intumescent flame retardants (IFRs) are considered promising environmdénealtiy

flame-retardant systems because of their low smoke emission, toxicity, and cofi@ion

91, 92] Intumescent flameetardant systems geneyationsist of three componer{&3i

95|

1 Acid sourcei mainly inorganic acids or components that turn into acidic compounds
due to heat (e.g. acids, ammonium salts, phosphates) and initiate the charring in the
carbonising component

9 Carbonising components traditionally polyols such as pentaerythritol and starch,
polyamides, which can form a carbonaceous layer.

1 Foaming/gasforming component helps to create an expanded porous structure
through gas releases, such as melamine and urea.

These components work teitper. During heating, the acid source is converted to
mineral acid, which participates in the dehydration of the carbonising compound, which
forms a cellular structure when the blowing agent decomposes. For this reason, these
substances must start decomsipg at the right temperature. Therefore, the IFR system
swells when heated above its critical temperature. In this way, a carbonised layer with a
foam structure is created, which forms a physical barrier and protects the underlying
material from further #ects of the heat flow and also acts as an obstacle in the path of
oxygen and pyrolysis productSigure6) [81].

R—e_duced smoke
emission

(polyphosphate #@E{m

Figure6 Mechanism of intumescent flame retardants: the foaming carbon layer blocks the
polymer from heat (@T) and oxygen
As a result, the flame goes out since no more decomposition products are produced to
feed it. Another advantage of the method is that only a limited amount of gases are formed
during combustion, so the process involves the release of little smoke oortgassibly
corrosive substances. The formed protective layer can prevent the polymer from dripping,
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thus preventing the further spread of the flai®@]. This procedure was first used for
flame-retardant polyolefins, polyamides and polyesters, whichgutowery effectivg78,
96, 97]

A typical and generally used example of an IFR system is the combination of ammonium
polyphosphate (APP) and pentaerythritol (PER), where APP is both an acid source and a
foaming agent (ammonia is released during decomposition), while PER is the cagbonisin
componenf91, 94] However, PER have poor compatibility with polymer matrices, and it
is moisturesensitive, which often results in the reduction of flame retardancy and
mechanical properties of the compos[@s, 99] In addition, PER should ald® avoided
in the case of PLA and other biodegradable materials, as it is not biodegla@ahléut
its water absorption can catalyse the hydrolytic decomposition processes of polyesters like
PLA. Substituting PER and other pettidsed charring agentvith bicbased excipients is
increasingly encouraged and highly preferred to provide greener -fietareant
formulations, among others, for PA01, 102] These materials are commonly the above
mentioned carbohydrate derivative2.2 Carbohydrate derivatives used in polymer
compositel sud as starciit01, 102] lignin [102], and cyclodextrif52].

2.4 Modification of additives

Modifying the additives can often be necessary because of several factors; it can better
interfacial interactions, help the dispersion of the additive, and dteamgfis effect. The
literature offers many options for these modifications. Examples include
microencapsulation surface treatmentvith different components and size modification
of the additive, all of which | detail below.

2.4.1 Microencapsulation

Microencapulation has been widely used in pharmaceuticals, food, pesticides, feed,
paints, cosmetics, detergents, photographic materials, textiles, and other inflL@8&jes
104]. During microencapsulation, natural or synthetic polymers coat solid, liquid or
gagous substances, forming a microcapsule with a diameter between 1 ared '5000

They all contain a socalled core part bounded by a shell or matrix material. The shell
or matrix can be made of different materials, such as natural and synthetic polymers and
inorganic materials. Microcapsules can be classified into four main types based on their
morphology and their combinations, showrigure7 [105, 108.

.

Figure7 Division of microcapsules according to their structure: Mononuclearstuet,
polynuclear, insoluble matrix, soluble matrix, and combined morphol§)€s

The microencapsulation process is one of the most effective methods to modify the
surface proeprties of a filler by forming an outer shell to modify the interface interaction.
Also, it possibly enhances some polymer composites' flame retardancy, mechanical
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properties, and water resistanfE7, 108] As summarized byang et al. [105],
microen@psulation can endow flame retardants with several beneficial properties;

T

Reducing the water solubilityof the flame retardant: When the polymer system is in

a medium with a high moisture content, the flaregrdant additive can dissolve or
migrate into he surface layers of the polymer, thus impairing its aesthetic,
flammability and mechanical propertidd.et al.[109] demonstrated that theaching

of ammonium polyphosphate can be reduced by forming a polyurethane protective
layer, and encapsulation can help isolate the APP from moisture and water.
Improving the interfacial interactions between the flameetardant additive and the
matrix polymer: De to the different polarities of the flame retardant and the polymer,

it is difficult to disperse the additive in the matrix, which thus worsens the mechanical
properties of the systermVanget al.[110] microencapsulated APP using cellulose
acetate butyate (CAB) and then embedded it in an ethylene vinyl acetate system,
which successfully improved the dispersion of the excipient and its interaction with
the matrix material.

Changi ng agpbamnce &d physical stateA liquid flameretardant additie

can also be encapsulated, resulting in a solid form that can be more easily embedded
in the polymer matrix. Furthermore, the coating prevents migration and evaporation of
the material during and after the mixing process. Bisphanm$(diphenyl phosphej

(BDP) is a welknown flame retardant with good flapnetardant properties and low
volatility. However, it is relatively viscous and has a high thermoforming temperature,
making it difficult to processS a | atalrfl11], to solve this problem, engsulated

it with silane during a sejel process. Their results showed that they successfully
improved the efficiency of melt compounding the excipient in PP and PET.

Increasing the pyrolysis temperatureof the additive: If the additive is coated with a
more thermally stable material, its decomposition temperature can be increased, thus
increasing the range of possible uses.

Prevention of the development of toxic gasedlicroencapsulation can prevent the
release of irritating odours and toxic gases or redieir formation during processing.

An excellent way to stabilise red phosphorus (RP) is to microencapsulate it with
suitable materials, thus protecting it from moisture. Red phosphoelemine
formaldehyde capsules were successfully formed during ssteyo coating process
[112], with which a significant reduction in the formation of highly toxic phosphine
development was achieved while the ignition point increased frorA220 t A C3 50
The moisture resistance achieved in this way also ensured toetbdity and easier
storage for the auxiliary material.

2.4.2 Surface treatment

With surface treatments, many properties of the additives can be modified/improved in

the composite system. Examples include reducing flammability, improving surface
interactions, ath reducing moisture absorption.
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2.4.2.1 Reactive surface treatment

To improve mechanical properties and, thus, interfacial interactions, reactive interfacial
coupling agents are often used, which contain reactive functional groups and can generate
blocks or graftd copolymers at the interface in situ during procesgigg§ Zhanget al.
[16] compatibilized PLA/starch composites since the addition of starch significantly
degraded the mechanical properties of the composites. With the use of maleic anhydride,
theywere able to nearly restore the mechanical properties of the composite to the neat PLA
s tensile strength and elongation. The use of maleic anhydride can result in better
morphology and better dispersion of the componentd{aas et al. [43] showed, ad
therefore also result in better flametardancy properties.

2.4.2.2 Alkali treatment

Shukoret al. [45] found in PLA/kenaf/APP composites that while adding the APP
worsens the interfacial interactions between the fibre and the matrix material, the alkali
treatment of the fibres improves this interaction.

2.4.2.3 N and P treatment

Treating the additives with nitroge and phosphorusontaining compounds often
promotes the formation or strengthening of the flaetardant effectzhanget al.[113]
synthesised ureaodified lignin (UM-LIG) that acts as a carbon source for an IFR system
with APP. They showed that PLAPP/UM-LIG composite could reach-0 classification
and 34.5% LOI value, and it has better flame retardancy and toughness than PLA/APP/LIG
or PLA/APP systemsCosteset al. [46] used a twestep phosphorus/nitrogen chemical
modification applied to two &ferent lignins, i.e. kraft and organosolv lignins, to enhance
the flameretardant effect of lignin in 20 wt% PLA/LIG composites. Both
phosphor/nitrogen chemically treated lignins were found to limit PLA thermal degradation
and significantly improve fireatardant properties, allowing-¥ classification at Ut94.

It is also important to note that these treatments can alter the mechanical properties of
natural fibre reinforcements. The treatment can increase stiffilb4l and the ageing of
these materials can further deteriorate their tensile stréhtfh

2.4.2.4 Silane coupling

Silane coupling agents are generally used in natural -fénéorced polymer
composites to promote interfacial adhesion and improve mechanical progeiGie$17]
Silane treatment improved interfacial interactions, decreased moaisoeption[118],
and improved polymeric composites' flametardant propertiefl19]. When combined
with IFR systems, the beneficial effect of silieoontaining species relies on forming a
thermally stable ceramilike silicon-phosphate structure witan increased barrier effect
and good fire performand&20, 121]

Treating flameretardant additives with silane compounds can also be beneficial, as
C8r d eeh als[122] showed. They found that silaiweated ATH fillers in an
EVA/clay/ATH system ld to the best char stability in the cone calorimeter #singet
al., besides the urgaodified lignin, also synthesised a ligrsilica hybrid[123], added it
to a PLA/APP system, and optimised the ratio of the components. With the addition of
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lignini silica hybrids, they reached-® classification and reportedly had a better char
morphology with more phosphoric char.

2.4.3 Micronisation

It has been shown recently that the particle size of the ftataedant additives has a
significant impact on both theainmability and mechanical performance of intumescent
flameretarded polymer systems. Depending on the (relative) particle size and the
dispersion of the components of an IFR system in the polymer matrix, their interaction and
reaction pathways can changéwus, carbonaceous chars of different compositions and
structures can be obtained, significantly differing in flarekarding performandd 24].

Multiple researchers showed that the particle size of the ftataedant additives affects
the flameretardat performance. For example, better flarsardancy results were
achieved using finer metal hydroxide particj@82, 125, 126] The results oBoczet al.
[124]used grinding, anRibeiroet al.[127] used two types of additives differing in particle
size. Their resultdndicated that improved chemical interaction and, by this means,
significantly improved flameaetardant performance can be achieved in an IFR system if
the used APP is of smaller palisize, mainly due to the increased contact area between
the componentdBoczet al.[124] also showed that adding APP and PER to a system can
greatly reduce their mechanical properties. They measured a 30% loss in tensile strength
compared to neat PRiterestingly, they found that using milled PER in this system caused
further deterioration of both the tensile and the flexural strength, while the substitution of
APP with milled APP provided increased tensile and flexural strength to theriétanded
polymer compound.

As better flame retardancy depends on both the loading rate and the dispersion state of
the filler, Kaci et al.[43] compared neat microcrystalline cellulose (MCC) to cellulose
nanewhiskers (CNW) in a PLA matrix in the presence of P§MA as a compatibilizer.

They found that both the aspect ratio and the filler content affect the fire retardancy
properties of PLA/cellulosic fibres. It was observed in Pyrolysis Combustion Flow
Calorimeter (PCFC) testing that at 1wt% loading level, the\Cwas more efficient in
increasing the temperature of peak heat release rate (pHRR) and decreasing the pHRR
value. Costeset al. investigated the effect of combining MCC or CNC with aluminium
phytate in PLA, where the charring effect was enhanced indagtits. CNC's high specific
surface area proved beneficial in promoting the formation of a better insulating charred
layer[128].

Electrospinning technology has received increasing attention due to its capability to
produce ultrafine microor nanofibresthese fibrous structures have proven to be practical
in many fields, even in flameetardant materiald/ahabiet al. recently reviewed the state
of-the-art features of flameetardant polymer materials developed using electrospinning
[129]. Among othes, electrospun nanofiber mats were successfully used gudiecting
coatings[130] or as submicronic additives with simultaneous reinforcing and flame
retarding capabilitieEL31].
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2.5 Flame retardancy of PLA

According to thermogravimetric analysis,Rtegrades between 300and40C i n on e
apparent step. The thermal degradation of PLA is based on a hydroxyilitextdd ester
inter-chain process and chain homolysis. In the condensed phase, the char yield is relatively
low (about 2wt%) [132]. Flameretardants should, therefore, act before the degradation of
PLA (T<300AC) and/ or modify the degradation pat
(or at least to decrease) the evolution of flammable products (acetaldehyde, lactide,
methane etc.). For thpurpose, condensed phase mechanisms of action are proposed in the
literature (almost in all cases) to flame retard PLA.

2.5.1 Use of conventional flame retardants

The FR market mainly comprises ATH, magnesium hydroxide (MDH), nitrogenated
phosphorusontainirg and halogenated compounds, and antimony trigdxigle Some of
these compounds were also evaluated in PLA systems.

Nishidaet al.[133] used ATH to make PLA flameesistant. Due to physical effects,
large amounts of ATH (55 wt%) were used. Besidélse durable application purpose,
they also considered the recycling of the material; therefore, they used depolymerization at
high temperatures (308 C )Yanagisawaet al. [134] also used ATH at high loading
(50wt%) but combined it with phenolic resims PLA. They achieved homogeneous char
layers produced by the phenol resins on the surface of the composite upon heating. The
formed char layer made it possible to lower the loading of ATH while maintaining
sufficient flameretardant efficiency.

RecentlyLi et al.[135] used aluminium hypophosphite (AHP) for the flame retardancy
of toughened PLA. PLA was reactively blended with Ethyl@weylic EsterGlycidyl
Methacrylate Terpolymer (EGMA)They reached \0 UL-94 classification in the 80/20
PLA/EGMA conposite with 20wt% AHP loading.

2.5.2 Use of nanoparticles
As Raquezt al.[136] summarize, there islarge amounof PLA-based nanocomposite
types. For flameaetardant purposes, the primarily used material§l&& 138]

1 layered materials, such as nanocl@a9, 140]

1 fibrous materials, such as carbon nanotubes (CNT)lafid

1 particulate materials, such as polyhedral oligosilsesquioxane (POSS) and
spheical silica nanoparticlel42, 143]

Nanoparticles are often used as synergistic additives with other -fegtareant
additives like IFR systems [137, 139, 142] or 9,10dihydro-9-oxa10-
phosphaphenanthreii®-oxide (DOPO)141, 144]

Murariu et al.[140] used dehydrated calcium sulf¢@nhydrite 1l and organomodified
montmorillonite (GMMT) to reach a composite with increased thermal stability, leading
to high time to ignition at the cone calorimetric measurements and a decrease in the
maximum r& of heat release. In the 84 classification, they reached the HB
classification.

19



Literature review

Li et al.[139] added GMMT to a PLA/IFR system and found that it enhances the thermal
stability of the composites and effectively suppresses the melt dripping; tleerdfey
reached the W94 V-0 rating. Morphological analysis of the char layer shows a
continuous, dense, and integrated closed honeycomb pore structure protecting the PLA
matrix.

2.6 Intumescent flame -retardant systems in PLA

Comprehensive reviews on the flametardancy of PLA were published Bgurbigot
& Fontainein 2010 [80] by Chow et al. [23]. and byTawiah et al. [145] in 2018,
respectively. Among the phosphotiiased additive®ourbigotet al. compared the flame
retardant effectiveness of phosphlmesed flame retardants, designed for polyamides and
polyesters, to APP and melamine polyphosphate (MPP) in PLA matrix. The higblest
value (34%) was measured for thev@® APP containing PLAL46].

2.6.1 Encapsulated IFR additives in PLA
Adding APP to PLA[147] makes it brittle and decreases tensile strength and impact
toughness because of poor interfacial i nte
components in IFR systemAlanget al. used plyurethane microencapsulated APP paired
with a melamine (MA) resin (in 2:1 ratio) to produce an intumescent flataeded (IFR)
PLA biocomposite. In this system, microencapsulated ammonium polyphosphate is used
as the acid source, MA acts as the blowéiggnt, and starch functions as the charring agent.
With 30wt% IFR, UL-94 V-0 rating and a high LOI value of 41% were reacli<®].

Shi et al. produced flameetardant PLA composites with resorcinol bis(diphenyl
phosphate) (RDP) coated APP-APP) and ®P coated distiller's dried grains with
solubles (EDDGS) were also prepared by them and requiredt¥% C-DDGS and 1wt%
C-APP for the biocomposites to pass-94 V-0 rating and reach the LOI value of 32.0%
[149].

Ranet al. prepared APP microencapsethwith polysiloxane and polyborosiloxane
(BSi) and introduced it into PLA to improve the flame retardancy, water resistance, and
mechanical properties of flanretarded PLA composite. The flammability evaluation for
the PLA/5%BSIAPP samples revealed tithe LOI value increased to 26.7%, the-B4
grade reached 9, and the pHRR decreased significantly. APP's microencapsulation also
improved APP's compatibility with PLA, resulting in better mechanical properties than the
control APP containing compositesder the same loading. The water resistance of the
PLA composite was also significantly improved by introducing microencapsulated APP
[150].

2.6.2 Use of biobased charring agents in PLA
2.6.2.1 Blending

Blending norcharring polymers (e.g. PLA) with charring ones t&lp to form a new
intumescent system. Also, the thermal stability of the-clwarring polymer can be

enhanced if the charring polymer has higher thermal stability. Based on this idea, PLA has
been blended with polycarbonate (PC), a dbaming polymer.According toKimura et
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al. [151], this led to an intumescent behaviowhich showed improved fire performance
with virgin PC and further improvement with PC containing silicone.

Songet al.[152] used poly(ethylene glycol), whil¥anget al. [153] useda newly
synthesised phosphorgsntaining copolyester to improve PLA's flame retardancy and
toughness simultaneously with the blending meth@hile Kiuchi et al.[154] used metal
hydroxide and not an IFR system as an FR additive, they still fthaidlending with a
charring polymer, in this case, phenol resin can improve the ftataedant efficiency.

It is also possible to use biobased charring agents as blending agents in PLA, like
thermoplastic starcfiL19], biobased unsaturated polyedit&s5], epoxidized soybean oil
[147] and poly(butylene adipaiso-terephthalate)156].

2.6.2.2 Biofillers

Lignin and starch

R ® etial. [102] compared lignin (LIG) and starch to PER as a charring agent in
PLA/APP/charring agent systems. Although PER peréafithe best in LOI and UR4
tests, PLA/APP/LIG and PLA/APP/starch also showed improvement over pure PLA. They
used mixture designs to optimize the intumescent formulations with only 12 wt% of APP,
and high renewable content (28% starch) reached 28% rCtheest.

Caylaet al.[157] used kraft lignin and APP in a PtBased multifilament system and
significantly reduced the heat release rate due to char formation-wii% of each kraft
lignin and APP. They found that adding lignin lowered both thRRknd THR values in
the cone calorimetric measurements and decreased the samples' thermal stability and TTI.
To address this problergiosteset al.[46] chemically modified ligninsvith phosphorus
and nitrogercontaining compounds. These modified lighproved to be highly effective
in reducing the flammability of the PLA/modified lignin composites with Ylassification
at the UL-94 test while the TTI and thermal stability were maintained.

Cyclodextrins

Cyclodextrins have also shown much potentigFBscomponents in multiple polymer
systems like epoxied158, 159] elastomers[160, 161] polyesters[162, 163]
polypropyleneg164, 165] and other polymeric systerfis2, 166] most notably in PLA
[1671 169]

Il n PLA, b c-@0) Is enckféestivercarbonisation agent due to its charring
ability and thermal stabilityFeng et al. [167] usedb-CD as a green carbon source in
combination with APP and MA at different weight ratios and showed that these
compositions exhibibutstanding chaforming ability in PLA. The FR system, consisting
o f -Clh APP, and MA at a weight ratio of 1:2:1, respectively, when used at%0
loading in PLA, reached an LOI value of 34.2 and passed UL-04afing.

Vahabiet al.[168] synthesisée an or gani c i neb@@&DH) tomhy br i ¢
t he ¢ ombi -oyaladexwim triazihe ribg, and nafydroxyapatite. This novel
additive has shown to have an excellent synergistic effect in improving the flame retardancy
of PLA/APP/BSDH compositan cone calorimeter tests, about 50% reduction in both peak
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and total heat release rates were measured compared to neat PLA. The formation of an
increased amount of thermally stable residue was assumed to be the critical parameter
explaining the synerdis effect of APP and BSDH on effectively improving the flame
retardant performance of PLA.

To improve the chaforming ability of b-cyclodextrin,Zhanget al.[169] modified it
with phenyl phosphonic acid dichloride through interfacial polycondensatidmmbtained
phosphol cyplodexain (@@D). Ghey found the optimum mass ratio of APP to
PCD to be 5to 1. At this ratio, with 3@% loadings, the LOI reached 42.6% accompanied
by UL-94 V-0 rating, and in mass loss cone calorimetry (MLC) testhidpgest amount of
char residue (71.%1t%) was obtained besides significant reduction of pHRR and THR
values compared to the neat polymer. Even when the total loading of APP and PCD was
decreased to 201%, still a V-0 rating according to the U84 standardavas reached, and
the efficient interaction between APP and PCD contributed to forming a more significant
amount and compact intumescent char that provides increased fire protection to the matrix
material.

2.6.3 Natural fibre -reinforced PLA composites

2.6.3.1 Flame retardancy of biobased fibres

When biebased fibres are used as reinforcements in polymer matrices (without flame
retardants) to form biocomposites, the heat conductivity increases while the apparent
stability of the polymer decreases; thus, the ignition efdabmposite is facilitate[170,
171] Therefore, understanding the details of the flaatardant treatment of biofibres is
also essential.

Most of the flame retardants for cellulosic fibres function via condensed phase
conversion of the fibres to camaceous char. This reaction is considered to be an acid
catalysed dehydration. Chpromoting flame retardants for cellulose typically contain
phosphorus as acidic salts (e.g. ammonium phosphate derivatives) or organophosphorus
(e.g. phosphonium salt andhgsphonate derivatives) species. Upon heating, they first
release polyphosphoric acid, which phosphorylates the C(6) hydroxyl group in the
anhydroglucopyranose moiety and simultaneously acts as an acidic catalyst for dehydrating
these same repeat units.eTfirst reaction prevents the formation of levoglucosan- (1,6
anhydreb-D-glucopyranose), the precursor of flammable volatiles. This ensures that the
competing chaforming reaction becomes the favoured pyrolysis rfomHé

Various phosphorous compounaksve been used to flame retard cellubased fibres
[47, 172174] Gaan & Sun [173] investigated the flameetardancy effect of six
organophosphorus compounds, including Pyrovatex CP (PCP), diammonium phosphate
(DAP), phosphoric acid (PA}ributyl phosphate (TBP), triallyl phosphate (TAP) and
triallyl phosphoric triamide (TPT) on cotton cellulose. PCP, PA and DAP were more
efficient in improving cotton's limiting oxygen index (LOI) than the other three compounds
of the same phosphorus camteFurthermore, PA, PCP, and DAfeated fabrics had a
higher activation energy of decomposition, higher char content and lower heat of
combustion.
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It is evident from the literature that phosphoeoostaining flame retardants can
efficiently initiate thecharring of natural fibres, which is favourable in terms of flame
retardancy. However, applying these treatments significantly decreases the initial
decomposition temperature of natural fibfg$9, 175] The reduced thermal stability can
be a significahissue, both from a mechanical and aesthetic point of view, when the natural
fibres are intended to be used as fillers or reinforcements in polymer composites. The
presence of water, acids and oxygen catalyses the thermal degradation of cellulose;
therefae, natural fibres usually turn brown during fibre treatments. Low thermal stability
is critical in the case of thermoplastic matrices with processing temperatures abdve€ 140
such as PP, PET and, most importantly, PLA.

The combination of phosphate andragencontaining materials as flame retardant
treating agents for cellulosic materials has been known for defhd@s177] Among
other nitrogercontaining additives, urgd 72, 175]has shown synergistic function with
phosphorous flame retardar®ecent studies investigated this interactidamet al.[172]
achieved excellent flameetarded greige cotton nonwoven fabric by applying DAP with
the addition of urea for treatment. They showed that urea increased the decomposition
temperature of thdabric and accelerated the decomposition of glycosyl units of the
cellulose.

2.6.3.2 Natural fibres in flame -retarded PLA composites

As shown in the previous paragraphs, the flame retardancy of PLA and natural fibres
are investigated in detail. Still, the flameéamelancy of their green composites, consisting
of PLA matrix and natural fibre reinforcement, has been barely studied in the literature. It
is known that the soalled candlewick effect of natural fibres encumbers the flame
retardancy of the biocompositeminforced with these fibrg478, 179]

Suardanaet al. [47] fabricated DAPtreated coconut filter fibreeinforced PLA
composites. Increasing the percentage of DAP for treating the composite fibres decreased
the decomposition temperature but increased the char residue. At the highé%i BAP
concentration, thiowest linear burning and weight loss rates were observed. However, the
flexural and tensile strengths became lower than those of untreated fibre composites.

Li et al.[179] compared the flammability of ramie fibre (8@%) reinforced PLA
composites flameetarded with APP by three different processes: PLA was blended with
APP and combined with neat ramie fibres; ramie fibres were treated with APP and then
compounded with PLAand both PLA and ramie fibres were flaretarded using APP and
blended. In contrast to the identical APP loadings (@), significantly better flame
retardancy was evinced for the composites where APP was present in both phases, which
they explainedy the successful elimination of the candlewick effect of the ramie fibres.
TheLOIl of the best formulation reaches 35%, and the formulation exhibit8 sa¥ing.

Over the past 10 year s, researchers have
addiives - recovered from mainly agricultural waste. Multiple types and sizes have been
examined, such as micrfd80i 182]and nanoscalg 44, 183 186]cellulose additivef43,

128, 187](see also ir2.4.3Micronisation.
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When MCC was combined with tricresyl phosphate, their synergistic effdeLA
resulted in outstanding improvement in impact strength and flame retardancy of composites
[48]. From an industrial point of view, minimising the amount of flame retardants with
increased biofiller content can be beneficial esste and improve # mechanical
properties. To determine the optimal formulatidatsumotoet al.[182] concluded that
the dehydration temperature of the biofiller must be lower than the degradation temperature
of the neat polymer, and when assisted with APP, the delyddtcellulose should start
at approximately 94 C | ess than the degradation temp
enabling the formation of sufficient ndlammable gas and char layer.

Various phosphoruseated cellulosic materials were synthesised amdstigated in
PLA. When cellulose fibres (CF) were coated with resorcbis{diphenyl phosphate)
(RDP), as low as @1t% of the RDPcoated CF in PLA matrix sufficed to pass the-@4
test with a 0 rating, reaching a limiting oxygen index (LOI) of 28%dasignificantly
decrease the average heat release rates and the pHRR Ma&lQgsA coreshell
nanofibrous flameetardant system was createdRgnget al.[185] via in situ chemical
grafting of diethyl phosphite onto the higlrength cellulose nanofibres surface. When
incorporated at the loading amount of 10% into PLA, the sample obtained mtihg
while simultaneously enabling a significant reduction in pHRR by 31%.ulCs#
nanocrystals (CNC) were incorporated in PLA along witN,N&diallyl-
phenylphosphoricdiamide {RA) and achieved an LOI of 28.8%, a0/rating in the UL
94 test. However, in the cone calorimetry, the flaetarded samples could not achieve
significart improvement compared to the neat PLA a&Awas observed to have a flame
inhibition effect in the gas phase mainj§84]. Phosphazeneontaining CNC was
synthesised to balance the adverse impact on performance attributed to CNC's low onset
decompositbn temperature. The optimal composition of 7% APP and 3% phosphazene
containing CNC had the best results in PLA, such as having the highest LOI of 28.1%, the
lowest pHRR and the ¥ rating in the UL94 test[186]. Yin et al.[188] hybridized
cellulosenanofibers (CNFs) with APP. They could pass the94LV-0 rating 5 wt%
loading of APPCNF additive and reach 27.5% LOI value. Their enhanced flame
retardancy and mechanical strength performances are attributed to the synergy between
APP and CNF and the impved dispersion of their additive and smaller phase size within
the matrix.

2.7 Summary of the literature and research aims

Research on renewable and degradable polymeric systems is growing dynamically, and
more and more solutions are being provided to caratble products with good properties
and eliminate problems arising from the characteristics of the generally used biobased
materials, such as poor compatibility, insufficient stability or increased flammability. PLA,
due to its beneficial characterigjds highly proposed as a promising matrix material for
green plastics. However, its flame retardancy has not yet fully matured for all possible
applications, especially as researchers try to implement it with as masspuriced
materials as possible.
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The literature review showed that researchers had made many attempts to solve the
compatibility problems of natural fibres, preferably used as reinforcements, to create
biocomposites with suitable mechanical properties. Since the candlewick effect and low
degradation temperature characteristic of natural fibres can significantly worsen the
combustion properties of the biocomposites, the flame retardancy possibilities of the
natural fibores were also mapped. However, balancing these properties is a difficult ta
since the treatment of the biofibres with flame retardants often deteriorates their mechanical
properties and further decreases their thermal stability.

Many studied the flameetardancy possibilities of natural fibreinforced PLA
composites to readhl-biobased reinforced composites. They have analysed the effect of
the surface modification of pladiased reinforcing fibres and the incorporation of additives
in the polymer matrix as well. However, the optimal distribution of the flesterdant
compaents between the composite phases (i.e. the surface of the reinforcing fibres and
matrix material) has not been examined so far. Therefore, | aimed to investigate the effect
of the distribution of phosphoruntaining flame retardant between the reinfayand
matrix material in detail.

Studies have also been done on composites containing cellulose additives. In addition
to improving the mechanical properties, the goal of effective flame retardancy of
PLA/cellulose systems also arose. In these studiest nesearchers have examined the
combination of cellulose fibres of a given particle size (or maximum two different particle
sizes) on the effectiveness of a flanetardant system. So far, no comprehensive research
has been done on the limitation (orgmtially beneficial range) of the particle size of the
biofibres, which is why this research aimed to investigate thtkepth in a PLA matrix
system. The effect of the cellulose fibre length on the-fdraning characteristics of an
IFR system was plandeo be evaluated.

From the literature, it is known that the particle size of a flagt@dant additive can
have a significant impact on both the flammability and mechanical performance of the
flameretarded polymer system. However, among the carboncngponents, only the
size effect of PER was investigated, which significantly worsened the mechanical and
flame-retardant properties of the composite due to its poor compatibility. The size effect of
other charring components with better compatibility hest yet been thoroughly
investigated. Nevertheless, in the case of metal hydroxides and phosphorous additives,
researchers have achieved more effective flesterdant performance with the help of size
reduction.

More and more research fields are discowgthe beneficial properties of cyclodextrins
and trying to make use of them. Due to their charring ability and thermal stability,
cyclodextrins have shown effective biobased carbonizing agents in multiple polymer
systems, including PLA. It has also bedmown recently that cyclodextrins can be
successfully electrospun using an aqueous -Bpged technique to obtain grindable
microfibers. The hypothesis of my investigation was that the-$ugface area of the
microfibrous form of cyclodextrin when used as<harring agent, could provide further
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benefits to the intumescent flametardant system. Besides, the flamatardant surface
modification of the cyclodextrin microfibers was planned to be investigated.

Attempts have been made to combine epoxy and Biséesis in order to improve
compatibility and mechanical properties, as well as use them as arétangant and
additive coating. However, these goals have not yet been combined to simultaneously
enhance flameetardant performance and improve interfaicigeractions with an additive
coating.

The microencapsulation process is nowadays not only used in the pharmaceutical
industry but also in the field of polymer additives. With its help, we can change or improve
many properties of our additives, and a #ame time, we can introduce a new material
into the system in the form of a coating. The microencapsulation process has been proposed
as a promising way in order to alter the properties of the coated material to obtain a complex
(3 in 1) intumescent flamretardant additive. The core patrticle is practically APP, serving
as an acid source and blowing agent, while the carbonizing agent forms the shell layer
advantageously. Our research group proposed for this purpose the application of a sugar
derived bioepxy resin with good charring ability, high water resistance and good
interfacial interactions with the PLA matrix.
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3 Materials and methods

3.1 Materials

In the following, the main properties of the materials used are summarized. However,
the exact compositiorend sample production parameters can only be found in detail at the
beginning of the relevant chaptef@blel contains the data of the used matrixt@nials.
In sectiord.1, IngedE Biopolymer 2003D grade PLA was used for film extrusion, while
in the other chapters, IngéoBiopolymer 4032D wasised where the compounding was
made in internal mixers.

Tablel Used matrix materials
Name  Acronym Trade name Special attribution Manufacturer
specific gravity: 1.24 g/ciamelt

. Inged: . ’ )
poly(lactic . flow index (MFI): 7 g/10 min
acid)  TA BOPOVMEr (210AC, 2 plagideggntent NAUEWOrks
= 1.4 mol% (Minnetonka
poly(lactic Inged= specific gra_vity: 1.24 glcip MN, USA) )
acid) PLA Biopolymer MFI: 6 g/10 min 1A C, 2. '
2003D D-lactide content 4.3 med

Table2 contains the used base flamstardant additives. In sectidnl, Exol i t E AP4
microencapsulated ammonium polyphosphate (IFR additive) was used in the PLA films;
insectiord.2, Budenheim BUDITE 341 mevhsaused, anginpol yp
sectionst.3and4.4 Exol i t E AP 422 ammonium polyphos

Table2 Used IFR additives

Name Acronym/Short Trade name S_pec_|a| Manufacturer
name attribution
micro-encapslated Exol i _@verage  ClarantAG
P IFR additive particle size (Muttenz,
ammonium AP462 Dy : 2 switzerland)
polyphosphate 0
: Chemische Fabrik
. Budenheim average .
Melamine . ) Budenheim KG
MPP BUDI T particle size .
polyphosphate ) (Budenheim,
341 (Dsg) : 8
Germany)
. : average Clariant AG
ﬁlmn;g;lut:gte APP E X4022| It particle size (Muttenz,
pOlyphosp (Dsg) : 17 Switzerland)
NH,
[l I I (”) N:<
HO_IT_O [I)_O FI)_OH H }‘)_O H +H3N4<\ /N
O 19 ]9 Nmy o N
4
NHS n NH,
ammonium-polyphosphate melamine-polyphosphate

Figure8 Chemical structure of the ammonium polyphosphate and melamine polyphosphate

Table3 contains the used surface treating agents. DAP and U were used in skdtions
and4.2 to treat natural fibres, the PSil components were used in sec8da treat the
cyclodextrin additive, and the bioepoxy resin shell components were used in dettmn
form the sorbitolbased bioepoxy shell on APP.
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Table3 Surface treating agents and their components
Short Trade Special

Name D Manufacturer
name name attribution
Fibre treating agents
diammonium phosphate DAP - solid, powder ~ SigmaAldrich Co.
. (St. Louis, MO,
urea U - solid, powder USA)

PSil components

Merck Life Science

e . o 0
3 (tnethoxysnyl}propyl TESP i L|qU|d,_ 95% Kft (Budapest,
isocyanate purity H
ungary)
Liquid, Clariant Plastics &
Exol i phosphorus Coatings GmbH
phosphorous polyol  OP 560 o5 566 content 1613 (Frankfurt,
wt% Germany)
Bioepoxy resin shell
epoxide 5 E;nerald
bioepoxy resin, sorbitol ERI SY  equivalent erlormance
polyglycidyl ether SPE "GE60  weight16qios Materials LLC
g (Vancouver, WA,
gleq USA)
girr?:e":‘gnﬂng._ ?ngeeiﬂal’ezr;e T.58 Ipox MH cycloaliphatic  Ipox Chemicals Kft.
yra, y 3122 amine type (Budapest, Hungary

bis(cyclohexylamine)

Table4 contairs the reinforcing and charring agents used in the following experiments.
The plain woven fabric was used in sectdbhas reinforcing fibre in th®LA composite.
The Arbocel fibres were used in sectibr2 to determine the optimal cellulose additive
fibre length, and the-Bydroxypropyibetacyclodextrin (CD) was used as a charring agent
is sectiod.3.

Table4 Reinforcing and charring additives
Short

Name Trade name name Special attribution Manufacturer
Plain woven flax areal weight: 200 'V'.ESh"."“g ft
fabric - - g/m? Engineering K
( Gy Rr | Hu
Arbocel avg. length/thickness
cellulose powder UEC 100 Cs8 8/%¢ m
, Arbocel BE avg. length/thickness  J. Rettenmaier &
cellulose fibre sooz0 0 30/18¢ m S°hne Gmb
, Arbocel avg. length/thickness KG
cellulose fibre B600 €60 60/2 € m (Rosenberg, Germany
. Arbocel avg. length/thickness
cellulose fibre BC200 C300 300/20s m
2-hydroxypropyt Kl ept ¢ HP-b-  MS nominal value: Roquette Pharma
betacyclodextrin HPB CD 0.62 (Lestrem, France)

Table5 contains the used solvents. Purified water was used in sedtibard4.2 to
make a solvent of the DAP and U and dampen the woven fabric. Absolute toluene was used
as a medium for the surface machition of CD with the PSil component in sectd@B. In
sectiord.4, absolute ethanol was used as a medium for the microencapsulation of APP and
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tetrahydrofuran was used in the gel permeation chromatographic measurement as a solvent
to determine the molecular weight of the compasiggrices.

Table5 Used solvents

Name Acronym Special attribution Manufacturer
purified water - - -
Absolute toluene - Reagent grade

Merck, Merck KGa

Absolute ethanol EtOH Reagent grade (Darmstadt, Germany)
Tetrahydrofuran THF Analytical grade ’ y
3.2 Methods

3.2.1 Sample preparation equipment

The equipment listed in Table 6 was used to prepare the PLA composite samples. A
detailed description of the sample productions can be found at the beginning of each
chapter; only the equipment used has been listed here.

Table6 Preparation equipment

Equipment Manufacturer
Labtech Scientific LTE 284 modular corotating twin ) )
screw extruder Labtech Engineering (Samutprakal
Thailand)

Labtech ICR 300 laboratory flat film line
Brabender PlastCorder LabStation coupled with W5( Brabender GmbH & Co. KG

_ EHT 3Z type internal mixer (Duisburg, Germany)
HAAKEE Rheomix OS Lab Mixer Internal mixer Haake Technik GmbH (Vreden,
chamber Germany)
TeachLine Platen Press 200E heated platen pres Dr. Collin GmbH (Munich,
Germany)
Fontjine LabEcon300 Junior heated platen press Fontijne GroLtJnSeAs)lnc (Niles, MI,

The highspeed electrospinning equipment parts are listeBalle 7. The setup was
used for the electrospinning ofhgdroxypropytbetacyclodextrin (CD). A detailed
description of the additive production can be found in seetiBr2.2Preparation ofhe
additives- High-Speed Electrospinning

Table7 High-speed electrospinning equipment

Equipment Accessory/software Manufacturer
SER10 gumgsyringe 100 ml syringe Aitecs (Vilnius, Lithuania)
high'VgE;gE power Unitronik Ltd. (Nagykanizsa, Hungary)
KA MEL0 hammer il 1. 0 mm IKA-WERKE GmbH & Co. KG, (Staufen,

Germany)

3.2.2 Characterisation methods

The presented results werbtained in two different laboratories, and due to the
properties of the materials and available tools, | could not measure them with uniform
dimensions or parameters. For this reason, the parameters generally used are listed here,
while the variable paraners are given at the beginning of the relevant chapters. These
variable parameters are summarized in a table at the beginning of each chapter and clarified
with the value/device that | used in the given chapter.
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3.2.2.1 Thermoanalitics

Thermogravimetric analysis

Thermogravimetric analysis (TGA) measurements were carried out using the following
devices:

1 From Chapters 4.1 to 4.3 a TA Instruments Q5000 apparatus was used. The
samples were measured un@&rmL/min nitrogen gas flow. Samples of about 5
10 mg were positioned in open platinum pans. The polymer samples were heated from
25AC to ACO&a®BCA MI® rate.

1 In Chapter 4.4, a TA Discovery apparatus was used. The samples were measured
under 100mL/min nitrogen gas flow. Samples of aboutrt@ were positioned in open
alumina pans with gold foil and submitted to an isotherm f min, folloed
by a heatingrampof IRC/ mi n WE.t o 800

The extrapolated Onset temperature was determined according to the 1SQ111358
standard, which defines it as the point of intersection of the stamnasg baseline and the
tangent to the TGA cuevat the maximum gradient point.

Differential Scanning Calorimetry (DSC)

A DSC 3+ type device was used for the differential scanning calorimetry measurements.
Approximately 10 mg of the samples were weighed into aluminium crucibles with pre
punched tops. Ae encapsulated samples were then placed on the measuring cell by the
automatic sample dispenser of the instrument. During the analysis, the samples were first
heated from2AA C t A C2 @MOC/1n®i n, t hen Aco d/fo€ 2&CF ;Mimn 200
and thenagain heated at I8C/ mi n r aA@ tfAGMO®bBe ther mal
analysed with STAREvaluation Software.

The degr ee o of thersgnplesanasd caleculatedyacc@raing to Equation 1,
wher @i nmp#Hi cat es the giethetdbhd enybabplyinz oHi on
is the melting enthalpy of the 100% crystalline PLA equal t3/§3189], and 4 is
weight fraction of the additives.

oA @)

Table8 Thermoanalytical equipment
Measurement Equipment Accessory/software Manufacturer

TA Q5000 TGA
. : . TA Instruments LLC (New
TGA TA Discovery  TA Universal Analysis Castle, DE, USA)
Apparatus

DSC 3+ type DSC  STAR® Evaluation Mettler Toledo (Greifensee,

DSC device Software Switzerland)
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3.2.2.2 Spectroscopy

Fourier transform infrared spectroscopy

Infrared spectra of the microcapsules/additives were recorded using a Bruker Tensor 37
type Fourier transform infrared (FTIR) spectrometguipped with deuterated triglycine
sulfate (DTGS) detector with a resolution af and 32scan accumulation.

1 Transmission measurementsBefore testing, the powder of the additives was mixed
with potassium bromide (KBr) powder and c@iessed into a #able disk for FTIR
measurement. Spectra were collected in transmission mode in the wavenumber range of
4000 400cmt. The liquid PSil component was analysed as a thin film layer between
NaCl windows.

1 ATR measurements:ATR spectra were takemith a Speca&olden Gate ATR unit in
the wavenumber range of 40@D0cm.

Raman spectroscopy

Raman spectra were recorded winmiNd¥YAGLabRAM
laser source (4W nominal laser power) and an Olympus-B& optical microscope. In
the case of charred residues, a filter of @b was used to decrease excitation beam
intensity, reducing the chance of sample degradation. LabSpec 5 and 6 software was
applied for data collection and parameter optimization.

Raman mapping: The surface of an ditive particle was mapped with an objective of
1001 magni ficat i Om. Tielmaaswred areawastappiinaelhH3no . 7
by 300m, wi ©®m atep size in both X and Y d
concentrations were estimated with the cladsieast squares (CLS) method using the
reference spectra of the pure components collected on the same device under the same
conditions. Visualized score maps were created with LabSgéc The spectrograph was
set to provide a spectral range of 18800cm' ! and 2cm' ! resolution. The acquisition
time of a single spectrum wasband three spectra were averaged at each measured point.

Table9 Spectroscopic equipment, accessories and software

Equipment Accessory/software Manufactur er
deuterated triglycine sulfate
Bruker Tensor 37 type (DTGS) detector

Bruker Corporation

Fourier transform infrared  Specac Golden Gate ATR unit (Billerica, MA, USA)

(FTIR) spectrometer OPUS vibrational spectroscopy
software

Microscopy Technologies
Evident Corporation
(Tokyo, Japan)

Olympus BX40 optical
microscope

HoribaJobiri Yvon
LabRAM Raman
spectrometer

532 nm frequencygoubled
Nd:YAG laser source
LabSpec 5/ LabSpec 6 software f
datacollection and parameter
optimization

Horiba (Longjumeau,
France)
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Thermogravimetry - FTIR Spectrometry

The thermal behaviour and the related evolved gaseous decomposition products of the
additives were assessed by ThermogravimeTriR (TG-FTIR) spectrometry, using a TA
Instruments G000 apparatus coupled to Bruker Tensor 37 FTIR machineAAC3 mi n
heating rate was applied within theiB30AC t e mper at ur eatmasphggee unde
Resolution in FTIR was set at 4 drspectrum scan frequency at 12 times per minute, and

spectrakegion at 4009650 cm’.

3.2.2.3 Flammability tests
Limiting oxygen index

The | imiting oxygen index (LOI) was deter
3 mm? dimensions according to ISO 4589 standard using an apparatus made by Fire Testing
Technology Ltd.

UL- 94 standard test on composites

Standard UE94 flammability tests were performed according to ISO 9772 and ISO 9773
to determine dripping and flame spreading rates. The specimen dimensions for the test were
100 T 1 0nmi In $ectiod.4 sdandard UL94 flammability tests were performed
in a Fire Testing Technology UL 94 Chamber according to ISO 9772 and I1SO 9773.

Tablel0 Classification criteria of the UB4 standard measurement
Particle drop Combustion

Time of

Orientation burn allowed to the
Classification of test Definition allowed o holding
sample . flaming flamin clamp
v 9 allowed
HB
(horizontal horizontal SIO\.N Max. . yes yes yes
. burning 76 mm/min
burning)
V-2 vertical burning 30s /60s yes yes no
stops
V-1 vertical burning 30s /60s no yes no
stops
V-0 vertical burning 10s /30s no no no
stops

*represent the average afftme timeafter the flame application of the first and second 10

Mass loss cone calorimetry

Mass loss cone calorimetry (MLC) tests were carried out by an instrument delivered by
Fire Testing Technology Ltd. wusing the 1SO
I 2 nonf) weBe exposed to a constant heat flux of 35 ok\&@m?. The distance was
35mm between the sample and the heating element. Ignition was provided by a spark plug
located 13nm above the sample. The main characteristic of fire propertiesieiease
rate (HRR) as a function of time, time to ignition (TTI), total heat release (THR), and the
peak heat release rate (pHRR), were determined. When measured at RB#m5pHRR
and THR values were reproducible to within
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From the collectedlata, in some cases FlaiRetardancy Index (FRI) was calculated
according to Equation [A90]:

yoy 1L.9YY
"0Y 0 vro 2
oy AOYY (2)

IRSAA

Tablell Equipment used for the flammability test
Equipment Manufacturer
Mass loss type cone calorimeter
Oxygen index
UL-94 chamber

Fire Testing Technology Ltd. (East
Grinstead, UK)

3.2.2.4 Other methods

Gel Permeation Chromatography

To determine the number averaged molecular magsqMhe neat and flameetarded
PLA samples, gel permeation chromatography (GPC) measurements were carried out in
tetrahydrofuran at 46 C, wi t h a mi/mio and a polyraer aorictation of
2e g/ mL. The solutio®m were filztefedtwirt h T e
performed with a Waters system equipped with three columns placed in series and followed
by a refractive index (RI) Wyatt detector. The experimental galuere gained based on
polystyrene standards. When using these standards on PLA, the obtained molecular weights
are typically larger than the actual data. Multiplication of the GPC results by a factor of
0.58 has been suggested Kgwalski et al. [191] to get a more accurate h\M/alue.
Therefore, the experimental values were multiplied by 0.58. The polydispersity index (PI)
was calculated as WM.

Tensile tests

Comparative tensile tests were performed on specimenslof 1312 @@m*or 100 |
10 mm*@i dth T 1l ength T dept h)mm)tsimeaZyiekuge | e
Z020 universal tester with a crosshead speednafimin. 5 specimens were tested from
each composite sample. Before the measurements, each specimen's exact thickness and
width were neasured with a calliper. Based on the measured geometric data and the
resultingstress t r ai n cur veswy) ,t eynosuinlged ss tnroednug tuhs ((CE) .
elongation at maximum forcé\) were calculated for each specimen using the ISG 527
1:2012 sandard.

Dynamic mechanical analysis

The measurements were conducted in dual cantilever mode, and the applied span length
was 35mm. The specimens' width and length were approximatemd0 1 mré. The
temperature range was i250A C ; the hea2AQVgnmi natwhi Was app
deformation of 0.02% and a frequency dfid

Scanning electron microscopy

A JEOL JSM5500 LV type apparatus was used for the examination with an accelerating
voltage of 1615 keV. The samples were fixed by conductive dosided carbon adhesive
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tape and sputtered with gold before the examination to prevent chargeipwold the
surface by a JEOL 1200 ion sputter. In the case of the composite samples, the SEM images
were taken from the cryogenic fracture surfaces.

Calculation of particle size distribution and surface-to-volume ratio of the
additives

Particle sizes and ttlsairfaceto-volume ratioof the additives were determined by image
processing of SEM micrographs with 10071
Image Processingoolbox. In the SEM imaged-igure 9), the outline of the identified
particles was selected (at least 100 for each type of particle), from whicizeheakies
were calculated.

The program calculated the area of the particles; from this area, the diameter of a
circle of equal projection areags diameter of a circle with an equivalent area of the
measured particles) was determined. Then, the maxidiameter (¢) was measured, the
longest distance between any two points along the selected boundary. For the calculation
of the aspect ratio (A the minimal diameter {(f was estimated from a rectangle with the
same area as the particle and the lengthhi¢h is da (Figurel10).

11/ T
Y

selected circumference of the particles and their maximum diameter, (c) the area of selected
particles in the binary image

N,

EERN

AN

Y ifsie
X -+ y
i i

~ 7

g

Figure10 The estimatiorof the minimal diameter (g, the width of a rectangle with maximum
diameter (&) length and the same area as the particle
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Water Resistance of FR PLA Composites

18 sampl es winmnfdindedsions fromldch dompdsite were soaked in
distilled watefor96 hat40AC. The wat er wh. éftecthe soaking,the e v er vy
samples were dried until a constant weight was achieved for60 i Aa€70 The mass o
dried samples was measured before and after the water soaking.

Table12 Further used equipment

Equipment Accessory/software Manufacturer
Gel permeation equipped with columns placed in
chromatography: Separatiol series: Styragel HR1, Styragel HR (Mi\l/;{) a:ger'?/liysl'jesrx)
Module Waters e2695 Styragel HR4 ' '

. - . Waters Corporation
WY ATT Op t-EX reftadiive (Santa Barbara, CA,

index detector USA)

Scanning electron
microscopy: SEM 6380LVa lon sputter JEOL 1200 JEOL (Tokyo, Japan)

Electron microscope

MATLAB Image Processing The MathWorks, Inc.
Toolbox (Natick, MA, USA)
Tensile test Tensile head (10 kN) Zwick GmbH & Co.
Zwick Z020 universal tester  Zwick TestXpert 11.0 program  KG, (Ulm, Germany)
Dynamic mechanical analysi : . TA Instruments LLC
TA DMA Q800 Dual cantilever measuring clamp  (New Castle, DE,
USA)
. : 8 TIBCO Software Inc.
Statisticak  py 50 CA, USA)
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4 Results and discussion

4.1 Optimisation of the distribution of phosphorus compounds in
natural fabric - reinforced biocomposites

4.1.1 Introduction

Based on the literature, it can be concluded thaeauig a good balance of fire safety
and favourable mechanical properties is a severe challenge in the case of green composites;
the researchers in this field have to face the low thermal stability and candlewick effect of
natural fibres and compatibilitgsues as well.

This work investigates the flarretardancy possibilities of mullayered biocomposites
with PLA matrix layers and plaiwoven flax fabrics as reinforcement. Phosphdrased
compounds were applied both in the polymer matrix and on thacguof the reinforcing
natural fibres to eliminate their candlewick effect. AR#ed IFR additive was
incorporated into the matrix layers, while diammonium phosphate (DAP) was combined
with urea (U) to treat the natural fibres. This treatment aimedIiseutine PN synergism
and compensate for the reduced heat stability of the phosphorousréarded natural
fibres. To reach the optimal composition of flane¢éarded green composites and determine
the optimal distribution of fontaining compounds bedéen the matrix and the fibrous
carrier in terms of flammability and mechanical properties, various combinations of treated
fabrics and intumescent PLA systems were studied by followfingl 3actorial design.

4.1.2 Materials and methods

4.1.2.1 Materials

Ingeo02003D ype PLA matrix and Exolit AP462 IFR additive were used as FR matrix
material, and DAP and urea were used as théréding solution for the plain woven flax
fabric.

4.1.2.2 Preparation of flame -retarded PLA composites

Preparation of flame - retarded flax fabrics

For flameretardant treatment, the plain woven flax fabric was immersed in aqueous
solutions of DAP and U with different ratios and concentrations forir2at room
temperature. The excess of the treating solutions was removed by pressing the fabrics with
afoulard and then driedinanovenat80 f oh. 12

Preparation of flame - retarded PLA matrix films

The PLA was dried at 90 f ohrbefde processing, and200m t hi ck mat r i x
with increasing IFR contents (0, 5, 10, 15 andw2®) were produced by melt
compounding using a Labtech Scientific LTE-246 modular corotating twhscrew
extruder (temperature 17D90A C , r ot at npm)m@and sybsequent filmbextrusion
using a Labtech LCR 300 laboratory flat film line with the following pasters: screw
rotation speed: 22/min; extruder temperature profile from feed zone to die: 190, 195, 195,
200,and20AC, the temperature of dA€at whandgemg dip
151/min.
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Preparation of multilayered biocomposites

Multilayered flax fabric reinforced PLA composites were manufactured by laminating
5 matrix films and 4 woven flax fabrics by alternating the warp and weft directions. The
packages were haressed to form ghm-thick multilayer composites in a Teatime
Platen Pess 200E press setto 188 wunder a pMPe Brs2minutes. i 0.25
average reinforcement content of 45% was determined for the biocomposite plates by
measuring the actual mass of the used fabrics and the composite mass-gitesdiog.

4.1.2.3 Specific characterisation methods

UL-94 on fabrics

Reaction to fire of the flameetardanitreated flax fabrics was evaluated based on EN
ISO 119252 standard. The edges of vertically mounted fabric specimens with dimensions
of 90 mh we2eSeRposed to a 2dm gas flame for 3@, and the burnt length was
registered (average of 4 test specimens of each type). Dripping was not characteristic of the
measured fabrics.

Analytical measurements
Table13 Specific analytical conditions

Measuremen Instrument Specific value
TGA measurements TA Q5000 Temperature range: ‘2500 ;. raA@ln
N2 flow: 25 mL/min; platinum pans,
LOI FTT 2 mm thick composite samples and fabrics
UL-94 Chemical hood 2 mm thick composite samples
Mass Ipss cone ETT MLC Specimen size: 106m | rznlno amm2
calorimetry Heat flux: 50kW/m
Comparative static tensil: Zwick 2020 Speci men si zmam;Gauge n
tests length: 50mm

4.1.3 Results and discussion
4.1.3.1 Characterisation of flame -retardant -treated flax fabrics

Optimisation of DAP to U ratio

As a first step, the ratio of diammonium phosphate (DAP) as apcbaroting flame
retardant and urea (U) as a nitrogemtaining synergist in the treating solution was
optimised. For this pugse, the flax fabrics were immersed in aqueous solutions of
constant 2@v/V% concentration but containing different ratios of DAP and'ab{e14).
Theeffect of the relative concentration of DAP and U on flax's thermal decomposition and
flame retardancy was examined using TGA, vertical flame tests and LOI measurements.

The changes in initial degradation temperature, as measured by TGA in2the N
atmosphee, can be seen iRigurell (a) as a function of increasing DAP content in the
treating solution. As low asw/V% DAP (at 1:4 ratio) in the treating solution reduces the
initial degradation temperature of flax by 56 Furthermore, levwer b
degradation temperature was measduwhen the solution only contained #0/% DAP
(and no U). It has to be noted that the significantly reduced decomposition temperature of
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the 20w/V% DAP treated fabric (204 ) I's too close to the
temperature (185 ) , wh i c lavowably dause aomsiderable loss of the mechanical
properties.

Table14 Composition of the 20/V% agueous solutions used for fabric treatments
DAP : U ratio DAP concentration [w/V%]
0.0
4.0
5.0
6.7
10.0
13.3
15.0
16.0
20.0

AWNR|RR RO

OlR | RIRLRIFPINWAR

=

The decreasing function, however, shows a plateau betweshwA/% DAP
concentration, where the initial degradation temperature of treated flax fabrics varies
between 260 and 230. | n p areasiriglthe DAP ratim in the treating solution
increases the amount of char formed (as showigurell (b)). The chapromoting effect
most prevds up to 6.4/V% DAP concentration, at which 38% charred residue was
obtained and which did not increase considerably when the DAP to U ratio was raised
above 1:2.
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Figurell (a) Initial degradation temperature and (b) residual mass values of flax fabrics treated in
20w/V% agueous solutions with varying DAP and U ratio

Vertical flame tests and LOI measurements evaluated the open flame resistance of the
flame-retardantreatedflax fabrics. The results of vertical flame tests are summarised in
Table 15. It can be seen that the ntreated and uretreated fabrics completelyurned
during testing; U alone (20/V%) did not provide flame retardation. In contrast, DAP
alone (20w/V%) significantly reduced the charred length without generating-tidtere
or afterglow. When considering the results of the DAP and U containingisos, it can
be noticed that if the DAP concentration in the solution was higher than 5% (DAP : U =1
: 3), char lengths of about 46m were obtained, the same as by using DAP alone.
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Consequently, the effect of U in further reducing the char lengtlgigiiee, as also found
by Namet al. during vertical flame testing of DAP andtigdated greige cotton fabrics
[172].

Tablel5 Vertical flame test results of fl&dabricstreated il20 w/V% aqueous solutions with

varying DAP and Uatio
DAP:U ratio in the 20 w/V% Average char length after vertical flame test

fabric treating solution [mm]
0:0 >150
0:1 >150
1:1 a7
1:2 46
1:3 51
1:4 64
2:1 46
3:1 46
4:1 45
1:0 46

In Figure 12, the LOI values of flax fabrics are plotted as a function of the DAP
concentration of the DAP and U containing@¥/% treating solution. Thérend is the
opposite of the changes in the decomposition temperdtigeré11 (a)). The LOI values
increase almost linearly with DAP concentration, but a local maximum can be observed at
DAP to U ratio of 1:1, where an LOI of 38% was measu@athsidering the TGA and open
flame testing results, the DAP to U ratio of 1:1 was chosen imisgtthe fabriereating
solution further.
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Figurel12 LOI values of flax fabrics treated in 20 w/V&gueousolutions with varying DAP and
U ratio

Namely, at this ratio, the thermal decomposition temperature of flax remained,243
the achievable amount of charred residue is closely maximised (38%), and the observed
local maximum of the LOI value plots can be utilised. This DAP to U ratio in the solution
means a P to N atom ratio of about 1 to 3 on the surface of the fabrich, isvlaiavelt
proven P to N atom ratio for the flametardant treatment of other cellulosic substrates
such as cottofl92].
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Optimisation of the concentration of the fabric treating solution

As a second step, the concentration of the fabric treatingsokantaining DAP and
U with a 1:1 ratio (marked as DAP/U hereinafter) was optimised regarding the thermal
degradation and flameetardant properties of the treated flax fabriigure13 (a) shows
the noticeable drop (about56) of t he i niti al degradati on
treatment in 5v/V% DAP/U solution. With further increase of the solution concentration,
only a slight reduction ofhe decomposition temperature is observable. Based on these
results, it was concluded that regarding thermal stability, the ratio of DAP and U has a more
significant effect than the concentration of the treating solutiom/\3% DAP in the
solution lead¢o an about56 r educti on of the decompositi
DAP concentrations, the addition of U (by keeping the P to N atom ratio of about 1:3)
effectively protects the fabric from further destabilisation.

However, the amount ofharred residue obtained at 500 dur i ng TGA sho
saturation curve as a function of increasing DAP/U solution concentr&igur¢ 13 (b)).
The regdue of 18% remained from the ntreated flax fabric, which increased to as much
as 36% when the fabric was treated in the\8% solutions of DAP/U. Further noticeable
increment in the amount of char, however, cannot be achieved by a further incrisase of
DAP/U concentration of the treating solution. Up to the examined concentration level

(20w/V% DAP/U), about 38% seems to be the maximum achievable amount of solid
residue.
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Figurel3(a) Initial degradation temperature and (b) residual mass values of flax fabrics treated in
solutions with increasing concentrations of DAP/U

The charred lengths measured after vertical flame tests and the LOI values of the flax
fabricstreatedin solutins with increasing DAP/U concentration are showit aible 16.
Accordingly, the treating solution needs to contain at least/¥® DAP/U (i.e. 5w/V%
DAP) to avoid complete burning. Further increase of solution concentration does not
provide a noticeable improvement in the performance during the vertical flaméntest.
contrast, the LOI values of the flax fabrics increase linearly with the DAP/U concentration
of the treating solution, at least up to the examined level @f/206. Close to 1% higher
LOI value can be reached by increasing the DAP/U concentrationdy%. However,
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the increment of LOI is accompanied by a decrease in the initial decomposition
temperature, as presentedHFigure 13 (a). Therefore, theconcentration of the treating
solution needs to be optimised by finding a balance between thermal stability and flame
retardancy suited for the targeted application and processing conditions.

Tablel6 Vertical flame test results driLOl values of flax fabrics treaten solutions with
increasing concentrations of DAP/U

DAP/U_ conce_ntration _ Averag(_e char length after LOI
of the fabric-treating solution vertical flame test
[w/V%] [mm] [%0]
0 >150 20
5 >150 25
10 49 30
15 45 34
20 47 38
4.1.3.2 Characterisation of flame -retarded PLA matrix films
TGAcurvesof200®m t hi ck PLA matrix films with in
in Figure14. Compared to the neat PLA film, the decomposition of the-d&Raining
films starts at a 40 | ower temperatur e. However, t h

influence further processing or @jability of the flameretarded films. The used IFR
additive effectively promoted the charring of PLA; with increasing IFR contents, the

amount of charred residue (obtained at 500 i ncreased proporti one
Figurel4.
100

14.8% PLA+20% IFR
11.4% PLA+15% IFR

80 7.7% PLA+10% IFR
3.1% PLA+5%IFR
0.

— 60 0.0% PLA
=
f—j‘ 40
2

20

0
300 350 400 450 500

Temperature [°C]
Figure14 TGA curvesof PLA films with increasing IFR content

Also, a linear increment of LOI values of the PLA films was measured as a funttion
IFR content Figurel5b).

According to the linear fit equation (Equation 3):

00D T 00YC R A3)

by increasing the amount of IFR additive bw®%, the LOI increases by 2%. In summary,
it was concluded that in the examined range of IFR conte2d (@%), linear composition
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property correlation of the PLA films could bepexted, at least regarding the residue and
flammability represented by LOI.
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Figure15LOI value as a function of IFR content in the PLA matrix films
4.1.3.3 Optimisation of multilayered biocomposites

Mechanical test of the fibres

Before composite preparation, the effect of DAP/U treatment on the mechanical
performance of the reinforcing fabrics was investigated by performing strip tensile tests.
To simulate the effect of heat exposure during composite preparation, the strip tensile
strength of fabrics after heat treatment at 185 f onrin inban oven was also evaluated.

It has to be noted that since these conditions do not exactly represent the actual temperature,
duration and pressure of kptessing, the obtained results canretyectly used to predict

the mechanical performance of the fabrics used as composite reinforcements. It can be seen
in Figure 16 that the flameaetadanttreatment of the fabrics caused a noticeable
deterioration of the mechanical performance. Reduction of 20 and 30% in the strip tensile
strength was detected after immersing the flax fabrics in 10 and\2® solution of

DAP/U, respectively, likely deito the acietatalysed degradation of structural cellulose.

140

mnon-treated

120 I heat-treated at 185°C for 5 min
100
80 I
60 I
40
20
0

Strip tensile strength [MPa]

Neat fabric 10 w/V% DAPU 20 w/V% DAPU
Figure 16 Strip tensile strength of neat and flame¢ardantreated fabrics before and after heat
treatment
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This property loss was accelerated at elevated temperafteeheat treatment, 12%
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lower strip tensile strength was measured for the flegterdantreated fabrics at both

examined DAP/U concentrations. While heat treatment at 185d i d

not i

mechanical performance of the nveated fabric, the singth of the 2@v/V% DAP/U
solutiontreated fabric after heat processing reduced to approximately half that of the neat

fabric. Based on these results, noticeably reduced reinforcing efficiency can be expected

when flameretardantreated fabrics are used composite constituents.

Composition of the composite samples

nfl

In order to optimise the flameetardant distribution between the fibrous carrier and the
polymer matrix, multilayered composites consisting of flax fabrics and PLA films were
produced by varying the amount of the phosphtwased flame retardants between the two
phases based on &factorial designKFigure17). In the design space, the reinforcing flax
fabrics were either neat or treated in 10 om20% solutions of DAP/U, while the IFR
content of the PLA matrix was 0, 10 and20%, respectively. Hereinaftei)X marks the

DAP/U concentration of the flax falortreating solutionandmXmarks the IFR content of

the matrix films.

IFR [wt%]

20 ° ° °
fo_m20  f10 m20 20 m20
1 0 = L] L] o
f0 m10  flI0 ml0 20 ml0
04 ° ° °
f0_mo f10 mo 20 mo
T T T
0 10 20
DAPU [w/V%]

Figurel7 The thredevel design with 2 factors for the sample preparation

UL- 94 results of the composite samples

The UL-94 ratings of the flameetarded bioomposites are shownrablel7. It can be
seen in the first column that the FR content introduced through fabric treatment is
insufficient to achieg a better UL94 rating than HB. The additivieee PLA layers burn
out with noticeable flame and intensive dripping independently of the FR content of the

flax fabrics. On the other hand, as seen in the first row2aating was reached when non

treatedfabrics were combined with 20t% IFR containing PLA films. Without fibre
reinforcement, about 20t% IFR would be sufficient to reach a0/rating[193]. However,
in these multlayered composites, the harmful candlewick effect of natural fabrics [sevai

and thus, the U194 rating of the biocomposites composed of-treated fabrics and PLA

films with 20wt% IFR content remains-¥.
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In contrast, when the flax fabrics were treated iwl\?% DAP/U solution, the UL94
classification increased from HB Y62 and /2 to V-0 when combined with 1@t% IFR
and 20wt% IFR containing films, respectively. This means that immersion w/¥006
DAP/U solution effectively eliminates the candlewick effect of flax fabrics used as
reinforcements in PLAased biocomposs. Nevertheless, the-¥ rating was only
achieved when 2@1t% IFR was used in the PLA matrix layers.

Tablel7 UL-94 rating of flameretarded biocomposites

film

P 0 Wt% IFR 10 W% IFR 20 W% IFR
0 W/\V% DAP/U 7 n'jrﬁ/min) HB () V-2
10 W% DAP/U a7 He i) V-2 V-0
20 W% DAP/U 16 He i) V-2 V-0

LOI results of the composites

LOI values of the biocomposites are summarisedable 18. An LOI of 22% was
measured for the netmeated biocomposite, which increased by 5% when only the
reinforcing fabrics were flameetardanttreated in 2Qv/V% DAP/U solution. A much
more significant increase of the LOI ualof 15% was reached when the matrix films were
loaded with 2@wt% IFR (by introducing a higher amount of P in this case), and the flax
fabrics were used as received. When considering the LOI values of the biocomposites
containing P compounds in both pbessit can be found that the measured LOI values are,
in some cases (marked with * symbols), higher than expected based on the sum of the LOI
increments reached by modifying only one constituent. This observation suggests a positive
interaction between thgvo flameretardanttreated composite constituents. It is proposed
that the charred fabric layers act as char stabilizing frames and enhance the structural
integrity of the protecting carbonaceous foam.

Table18LOI values of flameretarded biocompaosites

f;'gﬂc 0 wit% IFR 10 wt% IFR 20 Wt% IFR
0 w/\V% DAP/U 22 28 37
10 wV% DAP/U 24 32 39
20 w/V% DAP/U 27 32 45+

*values are higher than expected based on the sum of the LOI increments reaciostifying
only one constituent

Cone calorimetric tests of the composites

Cone calorimeter tests were performed to analyse the combustion behaviour of the
flameretarded biocomposites. The effects of the executed ftataedant modifications
on the heat ftease rate curves of the composites can be sdégune18.

For better visibility, only the corner points and the centre point of the design teslplo
It can be seen that the shortest time to ignition valus)t8rresponds to the additiree
biocomposite (f0O_m0), and both the addition of IFR to the matrix layers and the treatment
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of fabrics in DAP/U solution result in a shift of ignition timEhe ignition time of the
biocomposite with high flameetardant content in both phases (f20_m20) shifted to even
99s. It can also be observed that both the DAP/U treatment of the reinforcing fabrics and
the incorporation of IFR additive in the PLA matfibms effectively reduced the peak of
heat released rate and prolonged the combustion time. The bestrdlantant
performance was achieved when the combined fleeteedancy approach was
implemented, i.e. in the case of f10_m10 and f20_m20 samples.
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Figure18 Heat release rate curves of the flaratarded biocompositeB{marks the DAP/U
concentration of the flax fabric treating solution, amdmarks the IFR content of the matrix
films)

The charred residues obtained after tone calorimeter tests are showrrigure 19,
and the measured residual mass values are also indicated. It can be seen that without
modification, the biocomposite burned almost completely, and only some grey ashes of the
flax fabrics renained in the sample holder. When only the fabrics were flataedant
treated (f20_m0), the matrix films burnt out entirely, and only the shrunk, charred fabric
layers remained, indicating that the flanetardantreated fabrics do not affect the
combusion of the adjacent PLA films.

Figure19 Charred residues obtainaftercone calorimeter tes(6X marks the DAP/U
concentration of the flax fabric treating solution, am{l marks the IFR content of the matrix
films)

: 7 aa

In contrast, when IFRcontaining PLA films were layered with neat flax fabrics
(fo_m20), the charring of the cellulosic fabrics is also evident, together with the charred
residue remaining from the flanmetarded matrix layers. Based on this observation, the
interaction between the layers was assumed; namely, the degradation products of the IFR
embedded in the matrix actively promoted the charring of the flax fabrics as well. A
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noticeable amount of compact charred residues were obtained when both constituents were
flameretardantreated (f10_m10 and f20_m20). Notably, 28% residue remained from
the f20_m20 sample, more than the sum (18.3 w%) of the residual masses obtained from
the f20_mO0 and fO_m20 samples, which also indicates positive interaction between the
flameretardanttreated components.

To investigate the suspected interaction and to better analyse the contribution of the
flame-retardant treatment of the constituents to the complex ffataedant performance
of the composites, the evolution of the peakeat release rate (pHRR) and the total heat
release (THR) values were plotted with the fitted response suRaped€20 (a) and (b)).
The IFR addion to the matrix layers reduces the pHRR and THR values more effectively
than the DAP/U treatment of the flax fabrics. This is not surprising as a noticeably higher
amount of FR active components, such as P atoms, can be introduced by incorporating
theminto the matrix than by fixing them on the surface of the reinforcement.
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FigureZO(Q)uadratic model response surface for (a) pHRR and (b) THR

Nevertheless, the curvature of the pHRR response sufaped 20 (a)) can be seen
when both constituents are flarretardanttreated, indicating a positive correlation
between the two factors. This meanatttower pHRR values are achievable when the
combined flameaetardancy approach is applied than the sum of the pHRR, reducing the
effect of the flameetardant treatment of the single constituents. Basdeigure 20 (a),
the pHRR of the biocomposites gradually decreases with the IFR content of the matrix
films; however, to achieve the best performance,dbncentration of the fabric treating
DAP/U solution does not need to be increased above\I% as the saturated fibre cannot
absorb more FR. The charred flax fabric layers are proposed to enhance the carbonaceous
foam structure's thermal and mechangtability, thus preserving its barrier function for
longer. However, according tigure20 (b), no relationship between the flaretardant
treatment®f the two phases appears in THR values. Consequently, the distribution of the
FR additives influences only the ignitability and the dynamics of the burning, but these
differences are compensated by the end of combustion.
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Tensile strength of the composite s

Figure21 (a) depictghe tensile strength of the flamnetarded biocomposites. Beyond
the expected slight decreasing effect of IFR and quadragctedf the flameaetardant
treating solution of the flax fabrics on the tensile strength of the biocomposites (in
accordance with the strip tensile test results of the DAR{ated fabrics shown irigure
16), significant curvature of the response surface fitted on the tensile strength data can be
observed. The data were statistically testet Statistic& software and there is sufficient
evidence to conclude that a considerable relationship exists between IFR content and

DAP/U concentration because the interaction effect was close to signifipant (
value=0.198).
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Figure21 Quadratic model response @agé¢ for (a) tensile strength and (b) tensile modulus

This newly described relationship means that better mechanical performance can be
achieved when the DAP/U treated fabrics are combined withld&&ed matrix films
instead of neat PLA layers, even thoulgd FR treatment of fabrics and the IFR loading of
matrix layers alone reduce the strength of the reinforcements and composites, respectively.
Similarly, improved mechanical performance was observed in our research group when
phosphorousilane (PSibtreated chopped flax fibres were embedded into PLA/glyeerol
phosphate modified thermoplastic starch (PLA/G¥S) blends[119] and also when
phosphorudreated flax fibres were combined with phosphearastaining epoxy resin
[194]. This is always a fortume hit since the flameetardant properties also improve when
the amount of additives increases and the combined ftatasdancy approach is applied.
These better interfacial interactions explain the positive interaction betwedlartiee

retardanttreated constituents between the two phosptiatged phases, providing better
load transfer to the fibres.

Even though the tensile modulus is less sensitive to therfibtex interactions, a
similar effect can be found when considerihg modulus data presentedrigure21 (b).
It can be seen that the 2@% IFR content of the matrix films increases the modulus of the
biocompositesby 20% when combined with ndreated fabrics. Still, the increment
compared to the composite with @0v% DAP/U treated fabrics reaches even 70% when
20wt% IFR is added to that one. As a result, the modulus of the biocomposite with the
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highest flameretadant loading (ko meo= 5 . 4 8GPH) is@nlybarely lower than that
of the neat biocompositefEno= 6 . 0 GRh). Accadding to these observations, it was
concluded that the combined flasretardancy approach is beneficial from a mechanical
point of view.

SEM micrographs were taken from the cryogenic fracture surfaces to investigate the
fibre-matrix adhesion in the composites with various flaetardant compositions. In
Figure22, the proper embedding of the nveated flax yarns can be seen by the additive
free (f0_mO) and IFRoaded PLA matrix (f0O_m20) alike.
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Figure22 SEM micrographs taken from the fracture surface of the fleetaded biocomposites
(fX'marks the IFR content of the matrix films, ankmarks the DAP/U concentration of the flax
fabric treating solution)

However, when DAP/U treated flax fabrics were tomed with additivefree PLA
layers, noticeable fibrenatrix debonding can be observed (f20_mO0). The poor-fiatrix
adhesion can be responsible for the apparent deterioration of the mechanical properties of
this composite. Nevertheless, when DAP/U wdafabrics were layered with IFR
containing PLA films (f10_m10 and f20_m20), better interfacial interaction was revealed
during SEM imaging. This observation confirms the conclusions drawn based on the static
tensile test results. Namely, better interfamgeraction plays a key role in the improved
mechanical performance achieved in the case of the biocomposites in which phosphates are
present both in the fibre and matrix phases.

4.1.4 Conclusions

Compositionproperty correlations were analysed in flax falvemforced PLA
composites flame retarded with phosphecastaining compounds by systematically
varying their distribution between the phases using experimental design. Several
flammability features, such as LOI, TTI, pHRR, and residual mass obtainec:arfier
calorimeter tests revealed positive interaction between the -fletaelantreated
composite constituents, meaning that better flagt@rdant performance was reached when
the combined flameetardancy approach was applied than one would expeat bagbe
flammability features of the single constituents. Also, th@ Nating, according to the UL
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94 standard, was only achieved when both constituents (i.e. matrix and reinforcement) were
flame-retardanttreated. The reinforcing fabric can act as artabilizing frame if it is
charred. The volatile phosphorous compounds, originating from the matrix layers, can
initiate fibres' charring under the cone heater. Still, in the case of vertical tests, the
candlewick effect can only be eliminated by prehiary treatment. Increasing the
concentration of the treating solution aboven¥% DAP/U (7.5%DAP) is ineffective

as the saturated fibre cannot absorb more FR in its internal space.

Furthermore, the positive relationship between the flesterdanttreatd constituents
was evinced by analysis of variance (ANOVA) of the tensile strength data of the flame
retarded biocomposites with varying compositions as well. The improved mechanical
performance of the biocomposites, flame retarded with a combined ajppioeagplained
by the better interfacial interaction provided by the phosphates being present both in the
fibre and matrix phase. This interaction, which needs further investigation, can probably
be attributed to the fact that the increased surface resghof the fibres after acidic
treatment with DAP (i.e. phosphoric acid generated from the thermal decomposition of
DAP) can result in an anchoring effect only if the viscosity of PLA is decreased due to the
presence of APP (as reported previously by rebeas[29]).

In conclusion, | found that the distribution of flametardant components between the
phases (i.e. on the surface of the reinforcing fibres and incorporated into the polymer
matrix) affects the flammability and mechanical properties afdigposites. A combined
approach is recommended for flame retardancy of biocomposites since when the
phosphorusontaining species are present both on the surface of the reinforcing flax fabrics
and in the biodegradable matrix material, then the fire eggistincreases to a greater
extent, and their mechani cal characteri st
improve significantly compared to systems containing flaet@rdant in only one phase.
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4.2 Investigation of the effect of cellulose fibre length o n the
efficiency of an intumescent flame -retardant system

4.2.1 Introduction

Previous studies have focused on how a single or a pair of cellulose fibre sizes affect the
performance of a flameetardant system. However, the optimal range or the threshold of
the ibre size has not been thoroughly investigated. Therefore, this study investigated the
effects of the length of micrsized neat and FReated cellulose particles in an intumescent
flame-retardant system in PLA matrix. This research aimed to determirfbbtadength,
which enforces the candlewick effect and which fibre length can advantageously affect the
barrier properties of the intumescent carbonaceous layer.

4.2.2 Materials and Methods

4.2.2.1 Materials

The PLA matrix was Ingeo 4032D type. For melamine polyphdspihaPP), BUDIT
341 was used as a base flamtardant. The trade names, length and width data of the used
cellulose fibres can be foundTrable19. For flameretardant surface treatment (FR) of the
cellulose fibres, diammonium phosphate (DAP) and urea (U) solution was used.

Table19 The trade names, average fibre lengths and thicknesses of the applied cellulose fibres.
The samfe names were given based on their average lengths

Additive Length Thickness Aspect ratio [- Surfaceto-volume
name [ € m] [ € m] ] ratio
Cc8 8 2 4 2.25
C30 30 18 1.6 0.29
C60 60 20 3 0.23
C300 300 20 15 0.21

4.2.2.2 Preparation of flame -retarded PLA composites

Flame- retardant treatment of the cellulose fibres

For flameretardant treatment, the cellulose fibres were immersed in the aqueous
solution of DAP/U with a ratio of 1:1, a concentration of 10 w/V%, for 10 minutes. The
composition of the treatingolution was determined based on the results of the above
mentioned research study (see seclidih After the soaking, the fibres were filtered and
dried overnight at 8& C . The fibres stuck together due
were ground manually before compounding.

Internal m ixer compounding

The flameretarded PLA composites were mixed in a Brabender Flastier Lab
Station internal mixer. Before mixing, all the components were dried AtG0 f or 6 h o u
For the compounding procedure, the chamber temperature wds@85rotortsgeed was
50rpm, and the total mixing time washiinutes. First, the PLA granules were mixed until
fully melted, and then the additives were added. For reference materials, neat PLA and only
MPP-containing PLA samples were prepardable 20 shows the composition of the
manufactured PLA composites.
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Sample moulding

The meltmixed materials were hqiressed into plates using a Tedghe Platen Pres
200E type heated hydraulic press. The mixed materials were dried overnigh& & 70a n d
thenhotpr e s s ed i n mi’Gtéel mouldsOTBen, lthe Blates were compressed for
Aminutesat188 C wi t h the gradual @dagandinalpaooledf pr e s
to50AC under pr es s u-Bdeflammabiliy tedt §pecimans derelbhtained
by cutting the plates with a saw.

Table20 Formulations of the PLAompositesn the experiments
Sample name PLA [wt%] MPP [wt%] Cellulose type Cellulose [wt%o]

For fibre quantity experiments

PLA 100 - - -

PLA+MPP 85 15 - -

PLA+MPP+5%C300 80 15 C300 5
PLA+MPP+10%C30C 75 15 C300 10
PLA+MPP+15%C30C 70 15 C300 15

For fibre length experiments

PLA 100 - - -

PLA+MPP 85 15 - -
PLA+MPP+C8 75 15 C8 10
PLA+MPP+C30 75 15 C30 10
PLA+MPP+C60 75 15 C60 10
PLA+MPP+C300 75 15 C300 10
PLA+MPP+FRC8 75 15 FR-C8 10
PLA+MPP+FRC30 75 15 FR-C30 10
PLA+MPP+FRC60 75 15 FR-C60 10
PLA+MPP+FRC300 75 15 FR-C300 10

4.2.2.3 Specific characterisation methods

Analytical measurements
Table21 Specific analyticatonditions

Measurement  Instrument Specific value
TGA TA Temperature range: RFOOAC; r AClkmi d
Q5000 , o :
measurements N2 flow: 25 mL/min; platinum pans,
LOI FTT 3 mm thick composite samples
UL-94 Cm%rgijcal 3 mm thick composite samples
Mass loss cone Speci men si ze: 1@ mm
calorimetry FTTMLC Heat flux: 35kW/m?
exposure time: 66; spectral range 802000 cn;
Raman LabRAM resolution Zm, background correction and normalisatic
spectroscopy of the spectra, deconvolution with BWF and Lorentzian |

pair[195] for with Origin software
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4.2.3 Results and discussion

4.2.3.1 Investigation of the effect of fibre quantity

Composite samples were prepared with 15% MPP and 5, 10 and 15% additive C300,
the longesfibre-length cellulose, to find the optimal composition where the cellulosic
fibres contribute the best to the fipeotective effectiveness of the carbonaceous layer.

TGA results of the fibre quantity experiment

The C300 type cellulose containing PLA composites were analysed in TGA. The
recorded thermograms are presented Figure 23, while the obtained thermal
characteristics are presentedTiable 22. As expectedcellulose fibres decreased the
thermal stability of the PLA composites due to the early depolymerisation and the thermal
cleavage of polysaccharides in the cellulose by transglycosylation at aboMtQEIEEB).

The TGA results also indicate that cellsgoaddition results in increased char yields. In this
respect, the highest cellulose content (15%) is the most beneficial, but in terms of initial
decomposition temperature, less cellulose could be suitable since the decomposition of
MPP starts around 359 C .
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Figure23 TGA results of the C300 containing PLA samples

Table22 TGA results of the composite samples with different neat cellulose content
TOnset Tmax degr Slopemax degr ReSIdUE@GOOA C

Sample name

[ AC [AC [ %/ AC [%]

PLA 344 368 2.74 0.6
PLA+MPP 334 353 2.80 11.7
PLA+MPP+5%C300 330 350 2.73 14.0
PLA+MPP+10%C30C 329 348 2.62 14.9
PLA+MPP+15%C30C 325 343 2.43 17.0

Limiting oxygen index values of the composite samples

Even thoughthe cellulose fibre addition increases the char yield based on the TGA
results Figure23), the flammability of these composites slightly increasedeféected by
the measured LOI values shown Table 23. The lower LOI values of the cellulose
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containing composites compared to that of the PLA+MPhkpgacan be explained by the
candlewick effect of the natural fibrgkl9, 179] The cellulose fibres have higher thermal

Results and discussion

conductivity compared to the PLA, and thus, they can transmit heat below the burning

region and speed flammable mass tolihening area, resulting in the candlewick effect.

Nevertheless, the amount of cellulose added (at least in the rangd5%bdid not
significantly affect the LOI results.

Table23 LOI values of the composite samples with differimeat cellulose content

Sample LOI [%]
PLA 21.0
PLA+MPP 27.0
PLA+MPP+5%C300 25.0
PLA+MPP+10%C30C 25.0
PLA+MPP+15%C30C 25.5

Mass loss cone calorimetry results

The PLA composites with increasing cellulose (C300) contents were also characterised
by MLC. The recorded heat release rate curves are presentegduie 24, while the
corresponding combustion characteristics are summariseabie 24. It can be seen that
the presence of cellulose shortens the TTI of the PLA composites, which is attributed to the
early decomposition of cellulose at around 20196], as also indicated by the TGA

results Figure 23). Also, longer burning times were measured for all the cellulose

containing samples, likely because the cellulose fibres are prone to glow.
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Figure24 Heat rekase rate curves of the samples with different neat cellulose content

To evaluate the effect of the different cellulose fibre quantities, analysis of variance
(ANOVA) was performed with StatistifEasoftware. These results indicated that the

quantity of theadded cellulose significantly influenced the pHRR valuesalpe =
0.01337, significance level: 5%). Making ptsib c

Significant Difference (LSD) test, it was confirmed with a pairwise comparison that the 10
and 15% C30-containing samples significantly differ from the PLA+MPP and the 5%

investigations
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cellulosec ont ai ning sampl e. However, the differ
pPHRR values was insignificant.

Based on the MLC results, the formation of thecsa | | e 4b o i d &raciire, as
proposed byHorrocks [95], could be observed. This finding indicates that a sufficient
amount of cellulose fibre can effectively improve the physical integrity and barrier
characteristics of the carbonaceous layer formed by MPP, wheetested by the reduced
pPHRR values of the composites at 10 and 15 wt% cellulose contents. At 5% cellulose,
however, this effect cannot prevail yet, and the smaller amount of cellulose fibres was
found to degrade the char structure, accompanied by indrp&§¢R and THR values and
the reduced mass of ¢ o mbbuosntdieodndo rsetsriudcuteu.r eB e:
10% C300 fibre content. However, adding 5% more cellulose (10% to 15%) did not
improve the properties on this scale. Therefore, based ea taa and the TGA results,
10% celluloseontentwas chosen for further experiments.

Table24 Average mass loss cone calorimetry results of the composite samples with different neat
cellulose content

PHRR tovrr THR  tign traming Residue @flame out

Sample name

[ KW/ 1 [s] [ MI/ [s] I[s] [%]
PLA 392 225 64 93 233 2.3
PLA+MPP 245 233 58 54 280 12.4
PLA+MPP+5%C300 267 182 64 36 349 9.3
PLA+MPP+10%C300 192 197 59 44 342 15.8
PLA+MPP+15%C30C 194 232 54 44 310 18.8

4.2.3.2 Characterisation of the cellulose fibres

The cellulose fibres, differing in fibre length, were used in neaF&atleated forms in
the PLA composites. Before incorporation, the fibres were characterised by morphological,
spectroscopic and thermal analyses.

FTIR analysis

ATR-FTIR spectra collected on the FReated cellulose fibres confirmed the presence
of FR active compounds on the surface Rigure25, the presence of urea is confirmed as
the twin peaks of a broad band at 3200 to 3666 and also at 160A.650 cm from N-H
group stretching vibrations, as well as the absorption band for the C=0 group a&tri700
1 and the GN asymmetric stretching at 148#4v! appear in the spectra of the fiRated
cellulose fibres. The shoulder at 32#@* corresponds to 81N-H vibration in NH, and
indicates the presence of DAP on the surface of the treated fibres.
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Figure25 ATR-FTIR spectra of C8 and C300 before and afteitfé&tment
SEM analysis

Intensity [a.u]

The surface of the cellulose fibres was examined in SEM before and after the FR
treatment. Images obtained from the neat and treated fibres with an average length of 8
(C8and30®m ( C300) hkigue26Aharasult ofitha FR treatment, the surface
of the cellulose fibres appears slightly rougher compared to the untreated one.

1gku

FR-C300

(d)
Figure26 SEM images of the (a) Untreated C8 additive; (bjtFeRated C8 additive ; (c) untreated
C300 additive; (d) FRreated C300 additive
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TGA curves of the cellulose fibres

TGA thermograms of the neat and-Eeated cellulose fibres, mainly differing in length,
were taken, and the thermal characteristics are summariSedl®25. It is apparent that
the FR treatment dramatically increased the mass of charred residue obtained & 600
This is attributed to the effective dehydration of cellulose by the phospbontgining
fire retardant (DAP) that leads to water releasghanced char formation and reduced
amount of flammable gases. Furthermore, the FR treatment reduced the dehydration
temperature of the cellulosic fibres by approximately 18DA C . Based on 't he
dehydration temperature of cellulose against the position of the neat polymer, the
improved fire retardancy of FReated celluloseontaining PLA composites could be
expected182]. Considering the effect of fibre length, in the case of neat cellulose fibres,
the longer fibres yield more residues GAOA C . This effect di sapp
treatment; therefore, no clear trend can be identified. For the untreated C8 fibre, the slightly
lower onset temperature and residual weight could be attributed to the effect of specific
chemicals (or their remias) used in fine fibre production.

Table25 TGA measuremerdata of the untreated and fiRReated cellulose additives
TOnset Tmax degr Slopenax degr RESIdue@GOOA C

Additive name

[ AC [AC [ %/ Ac [%]

8 313 336 2.49 2.5
C30 325 352 2.04 8.3
C60 316 349 1.71 10.4
C300 324 353 2.04 9.6
FR-CS8 236 263 1.09 35.7
FR-C30 242 273 1.12 34.4
FR-C60 236 274 0.91 33.9
FRC300 225 262 0.76 36.7

4.2.3.3 Investigation of the effect of cellulose fibre length

Based on the results of tfibre quantity experiments, besides the 15% MPP, the neat
and FRtreated cellulose loading level of 10% was chosen to be used in the experiments
where the effects of the cellulose fibre length were investigated and evaluated in the PLA

TGA of the PLA compaites with different cellulose fibre length

As shown inFigure 27 and Table 26, the decomposition of the cellulesentaining
composites starts at lower temperatures than those of pure PLA and PLA+MPP. The weight
loss occurring between 200and 3@ can be attri buted $eo t he
fibres and their interaction with MPP, accompanied by the generation dfamamable
gases and char formation. This decomposition step shifted to even lower temperatures when
FR-treated cellulose fibres were used.
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Figure27 TGA curves of the composites with (a) untreated cellulose additives and-tb@d&d
cellulose additives; and the DTG curves of the (c) untreated cellulose additives andreBtER
cellulose additives

The second dernposition step in the temperature range of 310to380 i s wher e
decomposition of PLA and MPP takes place, while the third decomposition step
corresponds to the thermal degradation of the Tharslightly increased amount of charred
residue obtairegfor the PLA composites with the RiReated cellulose, compared to those
with the untreated fibres, is also associated with -eatdlysed, lowtemperature
dehydration182]. In TGA, the length of the cellulose fibres did not noticeably affect the
thermal decomposition behaviour of the composites.
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Table26 TGA results of theeompositesamples with differing cellulod#re length

Taenyar SIOinehydr Tonset T max degr Slopenaxdegr ggglgzec

Sample : ; ; ; )
[ AC [ %/ A [ AC [ AC [ %/ AC [%]
PLA - - 344 368 2.74 0.6
PLA+MPP - - 332 351 2.64 12.1
PLA+MPP+C8 286 0.25 328 346 2.64 16.3
PLA+MPP+C30 282 0.20 328 346 2.70 16.8
PLA+MPP+C60 280 0.17 327 347 2.62 16.1
PLA+MPP+C300 288 0.19 329 348 2.62 14.9
PLA+MPP+FRCS8 263 0.12 329 347 2.67 17.0
PLA+MPP+FRC30 272 0.11 328 346 2.72 16.8
PLA+MPP+FRC60 270 0.10 328 347 2.64 17.0
PLA+MPP+FRC300 271 0.10 330 348 2.66 16.8

LOI and UL94 of the PLA composites with different cellulose fibre length

Flammability test results of the cellulesentaining PLA composites are presented in
Table27. At 15% MPP and 10% cellulose content, independentiy fihe FR treatment,
flaming dripping occurred during vertical burning. A better classification th&ncduld
not be reached in the U84 test due to the candlewick effect and the high flammability of
the cellulose fibres. The applied FR treatment cooldcompletely eliminate the heat and
flame transmission along the fibres. It must be noted that the interfacial adhesion between
the flame retardant, the fibre and the polymer also influences the -feaardant
performance. The FReatment of thdibres often hinders the fibmmatrix interaction,
adversely affecting flameetardant propertigd 79, 183] The weaker interfacial bonding
between the FRreated fibres and the PLA matrix is proposed to be more pronounced when
shorter, higksurfacearea fibres are used. Namely, when the C8 fibre was used in FR
treated form, the LOI value of the PLA composite even reduced compared to the neat form
(from 27.5% to 26.5%), while in the case of larger fibre size, thér&®ment imparted
higher LOI valuesd the composites.

Table27 LOI and UL-94 test results of the composite sampléh differing cellulosdibre
length

Sample LOI [%] UL-94 Sample LOI [%] UL-94
PLA 20.5 HB PLA+MPP 27 V2
PLA+MPP+C8 27.5 V2 PLA+MPP+FRC8 26.5 V2
PLA+MPP+C30  26.0 V2 PLA+MPP+FRC30 26.5 V2
PLA+MPP+C60  26.0 V2 PLA+MPP+FRC60 26.5 V2
PLA+MPP+C300 255 V2 PLA+MPP+FRC300 255 V2

Besides, as a function of increasing cellulose fibre length, a decreasing tendency of the
LOI values among the PLA composites was observed that may be attributed to the fibre
length (and alignment) dependence of the candlewick effect; the longer fibiearsanit
the heat more effectively below the burning zone. However, this trend became less apparent
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when the cellulose fibres were used in-fF&ated form, indicating that the FR treatment
reduced the flame transmission along the fibres. In the casee dbrilgest C30@ype
cellulose, the FR treatment was insufficient to overcome the candlewick effect and could
not improve the flame retardancy of the composite. This was also confirmed by the fact
that in the case of FR8, the 3minute LOI condition was ntdirst, while in the case of

the longer fibres, the 5 cm length condition was fulfilled first.

Mass loss cone calorimetry results of the PLA composites with differing cellulose
fibre length

Heat release rate curves recorded during the mass loss caloriestéeof the PLA
composites are presentedRigure 28, while the combustion characteristics are given in
Table28. The shape of the HRR aus of the celluloseontaining composites is typical
for thick charring materialgl97]. It is apparent that the longer cellulose fibres (C60 and
C300) are more effective in flattening the HRR curves and reducing the pHRR values
(Table28). It is proposed that longer fibres can have a reinforcing effect on the intumescent
char, thereby improving the compactness and both the thermal and mechaniligl aitab
the fireprotecting layer. According tbable28, the cellulose fibre length does not seem to
have much effect on the THR of the compositamil&r conclusions were drawn by
Ghazzawieet al.[198], who found a negligible effect of the fibre length of fibres with low
thermal conductivity on the fire performance of floeenforced polymer composites.

The FR treatment of the cellulosic fibresutted in a slight increase in the peak heat
release rate values of the composites. However, it increased the time to ignition, noticeably
shortened the combustion time and reduced the total heat emission dablel28). The
improved barrier characteristics of the corresponding chars are attributed to two factors: 1)
The phosphorusduced dehydration of the cellulose fibres that produce a suladtanti
amount of water and char. 2) The beneficial interaction between the carbonaceous structure
of cellulose and the intumescent char.
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Figure28 Heat release rate curves of the composites with (a) untreated cellulose additive; (b) FR
treated cellulose additives
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Table28 Average mass loss calorimetric results of the PLA composite samples with different

cellulose fibre lenth
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pHRR tovrr  THR  tign traming Residue @flame out
Sample name

[ kW/ 1 [s] [ MJ/ [s] [s] [%]
PLA 392 225 64 93 325 2.3
PLA+MPP 245 233 58 54 334 12.4
PLA+MPP+C8 205 216 55 43 380 13.6
PLA+MPP+C30 187 168 50 44 330 16.3
PLA+MPP+C60 185 149 52 46 402 15.2
PLA+MPP+C300 192 197 59 44 386 15.8
PLA+MPP+FRCS8 213 210 42 59 317 14.2
PLA+MPP+FRC30 195 172 40 62 283 15.9
PLA+MPP+FRC60 193 224 41 54 285 15.7
PLA+MPP+FRC300 192 185 43 55 302 14.8

SEM images of the char residues

Figure29 presents SEM micrographs taken from the charred residues of the cellulose
free PLA+MPP sample and of the composites containing neat arick&ied C60 and
C300 additives, respectively. (The SEM images of the other samples and other
magnifications can betind inChapterd Supplementary materiah figures S1S5.) It can
be seen that MPP resulted in the formation of a charred web structure with holes of 200

300 Om i nFigaré29(a))e EM analyses served as evidence for the formation of
structures

fi ¢ hkbaorn d e d O

seeninFigure29( b) t hat

cel |

I rcontaihing comnposites. lbckn ba | |
ul ose
incorporated in the carbonized web structure. When the C60 type fibre was applied in FR
treated form, a coherent char structure was fornrégli(e 29 (c)), indicating increased
interactions between the components.
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Such a compact char layer is a good insulator and oxygen barrier to block the
degradation of the polymer atidereby explain the observed improved flarag@ardancy

properties of the PLA+MPP+FR60 compositeTable28). However, the neat C300 fibres

of larger m@rticle size were found to partially break the uniform structure of the charred web
(Figure29(d)). Nevertheless, based on the SEM images preserfgglire29 (e), the FR
treatment of C300 fibres advantageously affected their physical andoethénteraction
and generated a more coherent char. The improvement in the char structure is well reflected
by the corresponding MLC results, i.e. noticeably reduced THR was measured for the

PLA+MPP+FRC300 composite compared to the PLA+MPP+C300 couaterp
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Figure29 SEM images of the charred residues(aj;PLA+MPP, (b) PLA+MPP+C60, (c)
PLA+MPP+FRC60, (d) PLA+MPP+C300(e) PLA+MPP+FRC300

Raman spectroscopic analysis of the char residues

The charred residues of the bpstforming celluloseontaining compositésthe C60,
C300, FRC60, and the FRE300i and samples containing only MPP were examined using
Raman spectroscopy. It can be seehigure 30 that the analysed chars have two distinct
vibration bands, namely the D peak near 1360',cwhich is the mode of vibration of
carbon atom (sp3 hybridization), and the G peak n&80 cm!, which is the 2E2g
vibration of @ C bond in graphite (sp2 hybridization). The intensity ratio of these two
bands is generally used to indicate the degree of graphitisation of the char layer and to
quantify the disorder or defects in the struetut can be seen iRigure 30 (a) that the
intensity ratios differed depending on the samplesaid Ag area values were calculated
from the fittedD and G bandsH{gure30 (b)).
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Figure30 (a) Raman spectra of the charred composites normalised telithad) (b) Example of

the fitted D and G bands

The smaller the value offAg, the higher the degree of graphitization and the more

compact tle char layef199i 201]. According to the results presentedTiable 29, the
cellulose fibres with smaller particle sizes (C60) are well incorporated into the

carbonaceous structure, facilitating the formation of a more compact char layer. The
graphitization degges of the chars with larger cellulose fibres (C300) are, however, similar
to that of the only MPRontaining sample, indicating that longer cellulose fibres increase

the number of defects in the graphitized char structure.
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t he
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Table29 Area ratios of the fitted D and G bands of the char residues

Sample name Ap/Ac

PLA+MPP 2.18
PLA+MPP+C60 1.79
PLA+MPP+FRC60 1.62
PLA+MPP+C300 2.05
PLA+MPP+FRC300 2.11

4.2.4 Conclusions

The addition of cellulose fibres to the intumescent flaetarded PLA composite can
be a promising way to strengthen the -fu@tecting carbonaceous layer. It is crucial to

spect

optimise the proportion and the size of cellulosic fibres to create an effectively flame

retarded biocomposite.

While investigating the ckllose addition, besides using a constant amount (15%) of
MPP in the PLA matrix, the enhanced char formation of the celkdostaining

composites was revealed in TGA. However, the -gnamoting behaviour of cellulose
fibres was only shown in the combiast characteristic of PLA composites when the fibre

content was higher than 10%. At the same time, the candlewick effect of the cellulose fibres
increased the flammability of the composites, which was reflected by decreased LOI
values. This adverse effasas found to accelerate with increasing fibre length as a 2.0%
lower LOI value was measured for the PLA composite with C300 type cellulose (25.5%)
compared to that with C8 fibres (27.5%). However, the longer fibres performed better
during the mass loss caimeter test in reducing the heat release rates of the composites. It

is proposed that the higher surfaoevolume ratio of the shorter cellulose fibres supports
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the chemical interactions with MPP, while for the longer fibres, physical effects, i.e.
structural reinforcement of the intumescent char, come to the fore.

The FR treatment of the cellulose fibres with P andoNtaining compounds resulted
in enhanced char formation and reduced flammable gas release during thermal
decomposition. Yet, the FR treagnt was ineffective in eliminating the candlewick effect
of longer fibres (C300) and noticeably reducing the flammability of the composites.
Nevertheless, the composites with-ERated cellulose fibres had increased ignition time,
shorter flaming time amh significantly (by about 20%) reduced total heat release during
combustion in the mass loss cone calorimetry. The improved barrier characteristics of the
char layers are related to the effective integration of the carbonised fibrous substances and
the inumescent char, as evidenced by SEM analysis of the combustion residues.

Regarding the overall fire retardant performance of the intumescent system, the
cellulose fiboreswith3 0 Om | ength were found to be op
moderate candbeick effect, while during combustion, they can effectively enhance the
structural integrity of the firgprotecting carbonaceous layer.
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4.3 Application of electrospun cyclodextrin microfibre as a charring
agent in intumescent flame - retarded PLA composites

4.3.1 Introduction

Cyclodextrins are biobased carbonizing agents already used in various polymer systems,
such as PLA. The literature suggests that the size of a-fletaelant additive can affect
the flammability and mechanical properties of the polymer compdsitd. Recently, it
was demonstrated that cyclodextrins can be electrospun into microfibers that can be ground
using a watebased higkspeed method. It was assumed that due to its large surface area,
the microfibrous form of cyclodextrin when used asharring agent, could enhance the
performance of an intumescent flammatardant system. Moreoverjginesearch also aimed
to study the flameetardant surface modification of the cyclodextrin microfibers.

In this work, microfibrous structures were mantiiaed from the aqueous solution of
2-hydroxypropytbetacyclodextrin (CD) by higkspeed electrospinning method and then
used as a btbased charring agent in intumescent flanetarded PLA. My hypothesis was
that thesurfaceto-volume ratioof CD plays a ole in its flameretardant efficiency.
Therefore, the flameetardant performance of microfibrous @as compared to that of
commercially available powder form in PLA/APP/CD systems. Furthermore, the powder
and microfibrous forms of CD were surfaiteatedwith a phosphorous silane (PSil) with
the aim of improving the thermal and structural stability of thebaised charring agent
and then also used besides APP to produce ffataeded PLA composites. My hypothesis
was that the PSireated microfibrous B could form a thermally stable network of charred
ceramiclike microfibers during combustion, which was expected to improve the integrity
and barrier properties of the intumescent protecting layer without compromising its
swelling ability. The neat and RSreated CD additives and the obtained flareiarded
PLA composites were comprehensively characterised with particular regard to the size
effect and the role of surface treatment of the usedypP charring agent in terms of the
flame-retardant perforiance of the polymeric system.

4.3.2 Materials and methods

4.3.2.1 Materials

Ingeo 4032D type PLA was used as polymer matrix material. Exolit AP 422 type APP
was applied asaflanreet ar dant additi ve. CD (Kleptoset
fibre forms.

4.3.2.2 Preparation of the additives
High- Speed Electrospinning

The microfibrous CEtype additivevas prepared by higspeed electrospinning (HSES)
and subsequent millindrigure 31 shows the schematic representation of the preparation
steps. The HSES setup for fibre formmtion c
connected to a highpeed motof63]. The diskshaped spinneret is equipped with 36
equidistantl y di sdm)lochtedtinehd sidewall df thewheel. Rodthe= 3 3

solution, 68wt% CD was added to purified water, and the mixture was stirred with a
magnetic stirrer (10@pm) at room temperature until complete dissolution (R4The
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solutions were fed with a SEED S Plus syringe pump with a flow rate of 360/h. The
rotational speed of the spinneret was fixed ad@@rpm. The applied voltage was kU

during the experiments with a higloltage power supply. The conical twrh of the drying
chamber was grounded and acted as the counter electrode. Air knives were used to remove
the dried material from the surface of the chamber, and a constant airflom{h2@oom
temperature) was applied to help the dried fibres reactyttiene. The experiments were
performed at ambient temperature @€ ) . A cyclone <collected
material. The high throughput fibre forming technology enabled the production of CD
microfibreswith a uniquely high productivity of 27¢/h.

Water High Speed
68 wt% solution ElectroSpinning Hammer mill 8

HSES
€% 40000 rpm Cyclone 3000 rpm

. ungrinded
% HP-B-CD fibr

W HP-3-CD powder j{UIRTI

Figure31 Preparation of the microfibrous CD additive

The obtained electrospun material was then ground to make it suitable for blending with
excipients. For this purpose, an IKA MF10 hammer mill at 3@@d. Including the
dissoltion, spinning, collecting, and grinding losses, a 76% yield was obtained.

Synthesis of the phosphorus silane adduct

The reactive phosphorous silane (PSil), used for modification of CD, was synthesised
by a simple addition reaction, describedBxyczet d. [119], between the Exolit OP560
phosphorous polyol and@iethoxysilyl}propyl isocyanate (TESPI). The PSil adduct was
obtained by vigorously stirring the OP560 and TESPI (in 1:2.38 mass ratio) under
anhydrous conditions at 90 CFig(re32). At regular intervals, samples were taken from
the mixture and analysed by FTIR spectroscopy to monitor the completion of the reaction.
After 4 hours of stiing, the IR band corresponding to the isocyanate group of TESPI (at
2283cmt) completely disappears from the spectrum of the adduct, and parallelly,
characteristic peaks of the carbamate linkage appear with high intensity atni5asd
1721cm?, so tre reaction was considered to be completed.

O OEt 90°C O O
Il I 11 OEt
HO-R-O-P-OrH + OCN-(CHQ)-Sll—OEt —= OHTR-0-P-0 g
ORr 3Oet 4h OR' | HN-{CH;}Si-OEt
n n 3 OEt
OP560 TESPI PSil

Figure32 Synthesis of the reactive surface modifier (PRi1)9]

65



Results and discussion

Surface treatment of CD

Both the powder and the microfibrous form of CD were treated with the PSil adduct by
following the earlier procedure for the reactive surface modification of flax f[thde3.
From the dried CD, § was stirred in 32l of absolute toluene, and then 6 of PSil
was added dropwise to the suspension and stirred & €11 f hoThe s8lid material was
filtered and washed with toluene to remove the excess PSil. The obtained materials were
then heated in an oven at 180C  f hata obt&in silanol moiets through the hydrolysis
of the alkoxy (triethoxysilane) groups of PSil, thus enabling covalent bonding with the free
hydroxyl groups of the CD structureigure33 shows the schematic representation of the
preparation steps of phosphoraignemodified CD powder and microfibres,

respectively.
High Speed ElectroSpinning \ flbre
N I
L 7

()’\/

HO

Phosphorilation o Phosphorilation

Il
OH—R=0-P—0

' W Hz)srosc
PSil ¢ 0

PSil CD
powder

PSil CD

°}L°\ flbtr
psil’ 0( o‘\f / I
PSil CD ™ /J

Figure33 Prepardbn of phosphorousilane modified CD powder and microfibres

4.3.2.3 Preparation of Flame - Retarded PLA Composites

Internal mixer compounding

The flameretarded PLA composites were mixed in a Brabender Rlastier Lab
Station internal mixer. Before mixing, all theraponents were driedat80C f or 6 hou
For the compounding procedure, the chamber temperature w&s@85 t he r ot or s |
50 rpm, and the total mixing time was 5 minutes. First, the PLA granules were mixed until
entirely melted, and then the adaés were added.

Sample moulding

The meltmixed materials were hqiressed into plates using a Tedgdhe Platen Press
200E type heated hydraulic press. The mixed materials were dried overnigh & 70a n d
thenhotpr essed in steel muositedse platds wdredcOmpiessdd0 0 T
for4 minutesat 188 C t he gr adual addition of pressur
to50AC under pr es s u-Bleflammabiliy tedt €pecimans derelbhtained
by cutting the plates with a saw. Beforafpaning the experiments, the test specimens
were stored in sealed bags at room temperature.
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In Table 30, the compositions of the prepared flaneéaded PLA composites are
shown. The ratio of APP to CD was chosen based on the resdhsget al.[169], who
found the APP to PCD mass ratio of 5 to 1 to be optimal regarding the-ftdardant
efficiency of the system. The potential role of the rhotpgy and surface treatment of the
used CD was comprehensively investigated on the thermal, flammability, and mechanical
properties of the flameetarded PLA composites. Test specimens from neat PLA and PLA
containing only APP were also manufactured axaireéned for comparison.

Table30 Formulations of the PLA composites

Sample name APP cb :
powder fibre

PLA - - -

PLA/APP 15 wt% - -

PLA/APP/CD powder 15wt% 3 wt% untreated -
PLA/APP/CD fibre 15 wt% - 3 wt% untreated

PLAAPP/PSIl_CD powder 15 wt% 3 wt% PSittreated -
PLA/APP/PSIl_CD fibre 15 wt% - 3 wt% PSittreated

4.3.2.4 Specific characterisation methods

Analytical measurements
Table31 Specific analytical conditions

Measurement Instrument Specific value
TGA Temperature range: Z00AC; r ACkm
TA Q5000 _ o :
measurements N2 flow: 25 mL/min; platinum pans
Mass loss cone Speci men si ze: 1n® 1
calorimetry FTTMLC Heat flux: 35kW/m?
UL-94 and LOI Chemical hood and samples were Bim thick

FTT ingrument

additives were measured in KBr disks in
transmission mode
IR spectra of the charred residues were recor:
with a Specac Golden Gate ATR unit
dual cantilever mode; span length: 35 mm;
sampl e s i z &tempéréure ranGeOR5
150AC; the hAE&t mhg;rdet
0.02%; frequency: 1 Hz

FTIR spectroscopy Tensor 37

DMA TA Q800

4.3.3 Results and Discussion

First, the prepared CD additives were analysed in order to findosutrtuch the fibre
formation was associated with an increase in surface area, whether the PSil surface
modification took place, and how these processes affected the decomposition
characteristics of the CD additives. After that, the carbonization abiliheatdditives was
investigated in the PLA/APP system.
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4.3.3.1 Characterisation of the CD additives

FTIR spectroscopic characterisation of the CD additives
The used CD powder and fibre were characterised by FTIR spectroscopy. The spectra

obtained before and aftaurface treatment with PSil are presentelligure34. The spectra

of the CDs include a broad band around 3&®3 corresponding to the stretching kaltion

of OH groups. The intensity of this band decreased due to the PSil treatment in both cases.
Characteristic peaks of PSil appear in the spectra of thetre&iéd CDs, such as the
intensive bands at 172! (C=0 stretching) and 1564 c¢m(N-H bendng),
corresponding to the carbamate group formed from the linkage between the isocyanate
(TESPI) and the phosphorous polyol (OP560). Also, the band atnid@as assigned to

the SiC bond stretching vibrations, and the peak at X26Bwas assigned 8=0 bonds.

The GH stretching of the additional Clgroups at 2974m confirms the presence of PSil

on the surface of both types of modified CD additives. The intensive peak at 958 cm

the PSil reference spectrum is assigned to th®-GiHs (Si-alkoxy) vibration. The
intensity of this peak significantly reduces as hydrolysis andcseliensation occur to

form SiOH. The band at 113@m? is assigned to théSi-O-Si asymmetric stretching
vibration and indicates that polysiloxanes were atsméd on the treated CDs. The peak

at 1205cmt is assigned to the vibrations o£GiC and indicates the chemisorption of the
modifier onto the surface of the CD particles by forming stable covalent bonds between
pre-hydrolysed silane and the hydroxyl gps of the cyclodextrin.
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Figure34 FTIR spectra of the CD additives and the neat PSil adduct

4.3.3.2 Scanning electron microscopic analysis of the CD additives

SEM images taken from the four types of CDs, used @&lddives besides APP in the
PLA matrix, are presented Kigure35. The rougher surface is alaateristic of both PSil
treated particles (powder and fibre). Due to the relatively high CD to PSil mass ratio of 1
to 1, besides forming an even surface coating, polysiloxanes were likely formed and
deposited on the treated CD particlegg@re 35 (c) and (d) ), as also evinced by FTIR
spectroscopy (sdagure34). The PSiHtreated higksurfacearea CD microfibres even tend
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to aggregateHigure35(d) ). Still, there is a noticeable differencelie surfaceo-volume
Sil treatment.

~ l.\. -“‘

S b T
18kU

X198 1808xm

Figure35 Scanning electron microscopic images of the CD additives; (a) untreated CD powder;
(b) CD fibre; (c) PSitreated CD powder; (d) PSileated CD fibre

Determination of the surface-to-volume ratio of the CD additives

From the data acquired from the anadysi the SEM images taken of the CD particles,
the average surfage-volume area was estimated for the powder and fibre forms. The
average values okdand ds, the average size of the marked areas, as well as the calculated
surfaceto-volume ratios areaported inTable32. The surface area of the powder particles
was estimated using thedl In the case of the fibrous material, thewdlue, the avege
length and diameter were considered to calculate an average surface area. Accordingly, a
9-fold increase in the surface area to volume ratio of the CD particles was achieved by fibre
formation using the aqueous HSES method.

Table32 Measured and calculated size parameters of the CD particles

Property Unit CD powder CD fibre
Average @c [ Om 64 N 15 N
Average 6 [ Om 80 N 38 N
Average area [ ®n 3580 K232 N
Aspect ratio [-] 1.98 [7.55

Surfaceto-volume ratio [ 1/ ¢ 0.09 0.84
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4.3.3.3 Thermogravimetric analysis of the CD additives

The thermal behaviour of the used flane¢ardant additives was investigated by
thermogravimetric analyses performed ip d&imosphere. The resulting thermograms are
shown inFigure 36, while the main thermal characteristics are summariséalote 33.
The weightloss step of the neat CD, occurring at around3%5, i's related to
step decomposition, resulting in a carbonaceous residue (char). The decompdgiie
fibrous CD begins at a slightly higher temperature and occurs at a lower rate compared to
the powder form. The last degradation stage (T >A@) corresponds to
degradation of the char. It can be observed, however, that a notibéglidy amount of
residue remains at 800C f r om t h e Vit%)harothasfronCthe powber TD
(1.4wt%), indicating increased thermal stability of the charred residue that forms from the
cyclodextrin with a fibrous supramolecular structure.

100 [Serdiand S

CD powder
90 \ )
(TR = = (D fibre
80 1
PSil CD powder
70 i3
1 — = PSil_CD fibre
£ 60 V|
5 50 v
3 %
= 40
\i bt
30 I~
1
20 i S AR
‘ - s " -
10 s

_— e e e e wm s s

0
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Temperature [°C]

Figure 36 Thermogravimetric analysis curves of the four typeSbé
Table33 Thermogravimetric analysis results of the curves of the four typ€® afdditives

T oncet Slopemax T max Residue at Residue at
Sample degr degr 500A C 800A C
[ AC] [ wt %/ [ AC [wit%)] [wit%]
CD powder 320N : 38N 0. 333N1 44N 0. ¢ 14N 0. ¢
CD fibre 3228 : 37N 0. 339K 63N 0. 1 47N 0. ¢
PSil CD powder 275N : 1.6N 0. 292K 226N 1. 172N 1.
PSil CDfiore 264N : 15N 0. 284N 228N 2. 17.8N 1.
It can be seen that PSil treatment resulted in-435C | ower onset tem,

thermal degradation due to the asiduced dehydration and decomposition of CD. A
decreased amount ofolatile by-products accompanies this process, and therefore,
increased char yield is obtained. Accordingly, the degradation speed of thHecB®ill
CDs is significantly lower, and the charred residue atbA@ i wt%-high@r than those

of the untreatd powder and microfibrous CD, respectively. At 0C , a stildl no
amount (more than 2&8t%) of residue remains from the R8ated CDs, attributed to the
presence of Si el ements, which effectively

ceramiclike protective structures.
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4.3.3.4 Characterisation of the flame -retarded PLA composites

Scanning electron microscopic analysis of the composites

Figure 37 presents the SEM images of the cryogenic fracture surfaces of the
composites. As shown iRigure37 (a), a rigid fracture is characteristic of neat PLA. In
Figure37(b), particles stuctogether, and detached boundaries of APP particles are visible
due to the difference in polarity between APP and PLA&idgnire37 (c) and (d), intie case
of the CDcontaining samples, better dispersion and less sharp phase boundaries of APP
particles can be recognised, suggesting improved interfacial interaction between APP and

18kV

Figure37 Electron microscopic images of the composite samples: (a) PLA; (b) PLA/APP; (c)
PLA/APP/CD powder; (d) PLA/APP/CD fibre; (e) PLA/APP/PSIl_CD powder; (f)
PLA/APP/PSIl_CD fibre

71



Results and discussion

Based orfFigure37 (d) and (e), the APPLA interaction seems to be further enhanced
when PSitreated CDs are used asadditives. It is proposed that duringelt processing,
the CD particles may allocate around the APP surface and act as a surface modifier. A
similar phenomenon was revealed Yy et al. [188], namely that cellulose nanofibres
(CNFs) improve the dispersion of APP within the PLA matrix byngcas an interfacial
adhesion agent. In this relation, the hgghifacearea CD microfibres are able to form more
physical and also chemical interactions with the APP patrticles.

Thermogravimetric analysis of the composites

Thermogravimetric analyses weperformed to characterise the thermal behaviour of
the flameretarded PLA composites. The obtained TGA and DTG thermograms are

presented irFigure 38 (a) and (b), respectively, while corresponding data are shown in
Table34.

It can be seen that the onset degradation temperature of theor@aining RA
composites decreases by abousl@ compared to that of neat
due to the decomposition of CDs in advance. Neat PLA shows-atemelegradation in
the range of 31380A C, while three degradation step

containing flameretarded composites. The first step before 88D corr esponds

decomposition.
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Figure38 (a) TGA and (b) DTG curves of the composite samples

The second stage in the temperature range of 33 C i s where t he de:
of PLA and APP takes place simultaneously, while aboveA38D0, the prolonge
loss step is due to the thermal degradation of the charred residue, which forms in the
presence of the flame retardants. While at AGTPLA is already completely volatilised,
about 1013% char forms from the 15% APP containing composites. At the end of the
heating program (at 808 C) st i 0 wt% aebidue temains from each flame
retarded composite. The silicaontaining groups i Si | i mprove the re
stability at high temperatures, likely by forming cerailike structures. Also, the amount
of residual mass is higher in the case of fibrous samples. Based on this observation, a higher

degree of interaction is assumedtxur between APP and the microfibrous cyclodextrin,
promoting char formation.
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Table34 Thermogravimetric analysrgsults of the composites

Results and discussion

Torcer SIOP@na deqr T e cear Residue at Residue at
Sample 500A C 800A C
[ AC [ wt %/ A [ AC] [wt%] [wt%]

PLA 346 2.8 N 369 N 0.7 N 0.3 N
PLA/APP 342 2.4 N 375 N 9.8 N 4.1 N
PLA/APP/CD powder 337 2.1 N 365 N 11. 2 7.1 N
PLA/APP/CD fibre 336 2.2 N 365 N 12.1 7.8 N
PLA/APP/PSIl_CD powder 3 3 7 2.1 N 365 N 12.1 8.8 N
PLA/APP/PSIil CD fiore 3 38 2.1 N 366 N 13.1 9.8 N

Dynamic mechanical analysis

Dynamic mechanical analysis was performed to measure the dymaecicanical

properties and investigate interfacial interactions in the flesteeded PLA composites.
As can be seen iRigure 39 (a), the flameretarcant additives used at 18 wt% loadings

noticeably increase the stiffness of PLA below the glass transition temperature of PLA,;

about 25% higher storage modulus is characteristic for the flatasded composites

compared to neat PLAT@ble35).

Table35 Storage modulus, maximal loss modulus, and glass transition temperature values of the

polymer samples

Storage modulus

Max loss modulus

Glass transition

Sample name @30A C temperature

[MPa] [MPa] [ AC]
PLA 2665 631 61.2
PLA/APP 3399 783 61.7
PLA/APP/CD powder 3487 778 61.5
PLA/APP/CD fibre 3482 754 61.5
PLA/APP/PSIl_CD powder 3460 756 61.7
PLA/APP/PSIl_CD fibre 3417 753 61.2

Above 80A C, the increment of the storage

mo d

retarded composites is related to the cold crystallisation transition of PLA and indicates the

nucleating effect of the used additives. As showRigure39 (b), the damping factor (tan

U) of the composites decreases when CDs are used besides APP. This result supports the

observation based on the SEM examination of the composite fracture surfadég\see

37), namely that the presence of CD increases the interfacial interaction between the APP

particles and the PLA matrix. Accordingly, the reduction of the damping factor is related

to the decreasea the mobility of molecular chains at the fileratrix interphase.
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From this respect, the unmodified CDs seem more effective than theda®eid forms.
In general, if the interfacial interactions between the matrix andléresfe strong enough,
the Tg shifts towards higher temperature; however, based ongthales shown iTable
35, this effect cannot be clearlyaditified.

Limiting oxygen index

The LOI values of the flameetarded PLA composites are presentetliahle36. It can
be seen that the LOI of PLA in@ses from 19.5% to 25.0% by adding 15 wt% APP. This
value further increases when the CD type of charring agent is used, but the extent of LOI
increment significantly depends on the physical form (i.e., powder or microfibre) and
surface treatment of the dgdextrin. Despite the identical CD content of 3 wt%, the LOI

of the flameretarded PLA composite increases from 28.0% to 31.0% when the
microfibrous CD is used instead of the inherent powder form.

Table36 The LOI values of the copwosite samples

Sample name LOI [%]
PLA 19.5
PLA/APP 25.0
PLA/APP/CD powder 28.0
PLA/APP/CD fibre 31.0

PLA/APP/PSIil_CD powdel 32.5
PLA/APP/PSIl_CD fibre 375

Thi s-effdiexda 0 i s f ur t Hreated @s araincorgochtedytheel®l P Si |
increases from 32.5% (measured for PLA/APP/PSil_CD powder) to as high as 37.5% when
PSilktreated microfibrous CD is used asaxditive. This value outperforms the resudf
Zhang et al[169], who reported an LOI of 35.1% for the PLA composite flame retarded
with 16.6 wt% APP and 3.3 wt% phospholipidated cyclodextrin (PCD). The noticeable
improvement in the flammability properties, reflected by the LOI values, ighad¢ion
the one hand, to the effective interaction between thedisttibuted, higksurfacearea
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microfibrous charring agent and APP, resulting in effective char formation, and on the other
hand, to the improved structural and thermal stability of thesphorous and silicen
containing char.

UL-94

The results of the standard 94 flammability tests performed on the flammearded
PLA composites are presented Table 37. Without flame retardants, the horizontally
mounted PLA specimens burn with an average flame spreading rate of 26 mm/min, and
therefore neat PLA is classified as HB. When 15 wt% APP is addedhorizontally
mounted specimens stop burning before reaching the second mark. In the vertical position,
flaming combustion is only visible for a couple of seconds; however, due to the heavy
dripping of flaming particles that ignite the cotton, the 1%owAPP containing PLA sample
Is V-2 rated. In the case of the @idntaining samples, when APP is combined with 3 wt%
untreated CD, both in powder and in microfibrous form, significant charring of the
specimens occurs during testing, still due to the flgnpialymer droplets that ignite the
piece of cotton wool placed underneath2\fating is reached according to the -O4
standard.

Table37 Results of the Ut94 test performed on the reference and composite samples

Sample name ti/t2[s]*  Cotton ignition Rating
PLA -/ - - HB 26 mm/min
PLA/APP 1/2 yes V-2
PLA/APP/CD powder 0/0 yes V-2
PLA/APP/CD fibre 0/1 yes V-2
PLA/APP/PSIl_CD powdel 0/0 no V-0
PLA/APP/PSIl_CD fibre 0/0 yes V-2

qurwlOl EQUWEOOx Ol Ukpedn@GEUUUD OO W OUw

Nevertheless, PSil treatment of the CD powder reduces the flammability of the APP
containing PLA composite, so theQ/rating becomes achievable and at lower APP/CD
additive content than in the literary anteced¢h@9]. Dripping is still chaacteristic for
these specimens; however, immediate ceasing of flame is observable in the presence of
phosphorous and silicezpntaining species, and therefore, flaming drips cannot occur. In
contrast, when PSiteated CD microfibres are used asaditves, mekdripping is more
suppressed, and therefore, the flame is retained longer, and as a result, flaming droplet
leaves the specimens that ignite the cotton placed underneath, thus achiexZngany
according to the Ui94 standard. It can be conded that although the P&itated CD
microfibres perform noticeably better during LOI measurement than the powder
counterpart, its enhanced dripping suppressive and small flame retaining effect acts
contradictory during Ut94 tests, where the specimens @nited from the bottom.

Mass loss cone calorimetry

The heat release rate and mass loss curves gained from mass loss type cone calorimeter
tests are presented iRigure 40 (a) and (b), respectively, while the corresponding
combustion characteristics are summarisedlable 38. It can be concluded that a
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noticeable improvement in the fire retardant properties of PLA can be achieved by adding
only 3 wt% CD type charring agent to the AB&sed intumescent flarretadant system.

About 50% reduction in the peak heat release rate (pHRR) and 25% reduction in total heat
release (THR) were achieved when 15% APP was combined with 3 wt% CD. However,
compared to neat PLA, the ignition time of all the phosphoamtaining corposites is
shorter, likely attributed to the initial char formation accompanied by fast volatilisation of
flammable gases at the initial heating stage.
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Figure40 (a) Heat r(elt)ease curves of polymer composites over tir(n(g; (b) mass loss of polymer
composites over time

Compared to the CD powder additives, enhanced charring was observed for the CD
fibre-containing composites both in neat and R®ited cases. In the casleuntreated
microfibers, all combustion characteristics improved, while the combustion performance
of the PSitreated CD fibrecontaining composites slightly fell below that of the
corresponding powder additivEdble38). It is assumed that the homogeneous distribution
of the chaifforming components is crucial regarding the structure of the expanded char and
its related fire retarding performandéevertheless, it is claimed that the differences during
cone calorimeter tests are not significant, especially when considering the deviation of the
duplicated test results. In summary, regarding the cone calorimeter results, the form of the
used CD (powdeor microfibrous) seems to be less critical.

Table38 Combustion characteristics obtained from MieStsand the calculated FRI

Sample name ten  PHRR tpHRR THR Mresidve ~ FRI
[s]  [kW/m? [s] [ MJ /1 [%] [-]

PLA 58N 447N 157N 673N 0 0ON O -
PLA/APP 30N 337N 150N 570N 1 97N 0 0.81

PLA/APP/CD powder 40N 234N 117N 56.2N 0 96N 0 1.58
PLA/APP/CD fibre 48N 225N 176N 56.6N 0 12.0N 1 1.96
PLA/APP/PSil_CD powdel 29N 195N 199N 150.3N 0 11.1N 0 1.53
PLA/APP/PSil_CD fibore 26N 207N 1 180N5 527N 1 127N 1 1.24

Nevertheless, the benefits of PSil treatment of the CDs are reflected in the noticeable
improvement of the main combustion characteristics, such as reduced pHRR and THR
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values accompanied by an increased amount of residue after combustion can be measured,
except for the TTI. The decreased ignition time is due to the early appearance of
decomposition products in the gas phase initiated by the increased amount of phesphorus
containing species in the system. As TTI is a significant factor in FRI calculdteRRl

values of the PLA composites with R8#ated CD are lower than those of the neat CD
containing composites. Still, theoor flameretardancy performance of the PLA/APP
system increases Good by the addition of 3 wt% of CD, independently of thenio
(powder or fibrous) or surface treatment. The noticeably reduced HRR values measured for
the silanetreated carbonising agent containing PLA composites are attributed to the
improved thermal and structural stability of the intumescent chars, whichafamresult

of effective RSi interactions in the condensed phase.

FTIR analysis of the char residues

Combustion residues of the flametarded PLA composites were analysed using the
FTIR ATR method. The obtained spectra are presentédgimre 41. Absorption bands
typical for intumescent chars appear in each charred residue, such as P=0 (12 cm
Oi P (890 cmt), P Oi C bonds (980 cn, and IR signis related to the polyaromatic char
structure in the range of 1480600 cmt. Meanwhile, the absorbance bands at 1028 cm
and 1130 cm are only observable in the spectra corresponding to the decomposition
product of the PSitreated CBcontaining compoges. These IR bands indicate thaiCBi
Si structures formed in these char layers, which are in relation to their enhanced thermal
stability at high temperatures, as observed during TE4ufe 38) and MLC analyses
(Figure40).
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Figure41FTIR-ATR spectra of the charred residues of the composite samples

4.3.4 Conclusion

In this study, the surface of CD was increased-fotatby the high throulgput aqueous
HSES fibreforming technology. Then, both the powder and microfibrous forms of CD
were surfacdreated with a phosphorous silane. The TGA results of the additives obtained
this way indicated increased thermal stability of the charred regidutms from the CD
with a fibrous supramolecular structure. Furthermore, the PSil treatment was found to
simultaneously accelerate the char formation and enhance the thermal stability of the char.
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The neat and PSiteated CD additives were used att36 as biebased charring agents
besides 15 wt% APP to produce flane¢arded PLA composites. SEM analyses and DMA
results reveal that the higdurfacearea microfibrous CD, both in neat and surfaeated
form, effectively enhances the physical and cluaminteraction between the active
components. Consequently, improvement in the main combustion characteristics during
cone calorimeter tests, such as reduced pHRR and THR values accompanied by increased
residue after combustion, was measured for the-tR&ited CDBcontaining PLA
composites. It is proposed that the silane treatment effectively improves the structural and
thermal stability of the microfibrous carbonising agent. This allows the formation of a
compact intumescent char layer reinforced withstable network of ceramidke
microfibers that provides increased fire protection. However, the TTI values decreased due
to the earlier appearance of decomposition products in the gas phase initiated by the
increased amount of phosphoientaining speciin the system. Moreover, the siliecon
containing groups in PSil improved the stability of the residual char formed from the PLA
compositesas derived from TGA andone calorimeter test results. FTIR analysis of the
corresponding combustion residues conéd the formation of ceramlike structures.

Also, the polymetike supramolecular structure of the microfibrous CDs is assumed to
contribute to the improved thermal stability of the chars.

The beneficial effects of microfibrous structure and f8atrent of the used Clype
carbonising agent are most apparent when the LOI values of the PLA composites are
considered. LOI of the 15% APP containing PLA increases from 25.0% to 28.0% by adding
3 wt% CD powder, but 31.0% is reached when the CD is addediofibrous form. PSil
treatment of the CDs results in further enhancement; LOI values as high as 32.5% and
37.5% are achieved with PSikated CD powder and microfibre, respectively. The
effective flame extinction at elevated oxygen concentrations isopeapto be related to
the active phosphorwslicon interactions in the condensed phase, which inhibit the heat
and flammable gas release by forming a thermally stable graphitised char layer.
Furthermore, since the silane treatment improves the therntglitgtaf the CD-based
substance, the beneficial Aisize effecto of
preserved and utilised at higher temperatures.

Considering all the thermal analyses and flagtardancy test results of the present
study, t can be concluded that the phosphesilison interactions in the condensed phase
of the PSitreated CBcontaining composites promote the formation of a thermally and
structurally stable graphitised char layer. This layer is especially effective inflana!
extinction (as indicated by the noticeably increased LOI values) but less prevalent during
combustion tests, likely due to the relatively small ratio of theoBtaining excipients in
the examined systems.
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4.4 Development of bioepoxy resin microencaps ulated ammonium
polyphosphate for flame retardancy of poly(lactic acid)

4.4.1 Introduction

A possible way to create a complex (3 in 1) intumescent fl@teedant additive is to
use the microencapsulation process. Using APP as a core, it can act as an aeidrgburc
a blowing agent, while the shell layer can be formed by a charring agent. Here, the use of
a bio-sourced epoxy residerived from sugaiis proposed as a shell that can fulfil multiple
purposes; it has good charring ability, high water resistamte@mpatibility with the PLA
matrix.

In this work, a new type of microencapsulated APP was designed and prepared through
in-situ polymerization. Sorbitol polyglycidyl ethéased epoxy resin shell was prepared
for APP not only to improve its interfaciatteraction with PLA but also as a biobased
carbonization agent to enhance the flat@ardant efficacy of the IFR system. The effect
of the thickness of the bioresin shell of APP was investigated on the thermal properties,
flame retardancy, mechanical perance, and water resistance of flare@rded PLA
composites.

4.4.2 Materials and Methods

4.4.2.1 Materials

Ingeo 4032D type PLA was used as polymer matrix material. Exolit AP 422 type
ammonium polyphosphate was applied in neat and encapsulated form as a flamatretarda
To prepare bioresin shells, sorbitol polyglycidyl ether (SPE) biobased epoxy component
was combined with Ipox MH 3122 cycloaliphatic amine type crosslinking agent in absolute
ethanol solvent. The structures of the uppentioned materials can be séeifrigure42.
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Figure42 The structure of SPE epoxy monomer and Ipox MH 3122 crosslinking agent and the
cured epoxy resin network structure
4.4.2.2 Preparation of Microencapsulated APP
The SPE bioepoxy component (4, 8 andgl2epresenting 1:10, 2:10 and 3:10 mass

ratio of SPE to APP gispectively) and the cyclic amine type crosslinking ageniv3a of
the SPE) were dispersed in &L absolute ethanol and stirred until the resin was dispersed
in the solvent. Then, pure APP (gPwas added to the mixture with continuously stirring.
Thenit was refluxed at the boiling point of the ethanol (aA78 )  lr.dmen the mixture
was cooled to room temperature, filtered, washed with absolute ethanol, and dried (and
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postcured) at 120 C f b. The 4l@nped particles were powdered in a hmartar, and
finally, the microencapsulated ammonium polyphosphate additives (MCAPP) were
obtainedTable39shows the theoretical composition of thegared tree types of MCAPP
additives differing in the thickness of the bioepoxy resin shell layers.

Table39 Theoretical composition of the microcapsules
Sample name APP [wt%] SPE [wt%] Curing agent [wt%]

MCAPP1 88.24 8.83 2.93
MCAPP2 78.90 15.80 5.30
MCAPP3 71.43 21.43 7.14

4.4.2.3 Preparation of Flame - Retarded PLA Composites

Internal mixer compounding

The flameretarded PLA composites were prepared using a HABKEheomix OS
Lab Mixer type internal mixer in 209 batches. The previously dried PLA granules were
melted at 18AC and t hen mi x e-based additivest(livteo eath) foe d AP P
15 min with a rotorspeed of 50pm. InTable40, the compositions of the prepared flame
retarded PLA composites are shown.

Table40 Formulationsof the PLA composites
MCAPP [wt%)]

Sample name PLA [wt%]

APP [wt%] SPE bioresin[wt%]
PLA_GRAN 100 0 0
PLA_MIX 100 0 0
PLA+APP 85 15 0
PLA+MCAPP1 85 134 1.6
PLA+MCAPP2 85 11.8 3.2
PLA+MCAPP3 85 10.7 4.3

Sample moulding

The kneadednaterials were dried overnight at A0C a n d -prdssead usihgoat
Fontjine LabEcon300 Junior heated platen press. AbogtefOeach mixed sample was
heated to 182 C i n a moul d @ sizeOtifen gressédoudderiidd 3
(2.048MPa) for 2min, then under 4&N (4.096MPa) for 8min and finally cooled to 58 C
under 4kN (4.096MPa). The specimens were obtained by cutting the plates with a
bandsaw.

4.4.2.1 Specific characterisation methods

Theoretical TGA curves

The interactions between tlmpounds of the microcapsules can be revealed by
comparing the experimental T Gied valclatedasi t h a
a linear combination of the TG curves of the capsule ingredients weighted by their contents
asFontaineet al.[202] (see Equation 4):
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7 4 B @7 4, 4

wherexi s the content qifs ctolmpoT@dc @i vwe amfd thWhe
determine the potential interactions between the two components and their further effects

on the thermal stability of the systems, the curves of weight differences between
experimental and theoretical TG curves were computed as Equation 5 describes:

Y74 7 4 7 4, )

where o@W(T) i s differencecand \Wy@) isdhe expesimegtal TG curve
of the formulation.

Analytical measurements

Table41 Specificanalyticalconditions
Measurement Instrument Specific value
N2 flow: 25 mL/min; platinum pans, RT

TGA measurements TA Discovery B00AC athicami® ra:
Mass loss cone Specimen size: 1@
calorimetry FTT MLC P Heat flux: 35kW/m?
UL-94 FTT UL 94 Chamber 3 mm thick samples
LOI FTT 3 mm thick samples
Exposure time: 5, three spectra averaged
Raman spectroscop  Horiba Jobiii Yvon each measured point
mappirg LabRAM spectral range: 108400cm, resolution:

2cm*1 001 magni fi ca@m)
speci mens ofmm100

Comparative tensile Zwick Z020 universal
tests testing machine gauge length: 76hm

4.4.3 Results and Discussion

First, the prepared additives were examined to ensure that the resin coating was
successful and to investigate how the coating affects the degradation properties of APP.
After that,the additives embedded in the PLA matrix were also examined from a flame
retardant and mechanical point of view.

4.4.3.1 Characterization of the Microcapsules

Scanning Electron Microscopy

The SEM micrographs taken from the neat and encapsulated APP particles (shown in
Figure43) demonstrate that neat APP has a blocky structure withghrsurface, while
with a thickening bioepoxy shell layer, the surface becomes smoother, and the particles are
more spheroidal. Nevertheless, it can be observed that with the increasing amount of
bioresin added to the solution, the particles increasimgigt to stick together (séégure
43 (d)) and form aggregates, which may reduce their dispersibility in the polymer matrix.
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(c)
Figured3SEM i mages of microcapsules of different
APP; (b) MCAPP1,; (c) MCAPP2; (d) MCAPP3

Determination of the Particle Size and Distribution

SEM microgr aphs magrifibation dotined framaHe migrocapsules
and neat APP patrticles were analysed. The average valugs(dfaineter of a circle with
an equivalent area of the measured particles) anfiméximum diameter (calliper), the
maximum distance within the bodaries of a particle), calculated by the used software,
are reported iTable42 with the relative standard deviation value.

Table42 Equivalent circle diameter and the maximum diameter of the particles
Computed parameters  APP MCAPP1 MCAPP2 MCAPP3
Averagegdc[ O©m] 9.0 f10.1 11.1 15.7
Averagegh[ Om] 11.5 12.8 13.5 19. 4

Figure44 shows the et values plotted with a box plot for better visibility. These data
show that the coating layers of MCAPP1 and MCAPP2 are arouddnl a rOdn, 2
respectively. It can also be seen that the MCAPP3 sample shows a steep increase in the
particle size distribution. This also suggests that particles with thicker bioresin shell layers

are prone to form aggregates.
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Figure44 Box whiskers plot of the particles measured the diameter of a circle of the equal
projection area

Fourier Transform Infrared Spectroscopy

FTIR absorbance spectré&igure 45) in transmission mode were taken from the
microcapsules, confirming that the resin was present on the surface of the filtered and dried
solid APP particles after the encapsulation procedure.

Resinspecific bands, such as 2918 t@H,-stretching, 1460 chh CH. bending, 1126
cm' 1 C-O ether bond, 746 crhCH; rockings appear most intensively in the spectrum of
the MCAPP3 sample with the thickest bioepoxy shell.

P EERP -

Figure45FTIR absorbance spectra of the microcapsules and components

Raman Spectroscopy

The bioresin coating on the APP particles after encapsulation was examined by Raman
mapping. For this purpose, reference spectra were taken from the starting materials, from
the neat APP and the cured bioredfigure 46 shows the obtained reference spectra
together with two Raman spectra taken from two different locationsthe surface of an
MCAPP3 particle with the thickest bioresin shell. It can be observed that while APP has
intense peaks at 1140 and 647 tassigned to the (PJS symmetric stretching vibrations
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