Alma Mater Studiorum — Universita di Bologna
DOTTORATO DI RICERCA IN
CHIMICA
Ciclo XXX

Settore Concorsuale: 03/C2

Settore Scientifico Disciplinare: CHIM/04

Formulation and Study of New Eco-Friendly Intumescat Polylactic

Acid Based Materials

Presentata da: Stefano Oradei

Coordinatore Dottorato Supervisore

Prof. Aldo Roda Prof. Danlie Caretti

Co-supervisore

Profaurizio Fiorini

Esame finale anno 2018






Abstract

Polylactic acid (PLA) is a biodegradable and bisdsh polymer obtained by
polymerization of lactide or lactic acid, both argfrom renewable resources like cereals’
starch. Polylactic acid is also a semycristallimerinoplastic polymer and has mechanical
properties in between polystyrene and polyethytenephthalate. In the last decades the
interest on this polymer raised very fast andhitiustrial production increases very rapidly,
in the same way the number of published reseatudnes exponentially increased.
Nowadays the main PLA applications consist on fpadkaging, disposable tableware,
biomedical items and textiles. Future and new Plpfliaations are focusing towards
electric, electronics, and transport field.

The materials for this kind of applications mustdégood flame resistance properties and
several flame and burning tests must be passedebitiese materials can be applied.
PLA does not have flame resistance properties amd im air in case of a fire source.
Focusing my research to solve this issue, PLA basatkrials with different flame-
retardants additives have been formulated anddeste

Intumescence has been studied as mechanism tovagjted flame resistance properties,
and halogen-free, non-toxic and eco-friendly agdgihave been used trying to maintain

the material biodegradability.

New eco-friendly intumescent polylactic acid baseaterials have been developed, using
low load of halogen-free, not toxic and biodegrddaulditives (6, 10 and 14%).
Bio-based and biodegradable carbonizing agents asigharch, sorbitol, coffee grounds,
glycerol phosphate, cellulose and Kraft lignin hdeen tested (2%), and V-0 UL94
classification, LOI values over 32% and GWIT ovéb7C were archived in presence of
different amount of ammonium polyphosphate (4, 8.586all the carbonizing tested.
The presence of zinc borate increased the flamstaese of the materials yielding the

lowest total heat release in synergy among allarading agents tested.
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1 Introduction

Find alternatives to energy, molecules and polyraessng from fossil resources, is the
main challenge in chemistry and engineering sciefi¢cbe 21" century. The future total
consumption of non-renewable sources is a fadt, ibcause the fossil fuel production
time is longer respect to the human extractiona@rsumption times. Although the fossil
fuel reserves are going to end, innovative techmplon discovery new extraction point
and innovative kind of perforation permit to finevn oil reserves, considered inaccessible
before that. This moves repeatedly the deadlinafre future and their exhaustion is not
actually a great concern. Actually the main probkeme from the global warming due to
an increase of the greenhouse gasses concentiattbe atmosphere, among them the
carbon dioxide is the most worrying. Using fosaglfas combustible for transports and to
produce energy, the carbon dioxide concentrati@viiably increase resulting in the
steady warming of the heart surface temperatuns.iteading to desertification, melting
glaciers, sea level rise and climate changes. Merethe growth of world population is
increasing the requirements for energy and raw miaggeln looking with that, a large scale
use of renewable resources is getting mandatory r@mewable energy actually produced
is well below the world potential and contributedyomarginally to human needs. This is
principally due to the lower cost of traditionaksil resources, to political choices, and to
technological limitations. Science and technololgiearelopment are the key for achieving
these objectives. There are many proposed sustaisalotions for the energy sector, but
so far, only few are competitive compared to udessdil hydrocarbons. Besides, the major
building blocks for the synthesis of most chempalducts that we commonly use every
day, are obtained from fossil resources. Indee& 89 the organic substances derive,
through chemical transformations/reactions, froneseoil derivates: methane, ethylene,
propylene, butenes, benzene, toluene and xylenggroAimately only 16% of oil is
transformed into chemicals, the main fraction ised for energy production and fuels.
The replacement of oil with renewable resources valour primary goal for the future.
Actually, a reasonable target is maximize the diMeation of energy and chemical
sources using renewables resources. The main gostl Ine the use of the renewable
resources for energy and chemicals production gorapetitive way compared to fossil
resources, in term of costs for process the ravemads into the final products. Only
following this route, the renewable resources caralreal alternative option to fossil

resources in the future energy and chemicals glolaaket. The progress of the scientific



research in order to develop sustainable energ@midals and materials are the key to
reach this target.

Going in this direction, United Nations Frameworlor@ention on Climate Change
stipulate in 1992, an international agreement feducing the greenhouse gasses
concentration and emissions in atmosphere. Theeagent was updated in 2005 with the
Kyoto protocol that is actually active and see p@#ties agree on reducing greenhouse
gas concentrations in the atmosphere to a level Wauld prevent dangerous
anthropogenic interference with the climate systgn

In addition, the European commission has develtwedig program to reduce the fossil
fuel consumption founding sustainable researchoE12020 and Horizon 2020.

Europe 2020 is a 10 years strategy proposed b¥thepean Commission in 2010 for
advancement of the economy of the European Unibminhs at smart, sustainable,
inclusive growth with one of the main target “t@luee greenhouse gas emissions by at
least 20% compared to 1990 levels or by 30% ittreditions are right, increase the share
of renewable energy in final energy consumptio2@8&6, and achieve a 20% increase in
energy efficiency” [2].

Horizon 2020 is the biggest EU Research and Inmmvgirogramme with nearly €80
billion of funding available over 7 years from 2042020 for research and innovation in

sustainable resources [3].
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Figure 1: Trend of world consumption of energiels [4



The world consumption of energy shows an incre&igeaenewable energy consumption
in the last decade as a result of these regulaffeigare 1). Although the consumption of
renewable energy is the lowest compared to thestheés currently growing fast. In 2016
the oil provided the largest increment to energgsconption at 77 million tonnes oll
equivalent (toe), followed by natural gas with 5éeand renewables with 53 mtoe of
increment [4].

These regulations have affected also the produdapacity of the bio-based building
blocks (Figure 2) that are growing up rapidly.
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Figure 2: Schematic representation of the mainblaised route from starting materials, to bio-based

building block and bio-based polymer.

A recent investigation made by Nova institute imeal the study of different bio-based

building blocks as precursor of bio-based polymassteported on it, the total production

capacity of the main bio-based building blocks stineated to be 2.4 million tonnes in

2016 and is expected to reach 3.5 million tonn@91 (Figure 3), which means an annual
growth of 8% [5].

The most growth are foreseen to be succinic a¢gddbitandiol and monoethylene glycol

(MEG). Bio based MEG, L-lactic acid (L-LA), ethylerand epichlorohydrin are relatively

well established on the market.
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Figure 3: Evolution of worldwide production cap#eitof the main bio-based building block.

Bio-based polymers growth capacity, in contrash tt0% annual growth between 2012
and 2014, now is expected to show a 4% annual groate from 2015 to 2021. The main
reasons for this slower increase in capacity aredi prices, low political support and a
slower than expected growth of the capacity utiicrarate. However bio-based polymer
are seeing a global growth rates at the same lasetonventional polymers, their
worldwide production capacity is forecasted to @ase from 6.6 million tonnes in 2016
to 8.5 million tonnes in 2021 (Figure 4) [5].
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Figure 4: Evolution of worldwide production cap#estof the main bio-based polymers.

The most relevant increment is foreseen for thenebio-based polyhydroxyalkanoates

PHA whose production capacity is still small in BGdnd is projected to almost triple by



2021. The second most development is foreseen dbramides, whose production
capacity is expected to almost double by 2021.lised polyethylene terephthalate and
bio-based polylactic acid are showing interestingagh as well with an approximately
10% annual growth rate [5].

1.2 Biopolymers

In recent years, green movements, initiatives, r@galations are pushing almost every
developed country to reduce the volume of soligipelrs waste generated by consumers
in order to protect the environment. The use ofipobs made from both natural renewable
resources or fossil resources that decompose mvicoementally friendly constituents, is
increasing steadily and rapidly. These class obnels are defined biodegradable and are
a subclass of biopolymers.

It is important to clarify what biopolymers are hese also not-biodegradables
biopolymers exist. The biopolymers, in fact, areidid into two big classes of materials,
biodegradables and non-biodegradables. The biodagles biopolymers are further
divided in other two classes: bio-based or fosafldal. Instead, only bio-based polymers
can be classified in non-biodegradable biopolynotass.

Moreover it is important to understand what biodegble and bio-based means.
According to the standard ASTM D5488-94 [6], biodetable polymers refer to polymers
that are “capable of undergoing decomposition icéobon dioxide, methane, water,
inorganic compounds, or biomass in which the pradant mechanism is the enzymatic
action of microorganisms that can be measureddndstd tests, over a specific period of
time, reflecting available disposal conditions”.

“Bio-based” is a term focused on the raw materisis, and it is applied to polymers
derived wholly or partially from renewable resowc&kaw materials are defined as
renewable if they are replenished by natural procesiat rates comparable or faster than
their rate of consumption [7]. To be exact, a bsdzhmaterial is “an organic material in
which carbon is derived from a renewable resouraebiological processes. Bio-based
materials include all plant and animal mass derivech carbon dioxide previously fixed
via photosynthesis”.

Biodegradable bio-based biopolymers, can be pratlume biological systems like
microorganisms, plants, and animals; or chemicaftythesized from biological starting
materials such as corn, sugar, starch, etc. Thet n®ed bio-based biodegradable

biopolymers are starch and poly(hydroxyl acids).
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Non-biodegradable bio-based biopolymers are syiethetymers produced from biomass
or renewable resources such as polyamides fronorcast(polyamide 11), polyesters
based on biopropanediol, biopolyethylene (bio-LDRIi)-HDPE), biopolypropylene
(bio-PP), or biopoly(vinyl chloride) (bio-PVC) baken bioethanol from sugarcane, and
also natural occurring biopolymers such as natutaber or amber.

Biodegradable fossil fuel based biopolymers arelmtic aliphatic polyesters made from
crude oil or natural gas that are certified biodegble and compostable. PCL,
poly(butylene succinate) (PBS), and certain “altpifaromatic” copolyesters are at least
partly fossil fuel-based polymers, but they cardbgraded by microorganisms.

Actually, most of the renewable resources basectmaatare much higher in cost and
inferior in properties compared to syntheticallyided products. In order to decrease this
gap, the research and innovation are focusingteldp new synthetic strategies and new
processes for obtain environmentally friendly praduwith similar performances and
price to fossil resources based materials.

It is clear that the most interesting biopolymerg d@he biodegradable bio-based
biopolymers, due to their zero carbon dioxide emisthat characterize their life cycle.
One of the main well known and in large quantitpguced bio-based biodegradable
biopolymer is polylactic acid. Polylactic acid ispaly(a-hydroxyalkanoic acid) largely

produced by fermentation of renewable resourcels asstarch and sugarcane.

1.2.1 Introduction to polylactic acid

Polylactic acid was synthetized for the first timeThéophile-Jules Pelouze in 1845 throw
polycondensation of lactic acid [8]. In 1932, WalladHume Carothers et al. [9] developed
a method to polymerize lactide into PLA and subsetjy Du Pont in 1954 patented this
method. PLA and its copolymers were originally deped as biomedical materials until
1970s, this since this polymers are bioabsorbatdebdocompatible. Biomedical uses of
polylactic acid consisted of therapeutic and pha&euntical applications such as drug
delivery systems [10], protein encapsulation andively [11], development of
microspheres [12] and hydrogels [13]. The biomddapglication of PLA were recently
extended to tissue engineering including scaffoldtamals [14] and biocompatible
materials for sutures [15] and prostheses [16].

In the early 1990s Cargill Inc. managed to obtaghfmolecular-weight poly(L-lactic
acid) (PLLA) by ring-opening polymerization (ROP)f d.-lactide. The ROP



polymerization process implemented in industrialscpermitted in the mid 1990s, to
commercialize the PLLA polymer.

PLLA has high mechanical properties in additioratbiodegradable nature, this was the
starting point to provide opportunities to replacmdegradable oil-based polymers, such
as polyethylene terephthalate (PET) and polysty(B&3.

Various types of bio-based polymers are now undegeldpment, also several PLA types
are proposed as promising alternatives to commeroiramodities. In particular, PLLA
polymers having high L-contents and stereo-compleX polymers showing high melting

temperatures are now expected to be candidatésgioperformance materials.

1.3 Lactic acid

1.3.1 History of Lactic Acid

Lactic acid was discovered in 1780 by the experalechemist Carl Wilhelm Scheele,
who isolated “acid of milk” from sour whey [17]. further description of the history of
lactic acid by Holten and Benninga shows that itdialsoroduction of lactic acid started
in the United States in the 1880s [18]. Avery ptddrand applied a fermentation process
of vegetable sugars [19]. In 1950, the first comoraproduction of synthetic lactic acid
started in Japan [20]. For some decades, syntlaetic acid competed with lactic acid

obtained by fermentation, but currently almostaatic acid is produced by fermentation.

1.3.2 Chemical structure of Lactic Acid

Lactic acid (2-hydroxypropanoic acid) is one of saplest 2-hydroxycarboxylic acid (or
a-hydroxy acid), in this molecule a chiral carbooratin alpha position to the carbonyl
permits the existence of two lactic acid enanti@neamely L-lactic acid and D-lactic acid
(Figure 5).

o 0]
HO\/IL HO
- OH \HkOH
CHs CHs;
(S)-Lactic acid (R)-Lactic acid
L-(+)-Lactic acid D-(—)-Lactic acid

Figure 5: Enantiomer species of lactic acid.

The lactic acid molecule possess both a hydroxd am acid functional group, these
groups can react together through an intermole@gtarification reactions, leading to the

formation of a linear dimer (lactoyl lactic acidhis condensation reaction can proceed to
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higher oligomers and it is promoted by the watenaeal. Also the cyclic dimer, lactide,
is formed in small amounts by intramolecular eftaiion of lactoyl lactic acid or by

cyclization of higher oligomers. All reactions show Figure 6 are equilibrium reactions.

(o} n- —
2 HO —H,0 Ho oH n-2 i—iL) (n ‘2)H20 . o
OH = = H OH
+H,0

Lactic acid (or HL) Lactoy! lactic acid (or HLy) HL

+H,0| |-

HLn—2
(0]
O)K(
(0]
+HL,,

Lactide (or LL)

Figure 6: Oligomerization and cyclization reactmfriactic acid.

Due to these reactions, a solution of lactic atebailibrium consists of monomeric lactic
acid, dimeric lactic acid or lactoyl lactic acidgher oligomers of lactic acid, and lactide.
The ratios between all substances depend on therdarnbwater present; for example, a
90.1% lactic acid solution contains about 59.3%mofhomeric lactic acid, 27.3% of lactoyl
lactic acid and higher oligomers [18]. The condépnsareactions are also the reason that
it is quite difficult to obtain enantiopure solidctic acid. For this purpose, crystallization

is a suitable technique [21].

1.3.3 Production of Lactic Acid by Fermentation

Nowadays, almost all lactic acid available on therkat is produced by fermentation. In
particular some classes of microorganism are ableohvert suitable carbohydrates to
L-lactic acid and D-lactic acid. Depending of witglpe of microorganism are used the
process can be carried out in anaerobic (by bagteriaerobic conditions (by fungi).

The sugar conversion into L-lactic acid for exampéemade without oxygen, in other
worlds in anaerobic process conditions startingnfid-glucose. The reaction involves
several enzymatic steps inside the microorganisits, dde sugar is first converted to
pyruvate, then the pyruvate is reduced to lactid.aln this way, the microorganism
generates energy in the form of ATP that uses wersé processes, for example, cell



growth, maintenance, and sometimes even motihtpther words, L-lactic acid is mainly

produced to keep the cellular processes going [22].

CH,OH ADP+NAD

H Oo_ H Q
H ) _
OH H 2 ﬁ/\ko
OH OH
H OH ATP+NADH
p-Glucose Pyruvate
o NADH o
o HO
(O O
NAD
Pyruvate Lactate

Figure 7: Lactate biosynthetic route in homoferraéaé bacteria.

The reaction in Figure 7 takes place in the sceddllomofermentative lactic acid bacteria
(LAB). Homofermentative bacteria produce almost lesiwely lactic acid as a
fermentation result, in these microorganisms glysisl reactions split a C6 into two C3
molecules [23]. Lactic acid can be produced alsohbterofermentative bacteria that
produce a mixture of lactic acid, acetate,C@nd ethanol [23]. Heterofermentative
bacteria fermentation process is known to use giasgiolase pathway, this is a route
where a C6 is transformed to a C5 sugar (and) Gdbsequently splitted into a C2 and a
C3 molecule. The C3 molecule is then convertedd¢td acid whereas the C2 molecule is
converted to acetate or ethanol.

Some heterofermentative bacteria show glycolysis @rosphoketolase pathways active
at the same moment and produce mostly lactic auigucertain circumstances [24].
Lactococcus lactis is a lactic acid producing microorganisms that mmt have a
phosphoketolase pathway but can still produce teeata ethanol from pyruvate as
byproduct [25].

Every microorganism has its own benefits and drak$abutiactobacillus (bacteria) and
Rhizopus (a fungus) are the most reported [26].

Lactobacillus generally have high productivity, but special arfittn expensive nutrient
requirementsRhizopus needs much less nutrients, but has a lower yiteteteds oxygen,
and for its morphology is sometimes difficult tonkée. Of course, via genetic
manipulation, researchers have tried to make &l ldetic acid producing microorganism
in order to increase the process productivity &edenantiopurity of lactic acid.
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Several natural D-lactic acid producing bacterigheges exist, for example
Soorolactobacillus inulinus, Sporolactobacillus laevolacticus and Lactobacillus
delbrueckii [27] [28] [29]. Some patents were also developed the production of
D-lactic acid by a genetically modified microorgemi. Several different species such as

Kluyveromyces andEscherichia coli have been claimed so far [30] [31].

1.3.4 Carbohydrates for Lactic Acid Production

In general, any carbohydrate source containing gsest (C5 sugars) or hexoses
(C6 sugars) can be used for the production ofdamtid. Pure sucrose from sugarcane or
sugar beets and glucose from starch are availabdege amounts and readily fermentable.
Disaccharides can also be used, lactose preswiiitap for example.

Polysaccharides such as cellulose or starch aree momplex and need special
pre-treatments, like hydrolysis into sugars witb@fic enzymes prior to fermentation.

In particular, starch occurs in discrete granuled & is usually a mixture of two
homopolymers of glucose, amylopectin and amylos#oigh some microorganisms are
able to convert starch directly to lactic acid,esthcannot hydrolyze starch themselves and
enzimes liken-amylase and glucoamylase are used in a firstadtbpdrolysis. Starch can
be obtained from corn, wheat, potato, or tapio@} §d a lignin free cellulose source can

be derived from waste paper and used for lactid p@duction [33].

1.3.5 Batch and Continuous Fermentation

The fermentation process can be run in batch [84haontinuous mode [35]. In all
scenarios, microorganisms produce an aqueous lackit solution containing lactate,
counterions, impurities from raw materials, fernadioin by-products, residual sugars,
polysaccharides, and the microorganism itself. flisé step to separate lactic acid is the
filtration of microorganism and raw material ressdu

Then, lactic acid is purified by saturation witm@, crude calcium lactate obtained is
filtered off and acidified with sulfuric acid. Suguently filtering off the calcium sulphate,

and evaporating to obtain a crude viscous lacid [d7].
1.3.6 Purification of lactic acid

Food and pharmaceutical lactic acid applicatiorwal as polymer synthesis, require a

high purity grade of lactic acid, this can be ob¢al in different ways such as:

10



» active carbon treatment and/or ion exchange progessder to remove impurities
and salts.

* esterification/saponification; esterification ofcte acid with methanol/ethanol
yields different boiling points species, these d¢an easily separated from the
impurities by distillation and reconverted in lactacid by a subsequently
saponification [36].

 crystallization; this method can lead to an excgllactic acid grade, but the yield is
generally low.

« distillation; lactic acid can be distilled undema@acuum in order to separate it from
higher molecular weight components such as sugdrpmatein that remain as
residue. Lactic acid is obtained as the top prqduat the formation of oligomers
limit an overall high distillation yield.

» extraction; an extraction and back-extraction pssagith tertiary amine systems can
be a suitable way to purify lactic acid [37] [38].

Lactic acid purified by crystallization may be takeas the benchmark in lactide
manufacture, but the unfavourable economics of ntpkrystalline acid from the mother
liquor are limiting its commercial use for lacti&&/A production. The use of more efficient
raw materials and more performing purification msges that involve lower costs, are the
key to reduce the overall cost of lactic acid aralnly, the lactide and PLA commercial

costs.

1.4 Lactide

1.4.1 Lactide structures

The dehydrated, cyclic dimer of lactic acid is coomly known as lactide
(3,6-dimethyl-1,4-dioxane-2,5-dione). Due to theotasymmetric carbon atoms in the

molecule, lactide exists in three different forrrggy(re 8).

(o]
(R,R)-Lactide (S,S)-Lactide (R,S)-Lactide
or D-lactide or L-lactide or meso-lactide

Figure 8: Lactide diastereoisomeric species.
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In addition to the three diastereomeric structurentioned above, also a racemate of
D-lactide and L-lactide is commercially availabiac-lactide or DL-lactide.

1.4.2 Production of lactide

The synthesis of lactide was described for the finse by Pelouze in 1845 [39] studying
the self-esterification of lactic acid by heatimglalistilling off water. Later, in 1914 Gruter
and Pohl [40] patented an improved procedure whaac acid was self-esterified at
120-135°C and water removed using an air flow. Timenlactic acid oligomers obtained
were converted in lactide adding zinc oxide as izgtibn catalyst. One of the main
reaction problem is the equilibrium reaction thatit the conversion from oligomer to
lactide, so in order to pull the reaction toware troducts, the lactide produced was
distilled off under vacuum at 200°C.

In the last two decades, several papers have aapearactide manufacture [41] [42], the

major step forward was the use of a tin catalysioasdinating catalyst.

Water Catalyst

(impurities)
Condensation Lactide
polymerization synthesis
Residue Impurities

Figure 9: General scheme of lactide manufacturepamification route [43].

Crude lactide

Prepolymer

Lactide

e - Pure lactide:
purification

Lactic acid

As previously described modern lactide productioocpsses involve two main reaction
step, the prepolymerization process and the lasydéhesis (Figure 9). Both step can be
drown in a batch or in a continuous process. OiBdeal. patented the prepolymerization
process in batch [44]. They worked under partialnven at 70-250 mbar and temperatures
up to 190°C to dewater lactic acid to a prepolymigh an average polymerization degree
(DP) of around 10 in a process time of 6 h.

Continuous prepolymerization has also been destiba number of patents, for example,
in a series of stirred tanks or in evaporator-tygaipment [45] [46].

Noda and Okuyama reported the further batch syistioétactide from DP 15 prepolymer
with various catalysts at 4-5 mbar and 190-245°2}.[4
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Tin catalyst can be considered the best compareth&y catalysts and showed the lowest
levels of racemization. The catalyst increasegdle of lactide formation catalysing the
backbiting reaction of the oligomer hydroxyl endgts group [47].

Tin octoate (stannous 2-ethylhexanoate) was aniis still the most used catalyst for
lactide production, moreover is a liquid catalysittcan be handled easily, is food grade,
and is widely available.

In batch processes, the depolymerisation ratetially constant, but during the synthesis,
polyesterification also occurs, and the degree aymerization of the polyester rises
concomitantly. For this reason the melt viscosityhe reaction mixture increases during
the reaction and at the end of the batch procagsgrthe highly viscous residue becomes
very difficult. The mass transfer of lactide frommetliquid to the gas phase decreases

limiting the lactide separation.

1.4.3 Lactide continuous process production

Gruber et al. described a continuous lactide swmh@ 1992 [45]. In this process the
prepolymer is continuously fed inside the reactoyde lactide is evaporated under
vacuum pressure at 4 mbar, temperature 213°C,sand 0.05 wt% tin octoate as catalyst.
The process has a residence time of about 1 h.

1.4.4 Purification of lactide

In both processes, batch and continuous, the &atydthesis reactor produces a crude
lactide stream that contains lactic acid, lacti@ asdigomers, water, meso-lactide, and
further impurities.

Different separation methods for lactide purifioatiare currently employed:

» Distillation; this process was well described iru@er et al. patent in 1993 [48].
This technique permit to split the multicomponemttore of lactide, water, lactic
acid, and its oligomers into pure fractions. Théibg points of all compounds are
in the range of 200-300°C, thus low pressures seel.uDistillates and bottoms
may be recycled, but the accumulation of impurifiies the feed or the production
of meso-lactide during the process are the maiblenos. Since the difference in
boiling temperature of lactide and meso-lactideguste small, this distillation
requires many theoretical plates (>30). For exampléhe Cargill / NatureWorks

process, distillation uses a series of distillatofumns in a continuous way [47].
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* Solvent crystallization; this method is commonlegdsn laboratory and involves
the lactide purification trough recrystallizatiamin mixtures of toluene and ethyl
acetate [47]. Lactide at extremely high purity da@ obtained by repeated
crystallization with different toluene / ethyl aatg ratios.

* Melt crystallization; this method is preferred flarge scale process. Lactide
crystallizes easily when melt is cooled down, Ihat presence of impurities limit
the maximum yield [49]. The heat transfer areas laydtodynamics inside the
reactors are the main challenge to influence tbdystivity of this process, for this
reason different types of apparatus as static ewgmp, falling film crystallizers,
vertical column with scraper to remove crystal maes the cooled wall, and
scraped heat exchanger coupled to a wash columbecased [49] [50] [51].

Affordable distillation equipments don'’t fully reme all meso-lactide, and consequently,
a mixture of lactic units are obtained during thalymerization resulting in PLA
copolymers with different thermal properties. lagtecrystallization yields highly pure
lactide, suitable for high molecular weight PLA hagmolymer.

1.5 Polylactic acid

1.5.1 Polycondensation of lactic acid

Lactic acid can be polymerized to polylactic aciddwmlycondensation (Figure 10), the
condensation reactions occur between the hydraxylgs and the carboxylic acid groups.
The removal of the water formed during this react® essential to converts oligomers

into polymer.

O O

OH polycondensation o

Figure 10: Lactic acid polycondensation.

This direct polycondensation involve different pésian a first step the lactic acid is dried
removing the water contained in the feedstock. Trercondensation step produces
oligomers. The rate determining step in this siagesually the chemical reaction, which
is significantly affected by the catalyst used [SPjaditional polycondensation catalysts
are strong Lewis acids and organometallic compouhlds last step is characterized by
melt polycondensation in which oligomers condensaegating the polymer chains. The

removal of water becomes more difficult and carrdie determining when producing a
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higher molecular weight polymer. To enhance the/g@midensation reaction rather than
the transesterification reactions, the water formetie reaction mixture is removed under
vacuum in inert atmosphere conditions.

To improve mass and heat transfer, the melt polyeosation reaction should be carried
on in an apparatus having an efficient renewalhafse boundary layers and systems that
can handle high-viscosity mass are required sucbtasng disk type reactor.

The preparation of a high molecular weight PLA bygligect dehydration condensation
reaction is not practicable due to the equilibritgaction towards high molecular weight
polymer. Generally, this type of polymerizatiorused for obtaining a polymer with low
molecular weight, and usually the reaction is seapwhen the polymer reach a molecular
weight of about few thousands. PLA prepared fronygandensation possessing low
molecular weight has poor mechanical propertiestaacefore is not suitable for many
applications. Polymers whit high molecular weighancalso be obtained, but the
conversion remains low. As example the resultsftérént catalyst tested [53] shown SnO
as the most efficient catalyst in terms of moleculaight but the maximum yield obtained
at 180°C after 20 hour of reaction is below 40%.rébwer, side reactions occur and they
give a negative influence on the properties ofpgblymer. Indeed the formation of cyclic
structures, such as lactide, lowers the overalemdar weight. Furthermore, the lactide is
removed with the water under vacuum lowering ateoytield of the process even if it is

recycled.

1.5.2 Solid-state polycondensation

As has been seen, a limited molecular weight inoation with a low yield are the main
disadvantage of PLA prepared by the direct polyemsdtion. Some progress in increasing
the molecular weight of the PLA has recently beelmeved with sequential melt / solid
polycondensation [54] [55].

In the sequential melt / solid-state polycondewsata further step is used at the end of the
direct polycondensation. During this step the rpelifcondensated PLA is cooled below
its melting temperature in order to start the @Wiiation process. At this point a
crystalline phase and an amorphous phase are ameoliisly present in the material and
the reactive end groups as well as the catalystz@ncentrated in the amorphous phase in
between the crystals (Figure 11).
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Metal catalysts can promote the solid state polgieosation in the amorphous phase as
well as in the melt polycondensation. These catsilgan be metals or metal salts of Sn,
Ti, and Zn.

Cralline pha x

COOH

OH HOOC
Amorph h
orphous phase HO

COOH

o

Figure 11: Schematic representation of semicris@lPLA phases [43].

Crystalline phase

OH

OH COOH

Crystalline phase

The rate-determining step in the solid-state palgiemsation is the mass transport of the
water, in the solid state the water formed durimg teaction moves slowly because it is
tied to its molecular diffusion inside the crystadl and amorphous phases. Thus, the water
removal can be enhanced by carrying out the reaatiler vacuum conditions in an inert
atmosphere.

A process for preparing PLA by the sequential mhetlid state polycondensation has been
described and patented [56]. The process involvdgwad-phase polycondensation
reaction step followed by crystallization and grbwt the prepolymer crystals in a cooling
step, and finally a solid-phase polymerization sfdpe weight-average molecular weight
of linear PLA obtained by this process was abov@00 g/mol that in many cases was a
10 times higher compared to the prepolymer. Thal tptocess time to prepare the
mentioned PLA was about 100 h, starting from laatid at 88% of purity.

1.5.3 Azeotropic dehydration
Another way for synthetizing PLA by direct condein®a is using an organic solvent to
remove the condensation water during the polycosateon step, this method is called

Azeotropic Dehydration. As for standard direct polydensation the lactic acid drying
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and the oligomers production steps are the samen Tine previously described high
viscosity melt polycondensation is eliminated parfimg this step in solution.

The removal of the water from the reaction mediwreasier in this way and higher
molecular weight is achievable. The solvent, ondtieer hand, has to be dried from the
using a drying agent (e.g., molecular sieve), andti@d non solvent is required for
separating the polymer from the solvent at theadrttie process.

Anisole or diphenyl ether are the main solventslus® tin based catalysts such as SnO
or SnC} are the most effective giving a weight averageemalar weights higher than
100000 g/mol [57].

1.5.4 Ring-opening polymerization of lactide

Ring opening polymerization (ROP) has been theepred route to synthetize PLA since
the 1970s. Chemie Combinatie Amsterdam CCA, nowvknas PURAC, started to
produce small volumes of PLLA and copolymers witkc-tactide, glycolide, and
g-caprolactone for biomedical applications [58].

Later starting from the 1990s, the ROP polymeraraprocess was used for high-volume
production of PLA grades. In 2002 Cargill and Domdar the name NatureWorks LLC
started to produce PLA copolymers of L-lactide ameso-lactide in large scale. In 2009
its production capacity reached 140 ktpa with InBé&é grades [59].

Nowadays, solid D-lactide and L-lactides are awd@an bulk quantities and can be
polymerized into a wide range of polylactides byntoouous melt polymerization
processes based on static mixing reactors develop&adlzer and PURAC.

Ring opening polymerization of lactide is usuakye tmost preferred route for preparing
high molecular weight polylactide, this due to faet that the repetitive unit is composed
essentially of two condensed molecules of lactid.da addition, this catalysed process
not involves water formation during the polymeriaat so most of the problems related
to water removal and hydrolysis of polymer are dedi

Moreover this type of synthesis permits an accuratatrol of the polymer
stereochemistry, using a pure lactide stereoisamgmixture of them is possible to obtain
semicrystalline or amorphous polylactic acid arsbatereopolymers.

Lactide can be polymerized by melt, bulk n, solutiand suspension polymerization. Each
of these methods has its own advantages and disadys, but melt polymerization is

generally considered the most simple and reprotkioiethod [58].
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A large number of catalysts have been studiedarROP of lactide, the most used are the
carboxylates and alkoxides of Sn [60] [61] and @2][[63] [64].

During the polymerization, different mechanisms armwolved, the predominant
mechanism depends on polymerization conditiong)ysttand initiator concentration, and
the presence of a solvent.

Tin octoate catalyzed ROP has been studied by manthors, and the
coordination-insertion polymerization between tindaactide, seems to be the main
mechanism involved.

Kowalski et al. [65] shown that the polymerizatiomechanism involves a catalyst
activation step (Figure 12), in which tin 2-ethythaoate is converted to a tin alkoxide by

reaction with a hydroxyl compound, such as alighaktohol or water.

Sn(Oct), + ROH ~<=="  Oct-Sn-OR + OctH

Figure 12: Tin catalyst activation step.

Then, the polymerization proceeds on the tin-oxyg@md of the alkoxide ligand, whereas
the carboxylate itself is inactive in the polymatinn.

In the insertion-coordination mechanism, one ofdadonyl oxygen atoms of the lactide
temporarily coordinates the tin atom of the alkexichtalyst specie. This coordination
enhances the nucleophilicity of the alkoxide pafttlee initiator as well as the
electrophilicity of the lactide carbonyl group. Thihe cleavage of the lactide ester bond
makes the lactide open and insert into the alkotirdexygen bond of the catalyst. In this
way, the lactide alkoxide group formed by the rapgening coordinates tin and the latide
opened carbonyl group forms a new ester bond with dalkoxides compound that
coordinated tin in the previous catalyst activaspecies. Subsequently propagation is
induced by identical coordination and insertion hetsm of additional lactide molecules
into the tin-oxygen bond (Figure 13) making theypwér chain grow.

Every initiating molecule is covalently bonded asend group to each polymer chain,
transesterification reactions between polymer drel 2-ethylhexanoate ligands of the
catalyst will also give octanoic ester end groupthe polymer.

Lauryl alcohol (1-dodecanol) is usually added asatlyst initiator, this system shows
excellent catalytic activity to give high moleculaeight PLLA using L-lactide.

Moreover this catalyst system is biologically safel approved by the US Food and Drug
Administration (FDA) for use in medical and foodpéipations.
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Figure 13: Coordination-insertion mechanism in RfDRctide with tin octoate.

1.5.5 ROP in industrial process

The most common reactor system used for lactide R@Rist on one or more mixed
reaction vessel, the number of vessels can vargraipg on the desired polymerization
conditions [66]. A combination of this type of ré@cand a static mixer has also been
developed, plug-flow reactor columns are used foortinuous polymerization process.
In this type of reactors agitation blades are uis@dder to ensure appropriate mixing [67].
ROP can also be performed by reactive extrusiothigaprocess the residence time and
catalyst efficiency are essential to achieve tgbtmpolymer molecular weight [68].

At the end of the PLA polymerization process, losl@ecular weight oligomers unreacted,
lactide and the lactide generated by side readilan backbiting and intramolecular
cyclization, need to be removed. This processnsethon by distillation under vacuum in
the presence of an inert gas current [E3]ring this final step, the catalyst deactivation
also occurs. Deactivator agents can be variousasiphosphorous containing compounds
[70] [71], antioxidants [72], acrylic acid derive#is [73], and organic peroxides [74].

A solid state-state polymerization can be also usextder to reduce the lactide content,
and increase the molecular weight of the polym&t.[7

The final polymer product must be dried at 60°C amdacuum or with dry air before
storage or before future processing, in order tmdahydrolysis due to the presence of
moisture [76].

1.5.6 Polylactic acid stereopolymers

Starting from different types of lactides or frormature of them is possible to synthetize
PLA with various stereoregolarity:
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* |sotatic PLAs; they are formed from pure L-ldetor pure D-lactide obtaining a polymer
with the same stereoconfiguration in all repeatimgt, poly(L-lactide) (PLLA) or
poly(D-lactide) (PDLA).

» Syndiotactic PLA,; it has alternating configuoat of the sequential stereocenters L and
D, poly(meso-lactide) (mesoPLA).

« Atactic/Heterotactic PLA; the atactic has adam distribution of configurations about
the stereocenters, while its heterotactic countefms regions of stereo-homogeneity,
poly(rac-lactide) (PDLLA, racPLA).

* Isotactic stereoblock PLA; it consist on a Wampolymer of PLLA and PDLA,
poly(l-lactide-co-d-lactide) (PLDA).

Crystalline
Stereocomplex PLA (scPLA) —> Om 230°c 4
Stereoblock PLA g 2n 2 2n 2n n mOmOmOmOmOmOmOy L
Poly(L-lacticacid) (PLLA)  —>»  -O—O— OO0 OO0 00— 00— OO 180°C
Conventional PLA A OmOm nOmOmOmOmOmOmOmOmOmOsEl- L
2Om mOmOn nOnOulmOulOmOm moy
Amorphous PLA AR EOmCn mOunOmOm mOmOmOm m O Amﬁ:,p?ous

A aOn mOn nbGn b b nbm 4
@ o-lactic acid QO actic acid

Figure 14: Schematic representation of the varsteieoisomeric forms of polylactic acid [43].

As reported in Figure 14, and in Table 1, the mgltpoint and the glass transition
temperature change depending on the chain sterdariy, this is due to the ability of the

high enantiopure omopolymers to crystallise.

Table 1: Transition Temperatures of different typeBLA

Transition 1 o, | A/PDLA racPLA mesoPLA scPLA SbPLA
temperatures atac. / synd.
Tg (°C) 53-63 50-55 40-45 | 34 80-90 50-55
Tm (°C) 160-185 ; -/153 200-230 185-195
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PLLA is semicrystalline with a Tm of 160-185°C, g ®f 53-63°C, and a crystallization
temperature Tc of 100-120°C.

Syndiotactic PLA can be produced from the polynaron of meso-lactide using a
stereoselective catalyst like isopropoxide [77]slsemicrystalline with a Tm of 153°C
and a Tg of 43°C, however, its thermal propertrespmorer compared to PLLA.

Atactic PLA (PDLLA or racPLA) can be prepared froac-lactide. It has a Tg of 50-55°C
but it has no Tm because it is amorphous, it stbedowest mechanical properties [78].
Atactic PLA can also be prepared from the randopobonerization of meso-lactide.
PDLA is prepared from D-lactide, it is very expeamsiand produced only in small
guantities.

Stereoblock PLA (sbPLA) can be prepared by sokdespolycondensation of PLLA and
PDLA. It has a Tm of 185-195°C and a Tg of 50-55°C.

Stereocomplex PLA (scPLA) is obtained mixing PLLAdaPDLA omopolymers. It has a
Tm of 200-230°C and a Tg of 80-90°C.

Pure PLLA and PDLA macromolecules can crystallagether into a stronger crystalline
structure. The alternation of PLLA and PDLA molexsiin the crystal lattice permit the
formation of a structure where the macromolecutescéoser. In fact, in this particular
stereoconfiguration the two polymer chains are leedered when align in the crystals
leading to an increase of the intermolecular irtéoa energy compared to the crystalline
structure obtained in both omopolymers alone [79].

This effect lead to an increase of Tm in both steleck and stereocomplex polymers. In
the same way, the mechanical and thermo-mechamicpérties change. The presence of
a crystalline phase increase the degradation fjd§ssince the crystalline phase possess
higher water impermeability.

SCPLA is prepared by mixing PLLA and PDLA in soantistate [81] or in molten state
[82], both processes require long period of timaeach high stereocomplex content.
Although in both cases the polymer’'s molecular \Wweidecrease, this problem is more
emphasized when the mixing is achieved in moltatediecause the temperature involved

is 45-55°C higher than the melting temperatureldfA2and PDLA omopolymers [78].

1.6 PLA Properties
PLA is widely used in packaging and biomedical &gplons because of its
biodegradability characteristics, in addition t® giood mechanical and physicochemical

properties. The methyl side groups give to the nadta hydrophobic behaviour. PLA is
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soluble in many organic solvents like chlorofornghibromethane or THF. PLA has
higher transparency than other biodegradable polymend is superior in weather
resistance, and workability.

It is a high modulus thermoplastic polymer with pedies in between polystyrene (PS)
and polyethylene terephthalate (PET). The polynwbtained from optically active
monomers (L-lactide and D-lactide) are semicrystallwhile the optically inactive
monomers (racemic D,L-lactide and meso-lactideg gimorphous polymers.

Similarly to polyethylene terephthalate, polyladitd has slow crystallization rate. The
highest rates of crystallization occur in pure PLinbAhe temperature range of 110-130°C
with the formation of spherulitic crystals [83].

Runt et al. [84] presented crystallization kinetiesa for copolymers of poly(L-lactide-co-
meso-lactide). At a crystallization temperaturedl®7°C, a copolymer of 0.4% D-content
crystallized 60 times faster than a copolymer 6#6D-content. At 135°C, the dependence
of growth rate on mesooncentration was much more significant. Indeedr#i® of
crystal growth rates of the 0.4% to 6.6% meso coinaBon was more than 340 times.
Also Kolstad [85] studied the crystallization kiiwstof poly(L-co-meso-lactide) and found
that the crystallization half time increased apprately 40% for every 1 wt% increase in
the meso-lactide content. Moreover, his resultsvsdoss in crystallization ability when
this content exceed 15%.

Amorphous PDLLA is typically used for biomedicalvites and for slow drug release,
while semicrystalline PLLA is selected for applioats where higher mechanical and
thermo-mechanical properties are required.

Typically its tensile strength range from 50 toMPa, modulus of elasticity of 3000-4000
MPa, elongation at break of 2-5%, flexural sttéraf 100 MPa, and flexural modulus of
4000-5000 MPa [86] [87] [88] [89]. The typical I®longation at break limits some of its
uses, indeed it is brittle at room temperaturecténang through a crazing mechanism.
Different studies are focussed to improve the prigme of PLA by copolymerization,
blending with other biodegradable polymers, andtpieation.

The copolymerization of L-lactide with minor amosiraf meso-lactide or D/L-lactide
offers materials with lower brittleness and betilen properties.

In general, PLA properties depend on the moleautaght, on the degree of crystallinity,
and also on the polymer chain stereochemistry.ghdr molecular weight raises Tg, as

well as Tm, tensile strength [89], elastic modubusi lowers the elongation at break. In
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the same way an increase in crystallinity increbedgensile strength, the elastic modulus
and lower the elongation at break [90].

The stereochemistry is very easily controlled bg tholymerization with D-lactide,
L-lactide, D/L-lactide, or meso-lactide, to forrmdom or block stereocopolymers, while
the molecular weight is directly controlled by tlaedition of hydroxyl containing
compounds such as lactic acid, water, alcohols.[9%]e ability to control the
stereochemical architecture allows precise cowtrel the rate and degree of crystallinity.
Although some polymers like PLLA are semicrystaland so can crystalize under proper
conditions, the slow crystallization kinetics tltéitaracterize this process gives problems
to achieve higher degree of crystallinity duringeation moulding and compression
moulding processes. In this machinery, the matesiahpidly cooled down in order to
maintain high the productivity, and only low degderystallinity can be achieved.
Increase the crystallinity also means increasertéehanical properties at temperature in
between the transition temperature and the mekimgperature, where usually the material
loose its mechanical properties.

Different ways can be followed to overcome the state of crystallisation, the main are

annealing, orientation and nucleation.

1.6.1 Annealing

As reported by Park at al. [92] the Xc (crystalliaa degree) of quenched PLLA is

generally around 3%, while PLLA annealed at 70 460°C can reach Xc of 23% and

56%, respectively.

PLLA specimens annealed at 100°C maintain higlvéthee of the storage modulus above
Tg due to the presence of more crystallinity tlattdbutes to the mechanical properties.
These data agree with others reported in the fitezaand in general, the annealing of
PLLA is accompanied by increase in tensile anduitek strengths, as well as impact
resistance and thermo-mechanical properties [88] [9

1.6.2 Orientation

Orientation is an excellent way to improve the nagubal properties of amorphous or
semicrystalline PLLA films. Biaxial orientation &fLLA film is effective in increasing
tensile strength, elongation at break, and elastidulus. Instead, a monoaxial orientation
gives anisotropy with very poor mechanical progsrin the normal direction respect to

the orientation.

23



The stretching is typically carried out at a tenapere between the Tg and Tm of the
material, usually 70-90°C, depending on the me{8dil

The tensile strength of a semicrystalline PLLA fiti@n be increased from 50-60 MPa in
unoriented film, to 100-200 MPa in biaxially oriedtfilm, while elongation at break can
change from 10% to 50-150%. The elastic modulueease from 2500 MPa to around
3300 MPa [94] [95].

1.6.3 Nucleation

PLA nucleation is a technique used for increashregdrystallization rate during material
cooling, this can be obtained by adding nucleatigants able to generate crystal nuclei
faster during the material cooling into the melpedlymer. In particular nucleation agents
increase the temperature of hot crystallizationgdsong industrial process like injection
moulding where the cooling rate are rapid in otdenaintain high the productivity of the
process, the material starts to crystalize at itgraperature and the final product is more
crystalline with respect the material nucleatingradgree.

Kolstad at al. [85] showed that talc is an effitiencleating agent for PLLA increasing
the polymer crystallization rate. The results shdwat for PLLA with 6% of talc the
polymer half-time crystallization at 110°C was redd from 3 minutes to approximately
25 seconds. For PLLA copolymerized with 3% mesdidacand with the same percent of
talc, the half-time was reduced from about 7 mistteabout 1 minute.

Li and Huneault [96] compared the crystallizatianetics of talc and montmorillonite
Closite Nd added to PLLA with 4.5% of D-content. They repdrténat the lowest
crystallization induction period and maximum cryl&tation speeds were observed around
100°C. By adding 1 wt% of talc, the crystallizatioalf-time of PLA was decreased from
a few hours to 8 min. In contrast, the montmorillertested was less effective as a
nucleating agent achieving 30 min as lowest haikti

Organic compounds such as calcium lactate [97]usodtearate [98] or benzoylhydrazide
compounds [99] and N,N-ethylenebis(12-hydroxystegda) [100], are also been studied.
The addition of 1% calcium lactate induced crysation of a 90:10 L/D copolymer
during the injection moulding cycle [97].

Ke and Sun also reported the detailed thermal betes/of the starch/PLA blends studied
by differential scanning calorimetry [101]. The eximental data were evaluated using the

well-known Avrami kinetic model. For comparisonictavas also incorporated into PLA
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at 1%. Starch effectively increased the crystailmarate of PLA, even at just 1% content,

but the effect was less compared to talc.

1.6.4 Plasticization

The addition of a plasticizer is commonly usedroréase the elongation at break, the
impact resistance and reducing the brittleness. mam effect induced to the polymer
involves the decrease of the Tg by increasing thainc mobility. Using particular
plasticizers, an increase of crystallinity was asen in PLA.

Poly(ethylene glycol) [102], triacetine [103], eite [98], laurate, and sebacate esters [104]
are commonly used plasticizers for PLA. The primeffgct is the improvement of the
polymer ductility and drawability, but also an iease of crystallization rate, as shown by
Kulinski and Piorkowskafor for PEG added PLLA [105]

Martin and Avérous [106] tested the addition of Pi#iEh a molecular weight of 400
g/mol, after the addition of 10% of PEG the Youngisedulus of a pure PLLA decreased
from an initial value of 2050 to 1488 MPa, andeatctkased to 976 MPa with 20%. The
elongation at break increased from 9% to 26% ard4d Gespectively.

In general, the storage modulus drops in plastici2ieA, the Tg decreases almost linearly
with increasing plasticizer concentration, from 670r pure PLA to 54 and 46°C with
10% and 20 % of PEG content. Martin and Avérouteteslso oligomeric lactic acid
(OLA) as plasticizer, the results obtained showduction of the elastic modulus of PLLA
from 2050 to 1256 MPa with 10% plasticizer and 44 ®Pa with 20% plasticizer, while
elongation at break increases to 32% and 200%ecésply [106].

Ljungberg et al. showing that stress at break &k BLlowered from the value of 62 MPa
for neat material to 30 MPa in the presence of 1B&tetine and to 35 MPa with 15%
tributyl citrate. Elongation at break changes fré%a to 355% and to 350%, respectively,
with 15% triacetine and with 15% tributyl citrated[7].

1.6.5 Biodegradability

Biopolymers containing hydrolysable linkages areagally susceptible to biodegradation
by microorganism enzymatic catalysis. In generadbgradation reactions occur in
aqueous media, so hydrophilic or hydrophobic polgwabaracter affect the phenomenon.
More polar are the polymers and more readily cabibdegraded. Also the crystallinity

and chain flexibility are important characteristibat affect the polymer degradation.
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Biodegradation mechanism include disintegrationspeision, dissolution, erosion,
hydrolysis, and enzymatic degradation.

Generally microbial reactions are sequential, thetatmolism end product of a one
organism becomes the substrate for another orgdaidaj.

The process involves the microorganism growth endtirface of the polymer and the
secretion of enzymes able to break down the chatosoligo- or monomeric units such
as hydroxyacids in case of aliphatic polyester®rilthe microorganism consumes these
hydroxyacids as carbon sources in order to pro@meggy. In aerobic environment the
carbon dioxide and water are the main degradatimuycts, whereas in anaerobic
environment the degradation products are carbaxidiaand methane [109] [110].

The whole biodegradation process can take from ttagsonths to years, and it depends
on the type of polymer. PLA breaks down slowly e tsoil and, if composted, high
temperatures are required to decompose it.

PLA is initially degraded by a nonenzymatic catatyshydrolysis mechanism. The
enzymatic degradation at the beginning of the lgoalgation process is slow. This is due
to its hydrophobicity nature and to the presencergdtalline regions that act as barriers
for the diffusions of enzymatic molecules. It islkaown that the crystalline part of PLA
is more resistant to degradation than the amorpparisgenerally the rate of degradation
decreases with an increase in crystallinity.

Subsequently, soil bacteria and fungi microorgangm able to hydrolyse the shorter
polymer chain formed, consuming these oligomersh wilteir enzymatic catalysed
reactions.

In details bacteria likdmycolatopsis sp. andKibdel osporangiumaridum[111], and fungi
like Fusarium moniliforme and Tritirachium album [112] release protease and lipase
enzymes that are able to hydrolyse the polymeranchster groups. Lipase are able to
hydrolyse both PLLA, PDLA and PDLLA chain, instepdotease likeproteinase K,
subtilisin, a-chymotrypsin are able only to hydrolyse PLLA. This becayseteinase K
hydrolyses only the ester groups of L-amino adids$ haturally occur and in the same way
it is able to hydrolyse only the ester bonds betwtibe L-lactic unit present in PLLA, but
not the ester bonds between the D-lactic unitdDh/A&
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1.7 PLA applications

1.7.1 Medical applications

PLA and other polyf-hydroxyacid) as well as their copolymers have bagproved by
the U.S. Food and Drug Administration (FDA) anddtlger regulatory agencies in many
countries for implantation in the human body.

These materials remain temporarily in the body @disdppear upon biodegradation, so a
secondary surgery is no needed to remove themthéietefective site is repaired.

A number of products are now commercially availabid have successfully been used in
the medical field. For instance, biodegradable ap#iedic devices have been reviewed
extensively, and they have been replacing metaties for the fixation of fractured bones
in the forms of plates, pins, screws, and wiresS[1114].

Self-reinforcing PLLA is used where a strong suppsrrequired like in bone fixation
applications. In this material, polymeric fibre kvihigh modulus are bound together with
the matrix of the same polymer without any adhegimmoters.

However, due to the slow degradation rate of Plté& medical applications have been
limited. Copolymers with PGA or polg{caprolactone) (PCL) have been synthesized in
order to reduce their crystallinity and increase tlegradation rate matching the tissue
recovery time. PLLA fibres are used in the formb@fdegradable stents in cardiovascular
surgery and in surgery where longer support isirequyl115].

Furthermore, the degradation products and the Ipyahoic nature of PLA can cause some
problems. Indeed the body can decompose the lamtid resulting from PLA
biodegradation, however lactic acid is a relativ&lpng acid and its accumulation at the
implant site, results in lowering the local pH aanl inflammatory response can occur
[116]. A large amount of research is under develapinto overcome these problems, for

instance, by using copolymers and blends.

1.7.2 Packaging
The thermoplastic nature of polylactic acid perntgrocess it with different techniques

like extrusion, thermoforming, injection mouldir@pmpression moulding, blow moulding
and film blowing. The range of objects obtainabteg from fibres, films, bottles and
printed items, making the PLA packaging applicatigarious.

Oriented flexible films, for example, are obtaineging plasticizer or blending PLA with

other flexible biodegradable polymers. Ajinomotmpted PLA film for cap seals of a
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bottle in 2003, and thereafter S&B Foods, NisshihoQand Asahi Soft Drinks also
adopted PLA films for bottle labels [117].

Thermoformed food containers are widely producdw® tnore commonly are for
packaging products that are not to be heated si€lg@s, vegetables, fruits, bakery, and
blister pack products. PLA is also widely used $mmgle use items like disposable
tableware and drinking cups.

NatureWorks Ingeo PLA is one of the most easilycpssable PLA grade and used as

amorphous biopackaging material as a result aeltgively high meso-lactide content.

1.7.3 Agricultural

PLA biodegradability is the basis of agriculturppéications consisting of sandbags, weed
prevention nets, vegetation nets, vegetation poipes and binding tape. These
applications are very interesting because the mdgecan be left in the ground to
decompose without needing to remove it. For thesoa, the complete decomposition in
the ground is essential but at the same time atamal integrity during their use is
compulsory. Moreover, PLA needs to possess pr@ettiat permit manufacture on an
automatic loom. Tight binding, abrasion resista@acel branching prevention are required.
The use of monofilament, yarn, and nonwoven falbmade from PLA loaded with

inorganic fillers are example used to satisfy teiguest.

1.7.4 Electronics and electrical

Nowadays biopolymers applications in electronios aidely studied and developed.
Electronics industry has made considerable effiartsnprove its environmental profile
optimizing the energy efficiency of products andvides, and focusing on the
sustainability of the materials used. In fact, thi@iaturization of electronic devices such
as circuit boards, which are difficult to repairdasometimes hard to recycle, see in
biodegradable polymers a suitable choose to retthecemount of waste. However, severe
product requirements have limited the adoptioniofiased polymers for the electronics
industry, indeed thermo-mechanical and electricaperties of these polymers remain
inadequate for electrical and electronic applicetjomoreover good flame resistance
properties are required.

Engineering thermoplastics made at least in parhfrenewable resources are nhowadays

the most used in electrical and electronic devices.
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PLA based materials are the greatest promise taaeppolycarbonate / acrylonitrile-
butadiene-styrene (PC/ABS) blends that are acttiaynost used in this fields. However,
PLA is brittle, and more difficult than PC/ABS taake flame resistant. Compounds based
on PLA with various additives or PLA blends withhet polymers were studied to
overcome these drawbacks. Many studies have bemducted in the last decade to
improve PLA thermal, impact and flame resistane®rder to develop materials for office
automation equipment and electrical appliancesy $o2002 adopted PLA to build the
chassis of a portable audio player Walkman by tgacmoulding. FUJITSU in 2004
developed a glass fibres PLA based material cant@ia phosphate flame retardant for
electric housing devices such as personal diggsistant (PDA), notebooks and mobile
telephones.

NEC produced a chassis of a cell phone based onr€hforced with kenaf fibre in 2006.
TEIJIN CHEMICALS in 2007 formulated a flame retaddstereocomplex PLA based
materials for housing of scanner and digital casera

Panasonic in 2013 disclosed a moulded housing flat display device, composed by 50
wt% of PLA, 40 - 49 wt% lactic acid based copolymand silica magnesia catalyst
particles as a flame retardant (0.5 — 9 wt%).

Other recent applications are the Bioserie iPhomever and the Telecom Italia’s Eco
cordless telephone made of PLA InfjétatureWorks [118]. Also Samsung Reclaim™
used a blend of PLA (40 wt%) and polycarbonatew6®) for outer casing of its mobile
phone [119].

1.7.5 Automotive

The substitution of metal with plastic in autometiightweighting is the key to reduce the
fuel consumption and decrease the related carlwxidg emissions. Nowadays the plastic
content in automotive is about 12% of the totalghe{120].

The most used polymers in automotive are polyprepyl polyamides, polyurethanes, and
acrylonitrile-butadiene-styrene. Estimates showat tApproximately every year 20
millions of vehicles reach the end of their usdiftds. While about 80% of these vehicles
are recovered and recycled for scrap or second parid, the remaining 20% cannot be
recycled. Five million tons of nonrecyclable maéfrom vehicles end up in landfills
every year. Many of these parts are fossil fuekbdgsastics [121]. In this contest it is clear

how vehicle parts based on bio-based biodegragaibyeners are the way to follow. These
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materials are completely biodegradable at the émldedr useful lives and they would not
contribute to plastics accumulation in landfills.

Automotive applications require materials with edidt 10 years durability, this can be a
problem using biodegradable materials, but carohed increasing thermal and moisture
resistance as well as improving the resistaneetthering.

PLA may be inferior in thermal and impact resis@rand durability in comparison to the
most common engineering polymer in commerce, lnainge of technologies have been
developed improving its thermal and moisture rasist, for example by capping the end
groups improving its durability and incorporatindy/ ldbsorbent increasing resistance to
weathering.

In addition, the National Highway Traffic Safety éthistration released the Standard No.
302 “Flammability of Interior Materials - Passeng€ars, Multipurpose Passenger
Vehicles, Trucks, and Buses”. This standard spesifiurn resistance requirements for
materials used in the occupant compartments of matbicles. Its purpose is to reduce
deaths and injuries to motor vehicle occupants edily vehicle fires, especially those
originating in the interior of the vehicle from soas such as matches or cigarettes.

In keeping with that, flame resistance propertiesreeeded for these applications.
Although PLA is very interesting for its biodegraday, the low thermo-mechanical
resistance and flammability are limiting its apption. However, some PLA based
materials were specifically developed. As examplayota designed in 2009 spare-tire
cover made from PLA and fibres from kenaf [122] am@003 introduced in the Raum
and Prius models [123] a floor mat consisting &fLaA fibore where polymer end groups
were capped to prevent hydrolysRochling Automotive developed a heat and UV
resistant PLA compound with 30% of wood fibre calRlanturd" for air filter part.

Mazda Motor Corp. developed a door module partdasePLA and 12 wt% organic
additives [124].Even if these materials have fouhgeme applications, a wide range of
uses in automotive and transportation fields carolm@ined only with good thermo-

mechanical properties and, especially, good flaesestance properties.

1.8 Combustion in polymers

1.8.1 General considerations

In 2016, 1,342,000 fires were reported in the Whi¢ates, fire departments responded to
a fire emergency every 24 seconds. 3,390 civiliarevdead for fire, statistically one death

occurred every 2 hours and 35 minutes. 14,650aivikere also injured and $10.6 billion
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were estimated in property damage. As shown inrEi@5, the fires occurred principally
as structure fires and vehicle fires.
As in the United States, fire losses occurred grgeountry, especially in countries where
fire protection system are not well developed arelgrotections regulation are not strict
enough.
Fire is a destructive force of nature, what it toeg cannot easily be repaired, rebuilt, or
restored to its original form.
This because fire involves a thermo-oxidative dgoosition of the materials that converts
carbon and other combustible materials into @ad water.
Other
vehicle fires
Highway 4%

vehicle fires
9%

Qutside and
other fires
13%
Structure
fires

4%

Figure 15: Fire distribution in 2016 based on propkss estimates [125].

| is clear how important is develop and use newenms that do not easily ignites and
burns in the presence of a heat source duringdhe ldfe. A fire can occur at home, at
working places, at public places, driving a catravelling using public transport. A fire
scenario can starts and grows destroying everyththgre are combustible materials able
to feed the flames. Fire prevention and suitabie $iafety regulations are the basis to
reduce the risks for people and firefighters.

Fire can be prevented in most cases, but we gpkrence catastrophic fire losses that
result in the loss of wealth, possessions, andltifie for these reasons that scientists and
engineers are studying fire seeking to provide ipad&re protection for daily life. The
major goal in fire science consist on developingemals that difficultly ignite and if an
accidental fire begin, it must be easily and rapidktinguished before it grows. In
particular the fire grow mast be slowed in ordeletove time to people to save themselves
and for firefighters rescue. Moreover, the toxiciy the combustion products are
essentially toxics and smoke are frequently thenmraason of death blocking and

intoxicating people during their escape from fire.
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1.8.2 Combustion

Combustion is a highly exothermic oxidation reagfgrocess that occurs in presence of a
combustible, oxygen and a heat source. All cartased materials are able to burn or
smouldering because the carbon content can bezexidnto CQ and HO in presence of
the right amount of oxygen and heat. The presehéee heat and oxygen at the same
time is fundamental to create the condition for bastion, and this particular condition is
called fire triangle (Figure 16). If any of the ¢ler elements are removed, the fire is
extinguished.

The first element in the fire triangle is heat, @is perhaps the most essential of fire
elements. A fire cannot ignite unless in the presencertain amount of heat, and it cannot
grow without heat either.

The second element in the fire triangle is fuefirA needs a fuel source in order to burn.
The fuel source can be anything that can be oxigdiaecombustible can be a gas or a
vapour or a solid in bulk or in small particles.d@rthe fuel element of the fire triangle is
removed, the fire will go out.

The final but not last element of the fire triangl®xygen, it is also an essential component
of fire since fire needs oxygen to start and carinrhat is why one recommendation for
extinguishing a small fire is to smother it witman-flammable blanket, sand or dirt.

Figure 16: Graphic representation of the fire wgian

Only inorganics and metals in their highest oxmolatstate are noncombustible. Even if
carbon based materials can burn thought the thestdative decomposition, for some
polymeric materials under some conditions it maidel to burn, and in some cases under
some particular test condition some carbon basederraBs can be defined as

noncombustible.
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1.8.3 Polymer combustion

Polymers are solid materials essentially non-vielatnd are formed by large molecules,
which must be broken down through thermally decasitpm into smaller molecules that
can vaporize. That said, the fuel is not the spbtymer but are their volatile thermal
decomposition products, that burn in the gas phdm mixed with oxygen and ignited.
Polymers do not burn in the condensed state beaduke low solubility and diffusivity

of oxygen inside them and their low oxidation ratéhe decomposition temperature. The
thermal degradation of the polymer surface occuintpan a non oxidative conditions
rather than in an oxidizing environment. The chainstructure of the polymer determines
the thermal stability as well as the degradationperature and the volatiles generated.
The fire point temperature is the temperature affts surface at ignition, and this
temperature is close to the degradation temperad®algmers are generally not thermally
conductive, so the thermal degradation reactiortkeaplastic surface are faster than the
rate at which heat is absorbed. Consequently, thgm@r chemical structure and its
characteristic degradation mechanism involved, gw/éhe burning rate, the heat release
rate, and the smoke evolution during flaming contibas

Ignition occurs when the concentration of low-malec-weight degradation products
reaches the lower flammability limit for a partiaufuel-air mixture and temperature. As
is possible to see in the Figure 17 the lower flaiity limit decreases with the increase
in temperature, so the higher is the heat of the mi&ture, the lower must be the

concentration of fuel required for the ignition.

Satured vapour-air
mixture

Nonflammable
(too rich)

Upper Limit

Flammable <Aut0ignition

Lower Limit

Vapour
Concentration

Nonflammable
(too lean)

1
1
1
1
1
1
1
1
1
1
1
1
1
1
[
T
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1 o i s e e
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Figure 17: Effect of temperature on flammabilitpiis of combustible vapours in air at a constaitiain

pressure [126].
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The flow of low molecular weight degradation protuthat leaves the condensed phase
feeding the flame, is also related to the amourtieatt applied on the material surface.
When the burning occurs the volatiles are consumredl heat developed. This heat
generated by the combustion give a thermal feedtoeitle material surface by conduction,
convection or radiation. If this thermal feedbaskenough to maintain the volatiles
concentration over the lower limit, the processdnee self-sustaining and will not stop
until all material is consumed.

This particular condition is well known as polyneambustion cycle and is schematized
in Figure 18.

Non-Combustible

/ o
pyrolysis ignition

air . .
Polymer ﬁ(?ombustib]e ﬁ Gas mixture ﬁ Flame Combustion

endothermic gases exothermic \ products

Liquid poducts
Heat

air /
Solid charred residue ﬁ embers

Thermal feedback

Figure 18: Polymer combustion cycle [127].

The flame spread can be considered as an advagaitign front in which the outer edge
of the flame acts as the source of heat and theesaf ignition at the same time [128]
[129].

The flame propagation can occur on horizontal,mecl, and vertical surfaces, in parallel
or in opposite to the airflow direction. The theirfeedback occurs by radiation when the
combustion takes place on a horizontal surfacde#éas when the burning occurs on a
vertical surface the thermal feedback is obtaingd cbnduction, convection and
radiation [130].

The flame spread affects the fire growth procesisiiferent behaviours may be observed:

* Non-propagating fire behaviour, when there is ao spread beyond the ignition

Zone.
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» Decelerating fire behaviour, when the flame spnedd decreases with time and
the flame front propagation stops before covelrirggentire surface of the material.

* Propagating fire behaviour, when the flame spredidsver the entire surface of
the material.

» Accelerating fire behaviour, when the flame spnedd rapidly increases covering
the entire surface of the material, the flamestfextends far beyond the surface

of the material in a relatively short time.

Fire development in a real fire scenario is chammtd by the following stages (Figure
19):
Ignition : fuel, oxygen and heat combined in the right am@amerate flame trough the

exothermic thermo-oxidative reaction.

Growth: with the initial flame as a heat source, addiidnel is generated by convection
and irradiation. The flame spread ignites moreasi@$ and the size of the fire increases.
When a fire happen inside a room, the fire canhréhe ceiling. The hot gases that are
collecting at the ceiling, transfer heat towardgthimg inside the room, allowing all fuels
in the room to come closer to their ignition tengtere at the same time. If sufficient fuel
and oxygen are available, the fire will continuegtow. When the exposed surfaces will
reach their ignition temperature the fire spreadgiskdy and all combustible items in the
compartment are involved in fire. This step is knoas flashpoint and is the transition

from a growing fire to a fully developed fire.

Fully Developed Fire during this stage, oxygen is rapidly consumedtaecheat release
rate of the fire is the greatest, leading to timeperatures reach their peak. In this case, the
fire is said to be ventilation controlled. Usuatlyring this stage more fuel is pyrolized
respect to the fuel that can be burned with thegeryavailable in the compartment. The
unburned fuel can leave the room trough opening$barrn outside causing fire spread to

upper floors and neighbouring room or building.

Decay Stagein the decay stage, the fuel becomes consumelthenfire may change
from ventilation to fuel controlled. The heat redeaate and temperature inside the room

decrease and the fire became less intense.
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Figure 19: Characteristic stages in a fire [130].

1.8.4 Thermal decomposition of polymers
The combustion of polymers starts with the therdelomposition of the material when it
is exposed to a high source of heat. In this psydbs polymer bonds start to break causing
the formation of potential fuel molecules. Theseaghges consist on bonds and radical
scissions, and these fragments generate fire ngawith oxygen in the gas phase.
The different chemistry and structures of the wuaigolymer types influence the
decomposition process and the formation of diffedsgradation products that can have
different volatility and different resistance tongbustion.
Polymeric materials are generally classified in mvain categories, thermoplastics and
thermosetting in base on their behaviour when lded@eth classes behave differently
when heated, but when high temperature are invothey get either degraded trough one
or more of the following processes:

» end-chain scission, individual monomer units aeaeéd from the chain ends

* random chain scission along the polymer chains

» chain stripping, atoms or groups not part of thiymer backbone are cleaved off

» cross-linking with the formation of new bonds begéwehe polymer chains
When polymers are subjected to heat, generallywtakest bonds will break first. More
linkages are present in the polymer, like in rubdoed thermoset, more linkages must be
broken before first volatile molecules are genetatoreover, cross-linking reactions
give rise to eventual char formation and thus, maymize the volatiles formation. In the
following paragraphs, the thermal decompositiotguatof the principal and most diffused
polymers will be described.

36



1.8.4.1 Thermoplastics polymers decomposition

Polyolefins

The main degradative route for polyolefins like yathylene, polypropylene and their
copolymers, is characterized by random chain smig4i31].The degradation proceeds by
a free-radical mechanism [132] leading to the faromeof low molecular weight alkanes,
alkenes and dienes. These reactions are onltigligtiected by the differences in the
physical structure such as crystallinity, but aféuienced by the presence of impurities.
The complete absence of cross-linking reactionsegmis the char-formation during the

polymer decomposition.

Polyamides

For linear aliphatic polyamides, such as PA-6 aAd6E5, the thermal degradation is
influenced by two major factors: the strength @& weakest chain bonds around the amide
group and the tendency to form three-dimensiomatgires resulting in gel formation.
The bonds cleavage randomly occur preferentialh@t-NH—-CH- bond [133]Jeading

to the formation of linear and cyclic oligomers.eBle random scissions give rise todNH
CO, and CQ low molecular weight fragments, and subsequegtadiation products from
them. Considering these gases, only CO is flammahlethe volatiles generated from the

smaller polymer chain fragments provide the majet tomponents.

Polyesters

The most known and diffuse linear polyester is (eilyylene terephthalate) (PET). As for
many polyesters, its thermal degradation is doraohéty random chain scission based on
[3-CH hydrogen transfer trough a six membered riagdition stage [134/\t temperatures
close to 290°C, the random chain scissions gersraligomerswith olefinic and
carboxylic end groups [135]. Homopolymerization tbese vinyl ester ends group,
followed by chain-stripping with the loss of a stitosed carboxylic acid, will produce
unsaturation along the main chain of the polyméren, these unsaturated linkages can
cyclize to give a highly cross-linked and aromatitymer [136].

The final degradation products are: acetaldehydieeasain flammable product, CO, O

ethane, and very small amounts of other fuels asalnethane and benzene [133].

Polystyrene
The polystyrene thermal degradation involves alsirggep characterized by random
scissions process with the production of the vi@lationomeric styrene in high amount
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close to 40%, followed by significant amount of éimand other oligomers and smaller

amount of benzene and toluene.

The oligomers are formed by intramolecular raditansfer reactions during the
depolymerisation process, competing whit the foromadf the monomer [137].

The combustion of polystyrene is characterizechieyférmation of high amount of smoke
arising from the formation of not completely comtmas aromatic species like

benzaldehyde, benzoic acid, phenol, and benzyhalco

Polyvinyl Chloride

The poly-vinyl chloride thermal degradation corsisin autocatalytic chain stripping
process involving the dehydrochlorination reactioy-elimination to release hydrogen
chloride and to form a conjugated polyene [138].

Acids, such as HCI, catalyse thelimination and the decomposition is auto catalgtid
very rapid. At higher temperature, the polyene ugoes further cross-linking, cyclization
and aromatization processes to produce a compl&rpaf hydrocarbons with aromatic
materials predominating.

If the aromatic hydrocarbons only contain a fewgsinthey may generate soot particles
and toxic smoke, if they are large and well craskdd the residue may form a stable
protective char layer [139]. The concomitant clanfation and HCI production give to
this polymer good flame resistance properties. I8Gl reasonably efficient free radical
trap, it removes high energy H- and HO- radicalsfthe flame zone quenching the fire,

but it is also corrosive and toxic.

Polytetrafluoroethylene

The polytetrafluoroethylene thermodecompositionststron end chain scission. Because
of the high strength of the carbon-fluorine bon@E is not easy to cleave and the reaction
occurs solely by breaking of carbon-carbon bond® degradation products are mainly
the monomer tetrafluoroethylenef&) and difluorocarbene (GJ; other products are
generated by the reactions between these two nietgecand are hexafluoropropene
(CsFe), perfluorocyclobutane @Fs) [140]. Under certain conditions, carbonyl fluaid
(COR,) can evolve during the combustion of this poly@ed hydrolyses to produce toxic

carbon monoxide and hydrogen fluoride [141].
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Polymethylmetacrylate

Polymethylmetacrylate thermal decomposition givesgmpally the formation of the
monomer, methylmethacrylate. Low molecular weighlymer decomposes by end chain
scission, while polymer with higher molecular weiglecomposes by end chain scissions
and random chain scission [142].

Both mechanisms involve radical scissions withftmeation of the monomer units. This

process is also known as unzipping depolymerisation

Polyacrylonitrile

Polyacrylonitrile thermal decomposition is striatiyrrelated to the process condition. This
polymer is well known to be used for carbon fibredquction through several thermal
processes under controlled condition [143]. AltHotigese thermal processes can lead to
carbon fibres, that is a material with good flaresistance properties, in a non controlled
thermal process like a fire scenario this matéxahs easily. The decomposition processes
involved are mainly cyclisation and chain scissieading to the volatiles formation,
moreover chain stripping decomposition resultingthe release of hydrogen cyanide
[144]. These processes generate also a residuatthagher temperature decomposes by
random chain scission and rearrangements prodetinyme, ethane, benzene and higher

aromatics.

1.8.4.2 Thermosets thermo-decomposition

Epoxy resins

Epoxy resins are one of the most important therttiagepolymers for high-performance
composites. Their thermal stability as well as fiaability depends on the structure of the
monomer, the structure of the curing agent ancctbss-linking density. In general, the
thermal stability increases with increasing craskihg density for the analogous resins.
The thermal degradation starts with the dehydratbnhe secondary alcohols in the
glycidyl group leading to an allylic group formatioThe C-O bond in the allylic group is
thermally less stable than the original C-O, anigher temperature chain scission occurs
at that position generating both aliphatic and atiensegments. The aliphatic segments
break down into acetone, allyl alcohol, methaneylehe, acetaldehyde and starting curing
molecules. The aromatic segments may release plagglogenerate char trough cross-

linking reactions and structure rearrangements][145
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Phenolic Resins

Phenolic resins are polymers prepared by treatweg@l with formaldehyde. The resulting
materials are fully cross-linked thermosetting potys. The characteristic chemical
structure imparts high chemical resistance andrtakestability but low toughness and
mechanical resistance. Depending on their strucplrenolic resins can self-extinguish
quickly or burn very slowly when they are ignited air. For this reason, they are
considered materials with low flammability due k@it high temperature resistance and
high char yielding.

The thermal degradation of phenolic resins is dtaressed by a complex mechanism with
at least two different processes that lead to tmmdtion of a stable and resistant char
structure. The first process involves the watezasé by phenols condensation leading to
biphenyl ether cross-links. Subsequently structaegrangements, radical recombination
and ring condensation lead to char formation anmbmposition gases such as carbon
monoxide, carbon dioxide, acetone, and low molecwi@ight hydrocarbons [146At
higher temperature, aromatic fragments like phenmsol, methylenebisphenol, and

dimethylphenol volatilize [147].

Polyurethanes

Polyurethanes are a class of polymers widely useddid or flexible foams, elastomers
and as thermoplastic materials. They are obtaiyetid polymerization of diisocyanates
and diols resulting in urethane groups betweenethasts. The use of isocyanates or
polyols with more than two functional groups onaicg agent, leads to a complex cross-
linked structure. The thermal decomposition of podghanes depends on the polyol and
isocyanate chemistry. In general, the thermal dgomition starts with the polymer
fragmentation leading to the formation of isocyasatnd alcohols. Subsequently, these
oligomers decompose generating primary aminesinsleind carbon dioxide, alongside
the urethane groups can rearrange in secondaryramgleasing carbon dioxide.

At higher temperature, these molecules brake dgunmadiical scissions with the formation
of various gaseous species, such as carbon diowid®r, amines, aldehydes, ethers,
radical aliphatic fragments, acetonitrile and hygno cyanide [148].

All the degradation processes described beforettetiek formation of volatiles fragments,
light molecules and gasses. These compounds leaveondensed phase and mix with

oxygen in the gas phase. Then, radical reactioogsses between this radical fragments
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and oxygen generate a complex exothermic chairtiogagisible as flame. This process
is also known as oxidative degradation.

1.8.5 Oxidative degradation

The oxidative degradation, also known as autoxadatinvolves subsequent radical
rearrangement, propagation, fragmentations and ic@bn reactions, with both the

original polymer and decomposition products. Thesaplex reactions are reported in the
Figure 20, this pathway is well known as Bolland &ee reaction scheme [149] [150]
[151].

Initiator

Polymer ———» R’
Initiation fragmentation

, [Tearrangement

R ———— Ry

R. + 02 — RO;

Propagation . .
RO; + RH —» ROOH + R

( ROOH —» RO’ + HO'

2ROOH —» RO, + RO+ H,0
RO+ RH —» ROH + K

HO + RH —» R +H,0

Chain Branching <

-

-

2 RO, —» TInert Products
Termination { RO, + R — ROOR
2R —» R-R

-

Figure 20: Oxidative degradation reactions scheyrBdiland and Gee, adapted from Gryn’ova at al2]15

The Bolland and Gee scheme has been found to Isefal unodel for many aliphatic
polymers such as aliphatic polyamides, polyestedscartain vinyl polymers. In the first
reaction, the heat is the initiator for the therndaicomposition process, the radical
formation can be also the result of photo-degradatr depolymerisation by trace of
catalyst and impurities. This reaction scheme ®atalytic, the radical propagation
mechanism generates new radical species that adg te react with oxygen molecules

increasing the heat generated in the gas phase¢hiarteat is commonly visible as flame.

1.9 Flame retardancy
Flame retardancy means that “something has beentdanmaterial so that when exposed
to a flame, either the material will retard thewgtio and propagation of that flame, or it

will retard (slow) the growth and propagation ofydfames that may come from the
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material once it has been ignited” [153]. In otkesrds fire retardant means that the
material will be harder to burn and not that itlwibt burn.

A flame-retardant material may self-extinguish afieing ignited if the external flame is
removed, or in other cases, just burn slowly omggeteéd. The requirements for a flame-
retardant material like self-extinguishment or slown rate are dictated by the specific
regulatory test under which the material is rated sold, which in turn is governed by fire
risk scenarios. A fire risk scenario is a risk asseent study based on the material fire
behaviour in a particular situation. This studydlwes the potential of the material to
become ignited and its contribute to the fire gtowthe results leads to determine how a

material will support in negative or positive wénetfire growth.

1.10 Strategies for fire resistance

The strategies for increasing the flame resistangperties are focused on the fire triangle.
Indeed, limiting or isolating one or more constiiteeof the fire triangle is essential to

obtain less favourable condition for the thermodation process and to retard the
combustion.

There are several ways to limiting the contributiorthe combustion of the fire triangle

constituents, both chemical and physical.

The chemical actions can occur in the gas phasethe condensed phase:

* inthe gas phase the radical reactions can be badngsing particular species that
are able to trap the radicals, shutting down them@ and reducing the
thermo-oxidative process below a critical valuen&ally, this process is carried
on with halogenated additives, these moleculegirgpm the gas phase interfere
with the combustion, leading to the formation afitoand irritating species not
completely burned like CO, halogenated dioxin acids

» the action in the solid phase is obtained with thek able to react with the
polymer breaking down its chain. This causes aedse in the polymer viscosity
during the exposure to the fire, and the materal ffow away from the flame
easily. Is important that the material drips withthee production of flammable
drops.

Other additives able to act in the solid phaséteehar promoters. These additives
react with the polymer generating double bonds amdnatic rings causing the

formation of a carbonaceous layer on the surfadkeofaterial.
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The physical actions consist on:

» cooling the material during the degradation usipgcges that degrade trough
endothermic reactions;

» forming a protective layer on the material surfacerder to limits or isolating the
fuel from heat and oxygen;

» diluting the gas phase with non-combustible spdiiedH.0 and CQ, this species
are generated by specific chemicals during the mahtgecomposition. They act
retarding the combustion by diluting oxygen and toenbustible degradation

product in the gas phase.

The strategies described above are feasible upgwfe molecules or compounds known
as flame retardants.

1.11 Flame retardant

Flame retarded materials are generally obtainethgdshrticular molecules called flame
retardants into the starting material. These adsltiare generally mixed and dispersed
inside polymers matrices or added as protectiverlale prints in wood or fibres.

Flame retardants “FR or FRs” are various and camatifferent way, alone or in synergy
each other. In polymer based materials, a flamardant is any additive that allows a
polymer to retard a flame, or any polymer that shithe ability to slow fire growth when
ignited. Non-combustible or ignition resistant diéerent terms respect to flame retarded,
and must not be confused. A material that is nhankagstible or ignition resistant either
cannot be combusted, so cannot be ignited with rdicpkar heat source and the
thermo-oxidative decomposition cannot occur. Irgtedlame retarded material can show
non-combustibility or ignition resistance undertagr burning test condition and burn
easily under different set of test condition, fistance, cone calorimeter test with different

heat source.

1.11.1 Halogen flame retardants

Halogen-containing fire-retardant chemicals are oihthe largest groups of additives in
the plastics industry.

They are generally used as additives, but in sleitabses, halogenated molecules are
introduced into the polymer chain by copolymeriaator blending [154].
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Halogen flame retardants may function in eithervhpour and the condensed phase. As
thermally reactive species, they can react with gudymeric matrix to produce
aromatization, and they can act in the gas phassdasal scavenger.

The action of the fire retardant depends on theesire of the additive and on the polymer
chemistry. The degradation temperature of the pehysirelated to its structure, while the
decomposition temperature of the halogen-contaifinegretardant additive is related to
the energy of the carbon-halogen bond. The ordetadfility for the halogen compounds
is F > ClI > Br > I. lodine compounds are not suéiitly stable for commercial
applications, whereas fluorine compounds are talolast so not useful and no versatile for
polymers.

Bromine or chlorine compounds are the most usedchioice is dependent on the type of
polymer for which it will be used. In particulahg suitable halogenated flame retardant is
selected to match the decomposition temperatutieeopolymer. Moreover, it must have
a thermal stability suitable to the polymer progggsemperatures.

Bromine compounds are more cost-effective but aseensusceptible to photochemical
degradation than chlorine compounds.

Action in the condensed phase:

The condensed phase acting flame retardants avgdmalted paraffin or polychlorinated
biphenyls.

The action mechanism involves various step andCtxebond will be the first to break,

generating a halogen radical and an organic radical
RX —» R + X

The halogen radical, )X can abstract a hydrogen atom from any moleculierno HX
specie:
RH + X —» HX + R

In case of halogenated paraffin, the broken C-Xddwas a vicinal hydrogen atom that gets
abstracted by the radical halogen atoms, and aleldndnd is produced. In chlorinated

paraffin, this mechanism is known as dehydrochédram.
-CH»-CHX- —» -CHCH- + XX —» -CH=CH- + HX

CHz-CHX-CH=CH- — -CH=CH-CH=CH- + HX
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The presence of the double bond and the HX makerdghe subsequent cleavage of allylic
C-X bonds [155]. These mechanisms involve the foionaof a polyene that can generate
cross-links within the polymer and the further aatization process leads to a reduction
of the volatiles species.

In polyhalogenated byphenils the mechanism invobrdg the abstraction of the polymer
hydrogen atoms. The absence of a hydrogen atofmesethalogenated biphenyls, as in
decabromodiphenyloxide (DBDPO), prevents the foromabf HBr from decomposition
of the additive itself.

The radicals produced by the thermal decomposifoa halogenated fire retardant can
interact with the melted polymer to form HX and yuokric macroradicals [156]. These
macroradicals influence the polymers decompositiurthermore, the additive radical
species can affects this process interfering with further radical decomposition
processes. The halogenated additives interferdseipolymers chemical decomposition
pathways resulting in the reduction of volatileadan some cases less flammables
volatiles are generated [157].

Action in the gas phase:

The action in the gas phase is the principal andtmeffective way of acting of the
halogenated flame retardants. This consist on géngrhalogen radical species able to
interrupt the radical chain mechanism during therrtfo-oxidative process in the gas
phase.

The mechanism involves various step:

Release of the halogen radical (XI- or Br-) from the flame-retardant R-X:
RX —» R+ X
Formation of halogen acid HX:
RH + X — HX + R
Neutralization of energy-rich radicals:
XH + H — H + X
XH + HO —» HO + X

The H and HQO species are the main species responsible to thecadalytic

thermo-oxidative process that occur in the flame.
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The radical hydrogen atoms in the gas phase consuygen during the thermo-oxidative
process, through the branching reactions [158]:

H + @ — HO + O
H + O —» HO+ H

In parallel the hydroxyl radical species oxidizebman monoxide trough the following
reaction [159]:
HO- + CO — CO + H

Carbon dioxide and new hydrogen radical are thetigaproducts, hydrogen radical is
ready to react with other oxygen molecules genagath autocatalytic process.

The branching reaction increases mainly the radecaicentration in the gas phase,
whereas the oxidation of carbon monoxides is higikpthermic and increase the
temperature generating heat.

The halogenated flame retardant acts trapping tremel HO radicals reducing the overall

rate of thermal oxidation process.

1.11.1.1 Chlorine based flame retardants

The most used chlorine based flame retardants ldogiated paraffins and alicyclic
chlorinated molecules.

Chlorinated paraffins are liquid or solid dependorgtheir chlorine content that range
between 40 to 75%, respectively.

They have low thermal stability. Indeed, at arod80°C they start to degrades, and are
used in materials with low processing temperatuwsash as PVC, polyurethanes,
polypropylene and polyethylene.

Alicyclic chlorinated known as Dechlorane Plus aaflorine content about 65% and high
thermal stability. Around 350°C it starts to meidadegrades.

Dechlorane Plus has been used since 1960s forcapph based on polyolefins and

polyamides like polypropylene and nylon.

1.11.1.2 Brominates based flame retardants

The different degradations temperature of the jglasaterials leaded to produce a wide
range of brominated compound. Brominates basecefiatardants are various and can be
organized in different classes in base on theicsire:
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Tetrabromophthalic anhydride, that is used in polyesters, polyurethanes, and in
polyvinylchloride, where can acts also as plasticizesterified with aliphatic alcohols.

Hexabromocyclododecane (HBCD) is used as flame retardant in expandable anddedru

polystyrene foam in which is very effective at loancentrations.

Tetrabromobisphenol A (TBBA) is the most used flame retardant nowadays, itasim
used in epoxy resins for printed circuit boardss jenerally cured with the epoxy resin in
form of brominated epoxy oligomers, in order t@al$ high thermal stability and excellent
electrical properties for circuit boards.

In form of brominated polycarbonate oligomers atatable for polycarbonate and
polybutylene terephthalate applications. In formbi(2,3-dibromopropyl ether) is used

in polypropylene application.

Polybrominated biphenyl ethers (PBDES) like decabromobiphenyl ether with high thermal
stability up to 300°C used in high-impact polystyeepolypropylene and polyethylene.
Octabromobiphenyl ether with less thermal resistance is used in acryidaibutadiene

styrene resins.

Tribromophenol is used as a reactive alcohol in unsaturated ptayapplications, and as
triboromophenyl allyl ether in polystyrene and irh@t thermoplastic applications. By
reacting with ethylene dibromide, bis(tribromopheyloethane is obtained, which is

excellent flame retardant for ABS.

Dibromostyrene used as monomer in copolymers with styrene orafted copolymers
with polypropylene. Can be used as brominated pgiyse homopolymer for blends or
as brominated polystyrene with reactive end gronmsder to increase the compatibility

with polyamides and polyesters.

Brominated alcohols like tribromoneopentyl alcohol is a reactive flametardant for
polyurethanes. Its high solubility in urethanesowl reaction of the single hydroxyl
functionality to form pendant urethane groups.

Dibromoneopentyl glycol is mainly used in thermoset polyester resins. Timdecule is
also suitable for use in rigid polyurethane becaafsiés high bromine content and high

reactivity.
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1.11.1.3 Environmental concerns

The safety of brominated fire retardants is undgutsy since 1985, when it was
discovered that under certain conditions, pyrolygi®rominated diphenyl ethers could
lead to the formation of brominated dioxins andahg. The possible production of toxic
compound during a fire or during end life incinéwathas become an issue in Europe and
actually most of the halogenated flame retarda® ander REACH and RoHS
investigation concerning their health and environtakrisk assessments. Moreover, some
brominated flame retardants were proved to havpeasties which cause them to persist
bioaccumulating in the environment [160] [161] [16P63].

Different brominated flame retardant are actuatler investigation whereas the use of
certain has already been limited. The European desiom directive 2003/11/EC
indicated that penta- and octa-bromodiphenyl etberpounds shall not be placed on the
market or used as a substance or as a constitlpregarations in concentrations greater
than 0.1% by mass. Additionally, items may not lec@d on the market if they, or
flame-retarded parts thereof, contain these comg®imconcentrations higher than 0.1%
by mass. Furthermore, since 1 July 2006, PBDEs(dtitan deca-BDE) and PBBs are
banned in electrical and electronic applicationsoading to the “RoHS” directive [164].
Deca-BDE is actually under investigation becaus@igh persistence in the environment,
moreover the investigation is focused on its neioteffects and the possible formation

of more toxic and accumulative degradation products

1.11.2 Phosphorus based flame retardants
Phosphorus based flame retardants include red pbosp inorganic phosphates, and

organophosphorus compounds.

1.11.2.1 Red phosphorus
Red phosphorus is suitable for polymers contaimrggen such as polyamides (PA),

poly(ethylene terephthalate) (PET), poly-(butyl¢éerephthalate) (PBT), or polycarbonate
(PC), but can be used in polyolefins, ABS, high-awipolystyrene (HIPS), epoxy resins,
as well.

It acts in the condensed phase during the polymgradiation. Reacting with oxygen, red
phosphorus is oxidized into phosphoric acid or phosic anhydride. Upon heating, these

compounds generate polyphosphoric acid, which yseal the dehydration of organic
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compounds promoting charring for a physical barfieemation. Moreover, it has proved
to be active in the gas phase as radical trap [[I6H]].

Red phosphorus can react with atmospheric moigtuferm toxic phosphine gas and
ignite easily in air. For these reasons, the comiakeproduct is often stabilized and
encapsulated, but handling and processing safetgetns, and its characteristic red

colour, limit its use.

1.11.2.2 Inorganic phosphates

Inorganic phosphates are widely used as flame dataradditives for thermoset and
thermoplastic. Moreover, they are used in intumetssgstems for coatings and paints.
Ammonium phosphates and diammonium phosphate witelywsed to impart flame
resistance properties to a wide variety of cellglosaterials such as paper, cotton, and
wood [167].However, the formulations based on these saltgemerally nondurable, due
to their solubility in water and their easily migoa outside of the material matrix.
Ammonium polyphosphate (APP) replaced these sali wide range of applications,
because relatively insoluble in water and very a#less Commercial products differ in
crystalline forms, in molecular weights, and in gpleorus content, particle sizes, and
solubility. Moreover, ammonium polyphosphate hasg/\good thermal stability and can
be used in high temperature applications.

The way of action is the same already describedddr phosphorus. APP undergoes
endothermic reactions during the material degradatjenerating phosphoric acid and
related acids, these latter catalyse dehydratiactiens promoting a protective char layer

as physical barrier.

1.11.2.3 Organophosphorus

Organophosphorus additives work well in oxygen amihg polymers such as polyesters,
polyamides or polyurethanes [168], but poorly edintly in hydrocarbon-based polymers.
They act as charring promoters trough cross-linkeagtion with the polymer matrix.
Aluminium diethyl phosphinate is one of the mostdifor thermosets and thermoplastics.
During the material degradation, the phosphinatdyp@aporises and partly decomposes
to volatile diethyl phosphinic acid and an alummiphosphate residue. It acts both in the
condensed phase contributing to charring of thgrpet matrix and thus protecting the

substrate against heat and oxygen attack. In péaiadicts in the gas phase removing from
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the combustion zone the high energy radicals H- @hktl, quenching the flame
propagation [169].

Another interesting and well studied organophospsidtame retardant, acting in both
condensed and gas phase, is 9,10-dihydro-9-oxd@Sphaphenanthrene 10-oxide
known as DOPO and its derivates [170].

DOPO compounds are efficient flame retardant inxgpesins as reactive and non-
reactive system. DOPO flame retardant for polyester polyamide fibres has also found
commercial success. Recently P-N and P-O bonded @@érivatives have found
application in polyurethane foams and engineefggrhoplastic. On the other hand, the
synthesis of DOPO and its derivate involve sevegalttion steps and the use of not
environmental friendly molecules and reaction psses.

Triphenyl phosphine oxide, diphenyl phenyl phos@teri171] and triphenyl phosphate
[172] are very effective flame retardants for thermopdash particular for polyethylene
terephthalate, acting in the vapour phd3ey volatilize quantitatively from the bulk and

inhibits the flame reactions by radical trap medsan

1.11.3 Inorganics flame retardants
1.11.3.1 Hydrated minerals
The hydrate minerals act in both condensed anglygse. The energy consumption during
their endothermic decomposition with the charasterirelease of water, resulting in
dilution of the combustion gases and cooling ofgblmer.
The most used are aluminium hydroxide and magnesiyainoxide. Their endothermic
decomposition leads to the formation of their ogideleasing water molecules as shown
below:

2 Al(OH); — Al203 + 3H0

Mg(OH). — MgO + HO

The endothermic decomposition of aluminium hydrexitvolves 298 kJ/mol. The release
of water starts from 205°C diluting the combustigéses and leading to the reduction of
heat release and smoke evolution. Aluminium hydtexiis principally used in
thermoplastics materials such as polyolefins angvpwoyl chloride, used for wire and
cable applications. These applications generallyehi@ pass strict smoke evolution

requirements, so high load levels up to 40 to 6ar&ausually required.
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This lead to meet difficulties to obtain good meuhal properties and good performance
simultaneously.

Magnesium hydroxides has a higher decompositiorhad;y and decomposition
temperature, 380 kJ/mol and 320°C respectivelys Timkes it more suitable for higher
temperature thermoplastics. Combinations of alummmihydroxide with magnesium
hydroxide can be used to reduce heat release aon#lesevolution over a range of
temperatures. Due to their higher decompositionpeFature and cost, magnesium
hydroxide is generally used in thermoplastic aretriosetting resins that are processed
above 200-225°C. Like aluminium hydroxide, the meglam hydroxide loadings required
are higher, usually between 50% and 70% [173] [1Ré)Vertheless, these additives are
more expensive since high purity and surface treatrare required in order to increase
the dispersion and distribution into the polymeetns.

Aluminium hydroxide and magnesium hydroxide are msoitable to be used in
thermoplastic polyester, as they catalyse theiromgosition and depolymerisation

reactions.

1.11.3.2 Antimony trioxide

Antimony trioxide is a compound used is synergyhwitost halogenated compounds, its
presence increases the efficiency of the halogdraimpounds. This allows to achieve
equivalent flame resistance performance with lowalogen compounds content,
compared to using the halogenated compound onvits Antimony oxide is nonvolatile,
but reacting with the halogenated compounds incthredensed phase where volatiles
antimony oxyhalide (SbOX) and antimony trihalidéX3) are formed.

SOz + 2HX — 2SbOX + HO 250°C
5SbOX — ShOsX2 + SbhX 245-280°C
4ShOsX2 — 5ShOsX + Sbx 410-475°C
3SkOsX — 4ShOs + SbXx 475-565°C

Figure 21: Antimony trioxides - halogen synergisaations.

This process facilitate the transfer of the haloged antimony into the gas phase where
they function as radical scavengers [175].
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The Antimony trioxides interaction with the halogeonmpounds involves different
reaction at temperature range from 250 to 600°Gs Téad to a continuous stream of
radical scavengers in the gas phase quenchindptne f

It is used for thermoplastic applications basegalyvinyl chloride and polyethylene, but
Is not suitable for polycarbonates and polyestdisrer acts as a depolymerizing catalyst
decreasing the polymer molecular weight.

Antimony trioxides has suspected carcinogenic ga@kfor humans.

1.11.3.4 Borates

The most efficient and multifunctional borate camitag flame retardants are zinc borate
compounds xZnO e« yi3 * zH0.

These compounds varying in zinc-borate ratio anadter content (Figure 22). Different
ratio and different water content influence thiagrmal stabilities and a range of different
compounds with different degradation temperatur&erthem very versatile for a wide

group of polymers.

2Zn0-3 BOs:3.5H0O Firebrake ZB 290°C
2Zn0O-3 BO3 Firebrake 500 >500°C

47n0-B0O3-H.O  Firebrake 415 >415°C
472n0-6B0O3- 7THO ZB-467 170°C
272n0-2B03-3H0O  ZB-223  200°C

Figure 22: Different commercial grades of zinc erand their degradation points.

Zinc borate is a real multifunctional flame retard§l76], it is an anti-dripping and
char-promoting agent; it is a smoke and afterglappsessant. In electrical insulator
plastics, it suppresses arcing and tracking.

It can act alone or in synergy in both halogen-based halogen-free systems. It can
replace antimony trioxide in halogen-containing teyss, catalysing the release of
halogens by forming zinc halides and zinc oxyhaljdmit usually are used together. It is
also used in synergy with aluminium hydroxide, andeneral it catalyses the formation
of char creating a protective layer of glass.

In halogen-free system, zinc borate can be useetheg with aluminium hydroxide,

magnesium hydroxide, red phosphorus, ammonium polkyphate, also in intumescent
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systems. During the material combustion, a laydrooate ceramics is formed and protects
the underlying materials. Borosilicate glass cafbeed at the combustion temperatures
in presence of silica.

Zinc borate is used as a flame retardant in a waahge of plastics such as polyvinyl
chloride [177], polyolefins [178],polyamides [179], epoxy resins [180], polyesters,
thermoplastic elastomers, rubbers, cellulose fibmes textiles. It is also used in

intumescent paints, adhesives, and pigments [181].

1.11.4 Intumescence

Intumescence is a special case of flame retardamnain the condensed phase [182].
Intumescent systems act at the early stage of ¢hengr combustion interrupting the
evolution of gaseous fuels through a combinatioohafrring and foaming at the surface
of the burning polymer. This resulting foamed deltucharred layer acts as a physical
barrier, protects the underlying material fromale&on of the heat flux or flame, inhibiting
heat and oxygen transfer into the undecomposed batkslows down diffusion into the
gas phase of the fuel formed.

This system is usually composed of three componamtsacid source, a carbonization
agent, and a blowing agent. The acid source inrgengan acid or a precursor for catalytic
acidic species such as ammonium salts or phosph@aebonization agents are mainly
hydroxyl-containing compounds, such as pentaetgihaind starch . Blowing agents are
compounds that can produce gases on heating, teitigerature range corresponding to
the development of the intumescence process. Melgnuirea, and urea—formaldehyde

resins are typical blowing agents.

Various acid sources molecules can be used:

» Inorganic acid such as phosphoric acid, sulfurid aad boric acid.

«  Ammonium salts such as ammonium phosphates, ammopulyphosphates,
ammonium borates, ammonium polyborates, ammonilfates and halides.

* Phosphates of amine or amide, like melamine phdsphreaction products of urea
or guanidyl urea with phosphoric acids, and reacpooduct of ammonia with
P20s.

* Organophosphorus compounds such as tricresyl phtespdikyl phosphates and
haloalkyl phosphates.
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Carbonizing agents are different and can be smalécales or polymers:
* Molecules rich in hydroxyl groups such as mono-, to-pentaerythritol, sorbitol,
mannitol, dextrins, cyclodextrins, methylol melamin
* Polymers rich in hydroxyl groups like starch andutese.
e Char former polymers such as polyamides 6, polharets, polycarbonates,
phenol-formaldehyde resins and chlorinated parsffin

The most common blowing agents are urea, urea-fdehgde resins, dicyandiamide and
melamine.

Other compounds can be used in synergy with tlkascent system like inorganic agents
such as clays, zinc borates, zeolites and metalesxiThese inorganics compounds
concentrates in the char structure increasing tabildy and efficiency during the
combustion.

The intumescent system synergy action involvesdibleydratation and aromatization
reaction between the acid source and the carb@nemyent or the polymer. In the same
range of temperature, the blowing agent vaporizes decomposes to noncombustible
gases. The acid source can act in different waylsimeously: it can catalyse the
aromatization reaction, it can cross-link with gw@matics species improving the char
stability, and it can act in the gas phase as diloeradical trapping [183].

The carbonizing agents is not necessary whendhéett material has an intrinsic charring
behaviour, as for example most of polyamides, pefyuanes and carbohydrate polymers
like cellulose or starch. In contrary to char formpelymers, the presence of a carbonizing
agent is required for polyolefin. Polypropyleneti® most studied with intumescent
additive system in order to replace halogen-coirigifiame retardant. Intumescent flame
retardant formulations for polypropylene are: ammonpolyphosphate, melamine and
pentaerythritol [184]; ammonium polyphosphate, mmetee phosphate and pentaerythritol
[185] in addition with a charring polymer [186] with an inorganic agent [187].

High loading content of intumescent flame retarddedds to a decrease in the mechanical
properties of the polymer, indeed conventionalrnmegcent systems show efficiency only
from 20 wt% loading in polypropylene. Moreover,cgsiources and charring agents are
globally hydrophilic chemicals and have problemshsas moisture sensitivity and poor
compatibility in polymer matrix, in particularly ipolyolefins, where they can migrate
losing their efficiency . These intumescent systearsbe very active in the polyesters due

to the presence of hydroxyl groups, for this reagbe polymer and additives degradation
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may occur during the materials processing, so thegradation during mixing can results
in a further decrease in the mechanical propeofi¢ise materials.

The wide variety of chemicals that can be usedcas aarbonizing or blowing agent,
allows tailor-made intumescent systems able to dxy efficient for a large group of
polymers to be developed. This implies that intureas flame retardant system are the
best candidates to replace halogens containingeflatardant.

1.12 Bench scale fire tests

This section describes the common fire tests usedevaluating the fire resistance
properties of flame retarded materials. Moreoveese techniques are used for investigate
the resistance to combustion of the materials pegpduring this research project.

Bench scale tests are used to characterize th&oigrand combustion behaviour of
materials under different exposure conditions #ratrepresentative of the growing stage
of a fire.

1.12.1 Small heat source ignition tests
1.12.1.1 Limiting oxygen index
The Limiting Oxygen Index (LOI) is the minimum pertage of oxygen in an inert gas

mixture that support the combustion of the sample.

pr——

Pilot flame

t—— Specimen +—— Burning specimen

P Specimen holder

t:‘_()-‘/‘\'—’ supply F:J-‘— O, concentration = LOI

Figure 23: Limiting oxygen index apparatus.

The LOI is measured by placing the samples in & ftad oxygen/nitrogen gas and

increasing the concentration of oxygen until thengla will support combustion in a
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candle like manner. The flame is applied with anleain the top surface of the sample and
the lowest oxygen concentration that maintain tbenlmustion within certain limits
according to ISO 4589-2 or ASTM D2863 is the valsed as the index. Usually samples
that achieve LOI values higher than 27% are consttiself-extinguishes in case of fire in

air.

1.12.1.2 UL94

Underwriters Laboratory developed the most commaskd test method to characterize
polymer flammability This method is well known as 94 standard, it is the “20-mm
Vertical Burning Test; V-0, V-1, or V-2.” The mettias described also in ASTM D 3801
and IEC 60695-11-10. A schematic representatidhetest setup is shown in Figure 24.

Specimen

S
N

Bunsen
burner

Burner position
for melting materials

305

Surgical cotton
(50 x 50 x 6.5)

| 1

Figure 24: Schematic representation of UL94 test.

The test is carried out by applying the flame &t ottom edge of the specimen for 10
seconds, then the flame is removed to a distanatle&st 150 mm. Upon flame removal,
the specimen is observed for flaming and its daratime recorded. As soon as the flame
ceases, the burner flame is reapplied for an auiditilO seconds, then removed again. The
flaming duration, and the glowing after the secdlagne application is recorded. In
addition, the ignition of the cotton piece placesh&ath the specimen by dripping flamed
particles from the test specimen is recorded.

The material rating V-0, V-1, V-2 requirements agported in the Table 2, if the V-2

classification is not reached the material is cdesd “no rating”.
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Table 2: Criteria for rating materials in UL94 té@stvertical position.

Criteria conditions V-0 V-1 V-2
Afterflame time for each individual specimen t; or t, <10s <30s <30s
Total afterflame time for any condition set (t4 plus t; <50s <250s <250s
for the 5 specimens)
Afterflame plus afterglow time for each individual <30s <60s <60s
specimen after the second flame application (ty+t3)
Afterflame or afterglow of any specimen up to the No No No
holding clamp
Cotton indicator ignited by flaming particles or No No Yes
drops

1.12.1.3 Glow wire ignition test

Glow wire ignition test is performed by heating aetal wire to a pre-determined
temperature (glow wire element). When the setterggderature is reached and a stable
reading is attained, the element is pressed osahmple surface under a pre-set force of
1N for 30 seconds by using a specific apparatugi(Ei25). The ignition, duration of flame
and flame height are recorded. In the case of dripmaterial igniting the tissue paper
placed beneath the specimen, this event is als@rded in accordance to
IEC 60695-2-12/12/13. Glow wire testing can be genied on both end products and raw

material test plates with different thickness, ligdfeom 1 to 3 mm.

Figure 25: Glow wire apparatus.
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GWT (IEC 60695-2-11) is used when glow wire testim@erformed on an end product.
It is expressed as the temperature at which th@lsatioes not ignite or self-extinguishes
within 30 seconds after removal of the heated ehnie addition, the ignition of tissue
paper produced by flamed drips does not occur.

GWFI means Glow Wire Flammability Index (IEC 60623-2) and is related to the raw
material used in the end product. This index ighetned by conducting the glow wire
test on a test plate of a raw material of a giveokness. The Glow Wire Flammability
Index (GWFI) is the highest temperature at whick thaterial does not ignite or
self-extinguishes within 30 seconds after removahe heated element.

GWIT means Glow Wire Ignition Temperature (IEC 686813). This temperature is
determined by testing the raw material used inethe product by conducting the glow
wire test on a test plate of a given thickness. GN¥IT is the temperature 25 K higher
than the maximum test temperature at which sustand continuous flaming combustion
does not occur for a time longer than 5 secondargrsingle flame event. These tests are
at the base of electric and electronic materigf8iegitions and stringent requirements are
needed for connections in attended and unatteng@caces carrying different currents.
As example, in Figure 26 is reported the glow wieguirements for connections in

unattended appliances.

For connections carrying For connections carrying
>0,2 A and parts within <0,2 A and parts within
3 mm in unattended 3 mm in unattended
appliances appliances
Material to have Glow-wire test Small parts,
a GWFI of at at 850 °C NFT or to be at
least least V-1
850 °C
[ I [

Material to have Glow-wire test Glow-wire test Material to have Small parts,
a GWIT of at at 750 °C at 650 °C a GWIT of at NFT or to be at
least 775 °C least 675 °C least V-1

Small parts, NFT
or to be at least
V-1
Glow-wire G!?r‘]""tw”g
withstand with .t‘r‘]" ts’an't'
ignition without ignition

NFT on Surrounding parts
surrounding parts to be at least V-1

Figure 26: Flow chart with glow wire requirements €onnections in unattended appliances.
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1.12.1.4 Oxygen consumption cone calorimeter

Cone calorimeter test is one of the main test ugmttwide to study the flame resistance
properties of materials in different case of ficersario. It consists on applying a calibrated
heat flux on the material surface. A glow, conepgthmetal coil is used as radiant heat
flow source. In this way, the material is forcedlegrade and if a combustible gas mixture
is generated, a high voltage sparkler igniter ggthe mixture and burning occurs.
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Figure 27: Oxygen consumption cone calorimeter egipa.

The apparatus (Figure 27) simultaneously recordswight loss of the specimen, the
smoke production and the oxygen depletion durirggdbmbustion. Moreover, the gas
analyser detects the carbon monoxide and carbeudéiproduced during the combustion.
The instrument converts the oxygen depletion ingyneeleased as heat release rate (HRR)
during the combustion. The characteristic resuleported on a HRR curve as a function
of time. From such a curve, it is possible to abtspecific values that are essential to
understand and to compare the materials flamdaaesis properties, such as time to sustain
ignition (tg), peak of heat release rate (PHRR), time to péhleat release rate, total heat
release (THR), etc. ISO 5660 regulates this tecleand square specimen (100x100 mm)
with different thickness (1-50 mm) can be testetionzontal and vertical position under
a wide range of radiant heat flux (10-100 k¥)m
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2 Aim

The aim of my PhD research was to improve the flaesestance properties of polylactic
acid (PLA), which is a bio-based and biodegradabhlermoplastic semi-crystalline
polymer. PLA is actually one of the best candidegt@lternative to polymers derived from
fossil fuel. PLA has very poor flame resistancepenties and burns in air, this lack limits
the polymer application in automotive, electric aeldctronic fields. Intumescence has
been selected as the best strategy to improve ftasistance properties using not toxic
and environmentally friendly additives, in orderrt@intain the biodegradability of the
material.

In addition, low loads of additives were tried nder to preserve the mechanical properties
of PLA. Indeed, these compounds are suitable farynagoplications where good elastic
modulus and relatively high yield stress are rezfliiHowever, the brittleness due to a low

elongation at break is a limit for many other apgiions.
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3 Materials and methods

3.1 Polymer

Poly L-lactic acid L100M with high content of L iswr >99.7% (grade L100-M) was
supplied by Sulzer.

3.2 Acid sources
Clariant Exolit® AP 423 ammonium polyphosphate @&hdlit® OP 1240 aluminium
diethyl phosphinate have been used as high temyperatid source.
PR 0
NH, O—P—0—P—0—P—0 NH," T
|- | | - —P—0 | Al
O + o + o + I\
NH, |[NH, NH,
n 3

Figure 28: Ammonium polyphosphate and aluminiunthdiephosphinate structures.

3.3 Carbonizing agents

Starch, cellulose, sorbitol, glycerol phosphatdfesogrounds and Kraft lignin have been
used as bio-based and biodegradable carbonizingsage

Starch from potato, sorbitol and glycerol phospldisedium salt were purchased from
Sigma Aldrich. Coffee grounds waste were colledtedh the faculty coffee bar (from
Serenissima Ristorazione), they were washed witkveand hexane in a Soxlhet extractor,
milled and sieved with 71 micron sieve. Kraft lignvas kindly provided from Oak Ridge
National Laboratory-University of Tennessee Knobevil

Cellulose was obtained from partial acid hydrolysfisommercial medical cotton fibres.

OH OH
O, O, (] =
1 OH
OH OH Ho/\ﬁo—h’—ONa HO
OH o 9] OH OH ONa OH OH
OH OH

300-600

Figure 29: Starch, glycerol phosphate disodiumasadt sorbitol structures.

3.4 Blowing agents

Thor AFLAMMIT® PMN 525 Melamine Cyanurate (Figur@)has been used as the main
blowing agent. In addiction, expandable graphite @& PX 95 HT supplied by LUH
and calcium carbonate from Sigma Aldrich were #ésted.
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Figure 30: Structure of melamine cyanurate.

Melamine cyanurate starts to degrade at 350°Gydergoes endothermic decomposition
to melamine and cyanuric acid, acting as a hektisithe condensed phase. The melamine
sublimes working as blowing agent and as inersgasce diluting the oxygen and the fuel
gases present at the point of combustion.

Expandable graphite (EG) consist in graphite irglated with sulphate molecules. At high
temperature, the intercalated molecules gasifygyerimg enough pressure to push adjacent
graphite layers apart. In particular, the EG gnagkd starts to degrade at 230°C generating
expanded flakes with a specific volume of 10G/gn

Calcium carbonate is stable up to 500°C, but irsgmee of acids, the carbonate group
reacts with H to form calcium bicarbonate that decompose 10 Harbon dioxides and

calcium carbonate.

3.5 Inorganics
AFLAMMIT® PCI 511 zinc borate supplied by Thor hasen used as vitrifying and char
stabilizer agent (2ZnO x 3Bz x 3.5H0). Commercial talc and clay (Dellite72T from

Laviosa, Italy) were used as char stabilizer.

3.6 Tests methods

3.6.1 Tensile test

The tensile tests were carried out according to BX?-2 using the universal testing

machine INSTRON 5966, and a strain gauge extengméh a gauge length of 80 mm

in order to measure the strain between 0-0.5% wiherelastic modulus was calculated
(segment slope 0.05-0.25%). The strain rate ussb@anm/min and the specimen protect
mode was turned on in order to avoid the pretessituming the specimens clamping. The
test was performed at 22-23°C and 35-45 % reldtivaidity. For each compounds the

results were obtained from the average of five ispes.
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3.6.2 Flame tests and ignition test

LOI

Limiting oxygen index were determined using a NabeATS Oxygen Index according to
BS EN ISO 4589-2. Pure nitrogen, moisture-freeaait oxygen were used as calibration

and testing gasses.

UL 94
UL 94 tests in vertical position were carried oat@ding to IEC 60695-11-10 and using
a bunsen flame calibrated following ASTM D 5207-03.

Glow wire test
Glow wire tests were accomplished using a WAZAUVGwire testing device GPD DIN
EN 60695-2-10. Compounds classified as “no ratingJL94 test have not been tested.

Cone calorimeter test

Cone calorimeter tests were performed with a GOVMARC-2-X apparatus equipped
with a gas analyser and gas sampling system fajthetitative analysis of oxygen, carbon
dioxide and carbon monoxide. The apparatus wadrestid daily and all tests were

performed according to ISO 5660.

3.6.3 Thermogravimetric analysis

TGA/FTIR

The infrared spectroscopy of the degradation gasseb/ed from TGA analysis was
performed with a Perkin EImer Spectrum One usiggscell connected to Perkin Elmer
TGA4000 thermo-balance. Perkin Elmer transfer [ile 8000 was used to drive the
evolved gases to the FTIR gas cell, both heat@8GftC.

TGA/GC-MS

The thermogravimetric analysis was performed witkttr Toledo TGA/DSC 2 and the
degradation product were collected by a gas statomaining 25QL vacuum chambers
able to collect the degradation gasses duringlttaertogravimetric analysis. A transfer
line heated at 300°C is used to interconnect thé TW&h the gas station and with the
GC-MS system. The thermogravimetric analysis isiedrout using a temperature run of
20°C/min from 35°C to 500°C in air.
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The mass spectroscopy analysis of degradation ptedeas accomplished with Thermo
scientific ISQ LT single quadrupole mass analyset @race 1300 gas chromatography
station. Thermo TQ-SQC 15m x 0.25mm x Qu@bwas used as gas chromatography
column. The method scans from 54-650 m/z with & staperature of 40°C, held for
1 min, then in temperature ramp at 10°C/min uat#80°C and held for 5 minutes. Helium

with 1.2 ml/min flow in splitless was used as aargas.

4 Research approach
Polylactic acid thermal decomposition occurs at-380°C, and the main mechanisms of
decomposition involve different types of chain sma and fragmentation [188] [189]:

* Depolymerisation by backbiting or cyclization in&ztide.

» Beta elimination with the acrylic acid formation.

* Transesterification and hydrolysis with the formatof oligomers and lactic acid.

« Radical fragmentations with the production of powpe acid, acetaldehyde, carbon

monoxide and carbon dioxide.

Considering this complex reactions pathway, a rasfgdifferent volatiles are generated
as fuel. For this reason, acting in the condensese and in the gas phase as the same
time is the best choice to improve flame resistgroperties.
Halogenated compounds were been discarded bedaisel¢gradation products can be
very toxic, corrosive, also they contribute to ozatepletion. Hydrate minerals such as
aluminium hydroxide was been discarded due to igk lobad required, this can lead
almost certainly to the worsening of the PLA mecdbanproperties. Intumescent flame
retardant systems take action in both condensedamg@hase, and this strategy was been
the preferred route for retarding the combustiothefpolylactic acid. In addition, the use
of non-toxic, environmentally friendly and bio bdseompounds as acid source,
carbonizing and blowing agent into the intumes®tems, was considered the best
innovative and promising route to follow trying fwroduce a fully bio based and

biodegradable material with good flame resistamopgrties.

4.1 Formulations
The additive compositions and loads were seleatdd@mulated also considering recent
results published on scientific literature. Intucer® systems based on ammonium

polyphosphate (30 %) and starch (10 %) [190] or amiom polyphosphate (10%) and
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B-cyclodextrin (10%) [191] work well as intumesceftme retardant systems for
polylactic acid, indeed these compounds achieve W&3sification in UL-94 test.
However, the lack of data concerning the mechamioaperties of these latter materials
pushed to start with formulations containing lowaenount of additives, in order to not
significantly affect the mechanical propertiestad polymer. The hydroxyl groups of the
carbonizing agent can be very effective on the aidafion of the polymer, they can react
with the ester groups of the polymer leading to dleavage of the polymer chains and
causing reduction of the molecular weight of thé/per.

Different compounds were prepared without carboigizgent trying to observe if PLLA
could itself behave like carbonizing (Table 3). Ammum polyphosphate AP 423 (8.5%)
was used with different blowing agent (2%) suchmedamine cyanurate, expandable
graphite and calcium carbonate. Moreover, ammonjpotyphosphate (8.5%) and
melamine cyanurate (2%) were tested in presengsoocjanic compounds (1%) such as
clay, talc, and zinc borate trying to enhance tier dormation.

Aluminium diethyl phosphinate OP1240 (8.5%) wasdgsvith melamine cyanurate (2%)
in presence of zinc borate (1%).

Different loads combinations of ammonium polyphagph(4, 8.5%) and melamine
cyanurate (0, 2%) were used in presence of carlogégent (2%) such as starch, sorbitol,
coffee grounds, glycerol phosphate disodium sall #&maft lignin respectively. In
addiction, zinc borate (1%) was used trying to@ase the char stability.

Aluminium diethyl phosphinate (8.5%) and melaminarrate (2%) were used with
starch and sorbitol (2%), these OP containing cam@s were also tested in presence of
zinc borate (1%).

All materials were dried under vacuum in an ove# atbar for 14 hours before be mixed
and compounded.

Polylactic acid pellets and sorbitol were dried®atC. Glycerol phosphate disodium salt
was dried at 150°C in order to eliminate the camation water molecules due to its very
high hydrophobicity. All other additives were driad110°C.

For each formulation, 2 kilograms of compound werepared by dry mixing polymer
pellets plus the additives in defined weight petaga. This amount was required to mould
a sufficient number of specimens in order to penfatl fire and mechanical tests

Then, the polymer pellets and the additives powdense melt mixed into a co-rotative
twin-screw extruder Coperion ZSK 18ML, simultandguke extruded compounds wires

were cooled down with cold water and pelletized.
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Table 3: Compounds formulations.

Compound Acid Carbonizing Blowing Inorganic
Name % Wiy % Wiy % Why %Wy

PLLA - - - -

AP8M2 AP 8.5% Melamine Cyan. 2% -
AP8M2c AP 8.5% Melamine Cyan. 2% Clay 1%
AP8M2t AP 8.5% Melamine Cyan. 2% Talc 1%
AP8M2z AP 8.5% - Melamine Cyan. 2% Zinc Borate 1%
OP8M2z OP 8.5% Melamine Cyan. 2% Zinc Borate 1%
APBEG2 AP 8.5% Exp. Graphite 2% -
AP8CC2 AP 8.5% Calcium Carb. 2% -
St2AP4 AP 4% - -
St2AP4M2 AP 4% Melamine Cyan. 2% -
St2AP8M2 AP 8.5% Melamine Cyan. 2% -
St2AP8M2z AP 8.5% Starch 2% Melamine Cyan. 2% Zinc Borate 1%
St20P8M2 OP 8.5% Melamine Cyan. 2% -
St20P8M2z OP 8.5% Melamine Cyan. 2% Zinc Borate 1%
S02AP4 AP 4% - -
S02AP4M2 AP 4% Melamine Cyan. 2% -
S02AP8M2 AP 8.5% ) Melamine Cyan. 2% -

Sorbitol 2%

S02AP8M2z AP 8.5% Melamine Cyan. 2% Zinc Borate 1%
S020P8M2 OP 8.5% Melamine Cyan. 2% -
S020P8M2z OP 8.5% Melamine Cyan. 2% Zinc Borate 1%
Gp2AP4 AP 4% - -

Gp2APS8 AP 8.5% Glycerol - -

Phosphate )

Gp2AP4M2 AP 4% 204 Melamine Cyan. 2% -
Gp2AP8M2 AP 8.5% Melamine Cyan. 2% -
Co2AP8 AP 8.5% - -
Co2AP4M2 AP 4% Coffee Melamine Cyan. 2% -
Co2AP8M2 AP 8.5% Grg(l%nds Melamine Cyan. 2% -
Co2AP8M2z AP 8.5% Melamine Cyan. 2% Zinc Borate 1%
KL2AP4 AP 4% - -
KL2AP4M2 AP 4% Kraft Melamine Cyan. 2% -
KL2AP8M2 AP 8.5% ng&m Melamine Cyan. 2% -
KL2AP8M2z AP 8.5% Melamine Cyan. 2% Zinc Borate 1%
Ce2AP8M2z AP 8.5% Cellulose 2% Melamine Cyan. 2% ncBorate 1%

(AP) ammonium polyphosphate, (OP) aluminium diegtydbsphinate, (M) melamine cyanurate, (c) clayta(t,
(2) zinc borate, (St) starch, (So) sorbitol, (Glykgrol phosphate, (Co) coffee grounds, (KL) Ktaghin, (Ce) cellulose

Subsequently, all pelletized materials were drieden vacuum at 70°C for 14 hours, then
the dried compounds were injection moulded usingirgection moulding machine
Negri-Bossi VE 70 240. Different shape specimenseweaoulded:

* Dog-bone shape specimen according to ISO 294-130b27-2(Figure 31).

* Square plates with thickness of 2 mm according© 294-3 (Figure 32).
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» Square plates with thickness of 3 mm accordingt 294-5 (Figure 33).

Dog-bone shaped specimens were used for tendilfoliesving the ISO 527-1.

The square plates with thickness of 2 mm were u$ed Glow wire test
IEC/EN 60695-2-12 (GWFI) and IEC/EN 60695-2-13 (GWI

The square plates 3 mm thick were used for corminater tests according to ISO 5660.

170

40+0.2 109.3+3.2
80+2
—
. _ ] _10_0'10,2-:—-—-—-——-— ----- —f— 1 20.0+0.2
% l

75.0+0.5

15 +1

Figure 31: Dog-bone shape specimen dimensions iranuording to 1SO 527-2.
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Figure 32: Square plate specimen dimensions in puording to 1ISO 294-3.
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3.0+01

100 + 2

100 + 2 plate

gate
runner

Figure 33: Square plate specimen dimensions in nuording to 1ISO 294-5.

Others 3 mm thick square plates were cut with adbaw into appropriate specimens
(Figure 34) in order to perform limiting oxygen &xd test and UL 94 vertical test,
following 1ISO 4589-2 and IEC 60695-11-10 respedyive

3.0+ 0.1

6.5+05 LOI
13+0.5 UL94v

100+ 2

Figure 34: LOI and UL94v specimen dimensions in mm.
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5 Results and discussion

5.1 Tensile tests

The tensile test results are reported in the Tdblehe average curves of tensile tests, the
elastic modulus, the ultimate stress and elongattdireak of all compounds classes are
displayed in comparison in the Figure 35-Figure A& various compounds are grouped
according to the type of carbonizing agent usedoriter to investigate the effect of
different amount of additives over the mechanicapprties of the materials respect the

pure PLA as a control.

Table 4: Tensile test results

Compound Elastic modulu Ultimate Stres Elongation aBreak
Name GPa o MPa o] % c
PLLA 3.67 0.03 67.5 34 3.6 0.7
AP8M2 3.73 0.08 49.3 0.4 17.3 5.3
AP8M2c 3.97 0.09 50.3 0.5 25.2 10.6
AP8M2t 3.76 0.11 57.6 1.3 9.7 2.8
AP8M2z 3.60 0.08 45.7 7.5 29 15
OP8M2z 3.88 0.15 29.4 3.2 11 0.2
APSEG2 3.77 0.06 54.9 0.5 8.9 0.7
AP8CC2 3.78 0.05 48.2 0.3 44 0.8
St2AP4 3.81 0.04 57.1 0.3 6.1 1.1
St2AP4AM2 3.85 0.04 55.9 1.0 3.6 0.2
St2AP8M2 4.01 0.17 43.2 5.3 1.9 0.5
St2AP8M2z 3.89 0.10 51.4 0.7 9.9 2.8
St20P8M2 4.43 0.20 45.6 1.3 19 0.1
St20P8M2z 431 0.09 26.9 16 0.8 0.1
S02AP4 3.45 0.13 37.9 7.2 1.7 0.5
S02AP4M2 3.61 0.05 49.8 5.7 2.7 0.5
S02AP8M2 3.49 0.13 51.2 1.0 2.8 0.1
S02AP8M2z 3.49 0.08 32.9 2.7 14 0.2
S020P8M2 4.00 0.06 47.3 0.6 25 0.2
S020P8M2z 401 0.13 40.5 13 16 0.1
Gp2AP4 3.76 0.05 51.6 2.0 2.1 0.1
Gp2AP8 3.76 0.09 39.5 8.1 1.6 0.5
Gp2AP8M2 3.59 0.10 43.9 5.5 2.1 0.4
Co2AP8 4.09 0.07 52.1 0.3 8.6 2.2
Co2AP4M2 3.91 0.06 57.5 0.7 3.3 0.2
Co2AP8M2 3.87 0.16 49.4 13 7.2 18
Co02AP8M2z 3.90 0.18 45.9 0.5 3.0 0.3
KL2AP4 3.90 0.05 56.7 0.6 4.0 0.6
KL2AP4M2 3.94 0.01 56.7 0.4 5.9 0.9
KL2AP8M2 4.20 0.03 53.2 0.6 6.2 0.6
KL2AP8M2z 422 0.04 52.9 0.2 5.9 04
Ce2AP8M2z 4.01 0.05 51.5 0.4 44 1.2

(AP) ammonium polyphosphate, (OP) aluminium diefitybsphinate, (M) melamine cyanurate, (c) clayta(t,
(2) zinc borate, (St) starch, (So) sorbitol, (Glykgrol phosphate, (Co) coffee grounds, (KL) Ktaghin, (Ce) cellulose
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All carbonizing free compounds (Figure 35 and Feg86) showed a decrease of ultimate
stress compared to pure PLLA. The talc containmgmound showed the higher value.
For all carbonizing-free compounds except OP8MBRBe, maximum stress matched the
yielding stress. On the contrary, the OP8M2z didnhieve the yielding point and it broke

with an ultimate stress less than half respedteacbntrol.
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Figure 35: Average curves of the carbonizing freeagounds tensile tests.

The elastic modulus didn’t change much in the seneost of elastic modulus have
increased slightly respect to the control, only AR2& showed a little decrease.
Elongation at break increased more significanthAR8M2 and AP8M2c compounds, in
presence of clay, the material reached 25% elomgati break. The lowest values was

measured for OP8M2z, just 1% of elongation at hreak

Elastic Modulus /GPa Ultimate Stress /MPa Elongation at Break /%
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Figure 36: Tensile test results of the carbonifirg compounds in comparison.
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Starch containing compounds (Figure 37 and FigB8jesBowed a decrease of maximum
stress respect to pure PLLA. The compound withdiver additive load (St2AP4M2) had

the higher value of maximum stress. On the contthe/compounds with higher additives
loads showed lower maximum stress, the lowest wahgerecorded for the St20P8M2z

compound. The elastic modulus of the ammonium pgagphate containing compounds
increased as the total additives loads increasked.highest value was obtained for OP
containing compounds. Zinc borate determined aedeer of elastic modulus respect the
compound without it. Elongation at break is dou(B@o) in St2AP4 and is decreased
increasing the load additives, only the St2AP8M@mpound has a different behaviour
showing higher elongation break respect to the igétend. St2AP8M2, St20P8M2 and

St20P8M2z broke before the yielding point, this celate to an increase of the brittleness

of the material.
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Figure 37: Average curves of the starch contaigimgpounds tensile tests.
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Figure 38: Tensile test results of the starch doimtg compounds in comparison.
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Sorbitol containing compounds (Figure 39 and Figifeshowed a decrease of maximum
stress respect pure PLLA. Moreover, all the sofl@tmtaining compounds showed an
elongations at break lower respect to the contnofjeneral, the sorbitol presence leaded
to an increase of the brittleness of the materidig. increase of brittleness can be related
to a decrease of the polymer molecular weight. @digmer degradation results from the
partial glycolysis of the polymer due to the reawtivith the sorbitol hydroxyls groups
during the melt mixing. The degradation in presesfcgorbitol can be very effective since
it is the carbonizing agent with the highest weigktcentage of hydroxyls group. In
addition, sorbitol melts at 95°C achieving highpdission into the material during the
extrusion process. The elastic modulus didn’t ceangch in compounds with ammonium

polyphosphate and is increased up to 4 GPa inydiathminium phosphinate containing

compounds.
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Figure 39: Average curves of the sorbitol contaijntompounds tensile tests.
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Figure 40: Tensile test results of the sorbitoltagring compounds in comparison.
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The glycerol phosphate containing compounds (Figdrand Figure 42) showed lower
maximum stress and lower elongation at break résfe@ure PLLA. All glycerol
containing compounds broke before reaching thaliyiglstress. The elastic modulus was
not much affected, changing slightly respect todbuetrol.

As in the presence of sorbitol, the increase dfleniess can be related to the glycolysis of
the polymer due to the reaction with the hydroxgisups in the glycerol phosphate. In
addition, glycerol phosphate is highly moisture ssée and can adsorb water as
coordination molecules very difficult to remove. eTpresence of moisture inside the
material leads to an increase of the polymer degi@d by the hydrolysis of the ester

groups during the melt mixing and injection mouggljprocesses.
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Figure 41: Average curves of the glycerol phospbategaining compounds tensile tests.
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Figure 42: Tensile test results of the glycerolggtmte containing compounds in comparison.
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Glycerol phosphate containing compounds were vetile) the Gp2AP4M2 compound
was very problematic to mould. Gp2AP4M2 dog bonecspens got broken during the
extraction from the mould when they were injecttoaulded, and no suitable specimens
were obtained in order to perform the tensile test.

The maximum stress of coffee grounds containingpmumds (Figure 43 and Figure 44)
decreased with increasing total additives loads.

The elastic modulus is generally increased focathpounds, in the Co2AP8 the value
reach 4.1 GPa respect to 3.7 GPa of the control.

The elongation at break remained the same or dadave, an increase of brittleness is not
occurred in the presence of coffee grounds. Co2&RIBC02AP8M2 had an elongation at

break double respect to the control.

80
20 —PLLA C02AP4M2
Co2AP8 Co02AP8M2

60 -
© Co02AP8M2z = = Ce2AP8M2z
o
s 50 - -
8 40 A 1
o
N 30 -

20 -

10 A

0 T T T T T T T T
0 1 2 3 4 5 6 7 8 9
Strain /%

Figure 43: Average curves of the coffee groundsaatidiose containing compounds tensile tests.
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Figure 44: Tensile tests results of the coffee gdsuand cellulose containing compounds in compariso
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Cellulose containing compound (Figure 43 and Figlehad lower yield stress respect
to the control, but its elastic modulus and elogeat break are slightly increased.
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Figure 45: Average curves of the Kraft lignin contiag compounds tensile tests.
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Figure 46: Tensile tests results of the Kraft ligoontaining compounds in comparison.

In general, Kraft lignin containing compounds (Fgu5 and Figure 46) showed lower
yield stress respect to pure PLLA. The maximumsstecreased slightly as the amount
of the total additives load increased. Unlike wihais been observed for the other
carbonizing agent classes, the elastic moduluscreased with the additives load as well
as the elongation at break. Kraft lignin containicgmpounds showed generally an
increase on the elongation at break reaching valosg to 6% in all melamine cyanurate
containing compounds (KL2AP4M2, KL2AP8M2 and KL2AR3z).
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5.2 Bench scale flame test results

5.2.1 Small-scale flame tests and ignition testesults

The results of flame tests and glow wire test eported in Table 5. Limiting oxygen index
tests were the first tests attempted for each comgg followed by UL-94 test in vertical

position and eventually complemented by the gloveuest.

Table 5: Small scale flame and ignition tests rssul

Flame Tests Ignition Test

Compoun LOI uL94 v GWFI GWIT
Name % class °C /2mm °C /2mm
PLLA <27 no rating 825 850
AP8M2 <27 no rating - -
AP8M2c 30.0 V-2 >950 775
AP8M2t 37.0 V-2 >950 775
AP8M2z 28.5 V-2 >950 800
OP8M2z <27 V-0 >950 775
AP8EG2 <27 no rating - -
AP8CC2 27.5 no rating - -
St2AP4 325 V-0 >950 825
St2AP4M2 36.2 V-0 >950 800
St2AP8M2 36.4 V-0 >950 825
St2AP8M2z 375 V-0 >950 750
St20P8M2 <27 V-0 >950 800
St20P8M2z <27 V-2 >950 800
S02AP4 36.1 V-0 >950 875
S02AP4M2 36.9 V-0 >950 825
S02AP8M2 40.3 V-0 >950 850
S02AP8M2z 48.5 V-0 >950 800
S020P8M2 <27 V-0 >950 800
So020P8M2z <27 V-0 >950 800
Gp2AP4 42.4 V-0 >950 975
Gp2AP8 43.3 V-0 >950 950
Gp2AP4M2 50.3 V-0 >950 875
Gp2AP8M2 435 V-0 >950 850
C02AP8 33.7 V-0 >950 850
Co02AP4M2 32.1 V-2 >950 825
Co02AP8M2 31.8 V-0 >950 775
Co02AP8M2z 35.3 V-0 >950 775
KL2AP4 29.1 V-2 >950 825
KL2AP4M2 29.2 V-0 >950 825
KL2AP8M2 30.0 V-0 >950 850
KL2AP8M2z 34.6 V-0 >950 850
Ce2AP8M2z 37.6 V-0 >950 775

(AP) ammonium polyphosphate, (OP) aluminium diefitybsphinate, (M) melamine cyanurate, (c) clayta(t,
(z) zinc borate, (St) starch, (So) sorbitol, (Glykgrol phosphate, (Co) coffee grounds, (KL) Kiafhin, (Ce) cellulose
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All compounds with a LOI under 27% are considerelf-sustaining in case of fire in
air [192], and for this reason their LOI value bawot been further investigated in detail.
Reaching a self-extinguishes behaviour is necessagchieve good flame resistance
properties, thus all compounds with LOI values uri#%s are considered not suitable for
applications where flame resistance is required.

Polylactic acid burns self-sustaining in air ankhating oxygen index value under 27%
was obtained as expected. Indeeed, the LOI valp@-&1% as reported in many research
works [190] [191] [193].

Limiting oxygen index results showed values und&oan AP8M2, APSEG2, AP8CC2
and in all aluminium diethyl phosphinate contain@agnpounds.

All compounds containing carbonizing agents or gamics agents that reach LOI values

equal or higher than 27% are considered self-extsgmaterial.
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Figure 47: Limiting oxygen index test results.
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The presence of carbonizing agents (2%) or inooyagents (1%) in addition to APP (4%)
and melamine cyanurate (2%), is sufficient to aohia self-extinguishes behaviour.
Polylactic acid was found to form char by actingeit as carbonizing agent but a stable
char formation was obtained only with the additafncarbonizing or inorganic agents.
Calcium carbonate was chosen as blowing agentdbsita inorganic agent too, improving
the char stabilization. In bicarbonate form, obgdinby its reaction with acids, it
decomposes generating water, carbon dioxide arfmbeate. In carbonate form, it starts
decomposing around 600°C generating carbon di@adecalcium oxide that concentrates
into the char residue, hence increasing its stgbili

Aluminium diethyl phosphinate is a commercial flame¢ardant used in polyesters but
seems not to be effective in polylactic acid. Irdjesl OP containing compounds reached
a LOI lower than 27% showing a self-sustaining lvéha.

Thermogravimetric analysis showed a marked decrefate decomposition temperature
of polylactic acid in presence of OP. As an exampleFigure 48 are reported the
thermogravimetric curves of neat OP and pure PLibAcomparison with So20P8M2,
S020P8M2 and OP8M2z. The decomposition temperafud® is about 80°C higher than
PLLA and when they are mixed the gap increase @3@land to 130°C in the presence
of zinc borate. The degradation temperature ofntla¢erial decreased, but the additive
degradation temperature remained unaltered. Thasmahat the effect of the OP starts to
act when the entire polymer has already been cdetpldecomposed into combustible
volatiles. Indeed, aluminium diethyl phosphinatgrdeles and acts in the condensed phase
improving the char formation, as well as in the ghase where diethyl phosphinic acid
produced by its decomposition acts as radical {fae. first and the second weight loss
steps of the OP additive consist on the loss dhgigohosphinic acid [194]. The residue
contains the remaining diethyl phosphinate thatdeose into cross-linked species like
aluminium alkyl phosphates.

The lower decomposition temperature can be assaliatthe presence of aluminium ions
that catalyse the depolymerisation of PLLA. Aluroimi ions are reported on many papers
to be active as polymerization catalysts for lae{iti95]. At higher temperature, they can
act in the opposite way reducing the energy redquicebreak the polymer chain, thus
increasing the depolymerisation rate of the polyriéis lead to a lower decomposition

temperature of the compound respect to the purédAPLL
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Figure 48: Thermogravimetric analysis of neat ahiom diethyl phosphinate and pure PLLA in

comparison with aluminium diethyl phospinate antbgol containing compounds.
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Figure 49: Thermogravimetric analysis of neat amionmrpolyphosphate and pure PLLA in comparison

with ammonium polyphosphate and sorbitol contaiiampounds.

Neat ammonium polyphosphate starts decomposiig &ame temperature of pure PLLA
(Figure 49) gradually releasing ammonia and wabeolb80°C. Then, it starts to fragment
into POs which volatilises, at that temperature [196]. $Sttcontaining compounds with
8.5% of ammonium polyphosphate and 2% of melamyamurate start to decompose at
temperatures close to the starting decompositiompégature of the aluminium diethyl
phosphinate compounds (3% of weight loss arour®@3C for both). However, as it can
be seen in Figure 49, the weight loss is slowepmparison, achieving the maximum rate
at a temperature about 20°C lower than the temyeraf maximum decomposition rate
of the pure PLLA, and decreases of about 25°C thi¢hfurther presence of zinc borate.
The main weight loss step of S020P8M2 compoundstpkaece within 60°C c.a., starting
from 300°C to 360°C. On the contrary, the main de&gosition step of S020P8M2
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compound starts at 300°C and it is completed at@l®ccurring within a 110°C
temperature range. At 360°C, the OP containing @amg lost 90% of its weight whereas
the APP containing compound reach a weight losdotit 10% at the same temperature.
This can be related to a better efficiency in doamation in the presence of ammonium
polyphosphate respect to aluminium diethyl phosgtieinbecause a lower flow of volatiles
evolves from the bulk material.

The talc containing compound AP8M2t gave a LOI eaBr%, a relatively high value
considering that is obtained in absence of carliogiagent. However, this compound
achieved only V-2 classification in UL 94 verti¢akt.

The compounds with APP and starch showed LOI vahigiser than 32%, the maximum
value is obtained for the zinc borate containingnpound with a LOI of 37.5%.

The compounds with APP and sorbitol reached LQleshigher than 36%, the maximum
value is again obtained for the zinc borate comgisompound with a LOI of 48.5%.
The compounds with APP and glycerol phosphate g&Jevalues higher than 42%, the
maximum value is achieved for the Gp2AP4M2 compouwitd a LOI of 37.5%.

The compounds with APP and coffee grounds gave ‘alles higher than 31%, the
maximum value is shown for the zinc borate contegrdiompound with a LOI of 35.5%.
The compounds with APP and Kraft lignin gave LOlues higher than 29%, the
maximum value is obtained for the zinc borate coirig compound with a LOI of 34.6%.
The compound with APP and cellulose gave a LOI706 3this value is close to the values
obtained with the same additives loads for thechktaand zinc borate containing
compounds. These similar values can arise fromith#gar chemical composition of starch
and cellulose, since they have the same weigheptage of hydroxyls in their polymeric
structures. Other compounds with cellulose havebeen prepared, so other correlation
with starch containing compounds are not possiblerder to confirm this assumption.
The results of UL94 tests showed V-0 classificationall compounds with APP and
starch, sorbitol and glycerol phosphate respegtivilo carbonizing free compounds
reached V-0 or V-1 classification. PLLA achieved mating classification, as well as
AP8M2, APSEG2 and AP8CC2.

Coffee grounds containing compounds achieved \afstlication in all formulation with
8.5% of ammonium polyphosphate, the Co2AP4M2 comgdoveached only V-2
classification leading to the cotton ignition, cadsy the material burning drops during
the UL94 test.
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Kraft lignin containing compounds achieved V-0 slfisation in all formulations with
ammonium polyphosphate and melamine cyanurate Kit#AP4 reached only V-2
classification leading to the cotton ignition witk burning drops.

Cellulose containing compound reached V-0 classifo.

All aluminium diethyl phosphinate containing compds reached V-0 classification
except St20P8M2z compound reaching V-2 classiboatonly. This self-sustaining
behaviour seen in LOI test is in contrast with¥h@ classification achieved in UL94 tests.
The reason of these results arises from the higtingeate showed by these compounds
during the flame application in the bottom edgé¢haf specimen. The materials melt very
easily and flow away from the flame, rather thaipging. In this way, the material leaves
the flame zone application before reaching tempeeat sufficiently high to generate
enough fuel to maintain the combustion.

On the contrary, during the LOI test the flamepplaed at the top of the specimen and the
material melts but doesn’t flow away rapidly, relaghtemperatures sufficiently high to
produce enough volatiles to sustain the combusititar the ignition.

Based on the results was possible to see a coorelaétween LOI values and UL94
classification, it is possible to say that in tmegence of carbonizing agents all compounds
with a LOI value over 32 reached V-0 classificati@Qonsidering Kraft lignin containing
compounds, the threshold seems to be lower, ar@@D%. In electronics application,
UL94 V-1 or V-0 is required, V-0 is mandatory fgdication in strict contact with printed
board circuits.

The glow wire ignition tests were attempted for eimpounds that reached V-2
classification or higher in the UL94 test and coneplawith pure PLLA. The compounds
without UL94 rating classification have not beestéel. The tests were performed in
specimens 2mm thick and the results are reportétyure 50.

Pure PLLA showed a glow wire flammability index (&VWY of 825°C and a glow wire
ignition temperature (GWIT) of 850°C, the GWIT iglher than GWFI meaning that once
the material is ignited, it burns completely, acling to the self-sustaining behaviour
already seen in LOI test and UL94 test. All compisitested showed a GWFI higher than
950°C, which means the self-extinguish of the flanreless than 30 seconds after the
removal of the glow wire. As it is possible to se¢he Figure 50, the GWIT decreased by
increasing the additives loads in all carbonizimtaining series except Kraft lignin

containing compound where the trend is the opposite
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Glycerol phosphate and sorbitol containing compaguachieved the highest values with
Kraft lignin, followed by coffee grounds starch acellulose, respectively. In this test, as
well as in the LOI and UL94 tests, the dripping sram the heat source leaded to good
performances in these tests. As a supporting eg@tnconfirm this observation, glycerol

phosphate and sorbitol containing compounds reattteedighest GWIT.
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Figure 50: Glow wire ignition temperature results.

Increasing the additives loads, the char formasoanhanced and the material becomes
less viscous and flows away from the heat sous=erbgidly, thus achieving lower ignition
temperature.

However, considering that a GWFI of 850°C is regdirfor insulating materials in
unsupervised appliances carrying a current hidiear 0.2 amperes, all compounds tested
achieved values over 950°C. Moreover, all compdested except St2ZAP8M2z, reached
GWIT equal or higher than 775°C. St2AP8M2z compowgathed lower GWIT of 750°C.

A GWIT of 750° is required for supervised appliamcarrying a current higher than 0.5
amperes. On the other hand, a GWIT of 775°C and dlagsification is required for
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unattended appliances carrying a current highem th& amperes. It is important to
remember that these small-scale test results neustifirmed by further tests on the final
products and for this reason the thickness of tlmeesponding finished components must
be equal or lower than the thickness of the testispens. The glow wire results obtained
are strictly related to the 2 mm specimen thicknessl can be slightly different in
specimen with lower or higher thickness, usualighler GWIT values are obtained for
specimen less thick. Nevertheless, 2 mm thick spexs cover a wide range of appliances

in common uses and glow wire test over differertkimess are not been performed.

5.2.2 Cone calorimeter test results

The cone calorimeter tests were been carried dea&@entre of fire and hazardous science
of the University of Central Lancashire in Prestdd during a period abroad in my
doctorate. All the compounds have been tested arelLLA was been taken as control.
Squared plates 100x100 mm and 3 mm thick were dastdriplicates in horizontal
position, 60 mm below a radiant heat flux of 35 kWim accordance with the 1ISO 5660.
The gap of 60 mm was chosen in order to avoid trextdcontact between the cone and
the intumescing specimens during the char expangiaadiant heat flux of 35 kWrh
was selected in order to investigate the flamestasce of the materials in conditions
comparable to an early stage fire [19If].these test conditions, the synergistic action of
the intumescent flame retardants systems was stadie the material ability to retard or
to extinguish the fire under a forced combustiondition, has been investigated.

The time to ignition (), peak of heat release rate (PHRR), total heatisel (THR) and
the residue percentage left at the end of the @aestreported in Table 6. The compounds
heat release curves are reported in Figure 51wW&i§7 in comparison with pure PLLA.
The carbonizing agent free compounds with ammonpatyphosphate and melamine
cyanurate (Figure 51) showed a different behavilvuparticular AP8M2 showed worse
results respect to pure PLLA. Instead, in pres@figgorganic agents, more efficient char
formation occured. In general, the PHRR are lowantthe control, but as it can be seen
in the Figure 51, the combustion continues for &rtgne, in particular the char barrier is
not efficient enough and the specimens burn forentioan 20 minutes.

The aluminium diethyl phosphinate containing conmmtgishowed the worst behaviour
during the combustion. For all OP containing foratuans, the PHRR and the total heat
release are larger compared to the values obtawittdpure PLLA, and the ignition

occured 40-50 seconds earlier (Figure 51, FigurarsBFigure 54).
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Table 6: Cone calorimeter tests results.

Compound i§ PHRR THR Residue
Name s o kW/m? [} MJ/nr? o %
PLLA 92.4 55 387 9 70.2 2.3 3.2
AP8M2 79.2 2.3 437 10 72.5 14 8.3
AP8M2c 64.6 1.2 157 1 37.4 6.2 23.3
AP8M2t 65.4 1.3 169 6 50.5 1.6 24.9
AP8M2z 100.6 5.4 185 15 56.4 3.2 16.9
OP8M2z 51.7 1.2 471 29 69.4 2.6 6.5
APBEG2 71.5 5.6 322 16 65.3 2.1 11.4
AP8CC2 81.6 7.3 249 14 63.2 3.4 14.6
St2AP4 67.9 14 357 10 71.5 0.4 4.4
St2AP4M2 67.6 4.1 323 5 71.3 0.2 4.9
St2AP8M2 75.0 15 216 56.8 1.7 16.2
St2AP8M2z 60.3 2.4 148 4 21.0 1.0 60.0
St20P8M2 51.0 1.8 580 17 76.8 0.6 4.6
St20P8M2z 40.5 15 504 4 76.6 0.1 5.6
S02AP4 98.8 55 251 20 64.3 13 114
S02AP4M2 95.4 2.3 331 8 70.8 0.2 4.7
S02AP8M2 99.2 4.5 269 3 36.1 12.5 43.5
S02AP8M2z 96.8 5.9 191 16 34.7 2.4 39.5
S020P8M2 51.1 0.7 585 13 75.6 0.5 4.2
S020P8M2z 40.2 2.6 459 22 71.9 0.2 7.2
Gp2AP4 99.8 1.7 421 7 73.7 0.2 5.6
Gp2AP8 106.0 0.7 264 2 54.0 3.4 22.9
Gp2AP4M2 105.6 3.1 287 9 71.1 0.3 6.0
Gp2AP8M2 103.2 4.2 199 6 8.2 0.6 80.8
Co2APS8 68.0 2.0 239 4 64.7 0.9 11.9
Co2AP4M2 65.9 0.2 313 2 71.5 0.7 5.3
Co2AP8M2 53.1 2.0 238 6 62.7 6.4 14.7
Co2AP8M2z 60.3 2.5 195 34 54.7 17.5 195
KL2AP4 80.2 2.0 371 10 71.4 1.0 4.6
KL2AP4M2 71.9 0.5 363 6 71.1 0.2 51
KL2AP8M2 72.4 2.4 297 5 50.6 0.5 26.6
KL2AP8M2z 68.8 1.2 235 1 50.8 0.9 155
Ce2AP8M2z 50.3 1.8 197 5 58.7 3.1 20.0

(AP) ammonium polyphosphate, (OP) aluminium diefitybsphinate, (M) melamine cyanurate, (c) clayta(t,
(z) zinc borate, (St) starch, (So) sorbitol, (Glykgrol phosphate, (Co) coffee grounds, (KL) Kiafhin, (Ce) cellulose.

Expandable graphite containing compound ignited&tbnds earlier than the control and

reached rapidly its peak of heat release rate (Ei§@). Althought the PHRR is lower

compared to control, the time to reach it is haffpect pure PLLA. Calcium carbonate

containing compound showed a time to sustain igmili0 seconds lower and a PHRR of
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about 65% respect to the control. However, it kmphing for longer and a second large
peak of heat release rate occured after the charatoon.
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Figure 51: HRR average curves of PLLA and carbogiZiee compounds based on APP and OP with

melamine cyanurate.
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Figure 52: HRR average curves of PLLA and APP daoirtg compounds with different blowing agent.

The carbonizing agent containing compounds showatebresults in terms of fire
resistance due to a more efficient char barriemédgion. Excellent flame resistance
properties were obtained in the presence of cazbuniagents and 8.5% of ammonium
polyphosphate AP. The best results in terms of twat release and peak of heat release

rate were obtained with the further presence af borate.
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The starch containing compounds have lower pedieaf release rate but showed a time
to sustain ignition 20-30 seconds less than pureAP(Eigure 53). In presence of 8.5%
ammonium polyphosphate a good char barrier is fdr(Regure 58), the PHRR is less than
60% of the control value, and in presence of zimate the value decreased further down
to 40%.
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Figure 53: HRR average curves of PLLA and stargftaiaing compounds.

The sorbitol containing compounds (Figure 54) shebavéime to sustain ignition close to
the pure PLLA; moreover, they all have lower peakieat release rate, the lowest value
being recorded in the presence of zinc borate.hin resence of 8.5% ammonium
polyphosphate, the PHRR is less than 70% respéue toontrol pure PLA, and in presence
of zinc borate the value decreased to 50%. Theuakweight for 8.5% APP containing
compounds is about 40%. The sorbitol containingmaunds with 4% APP showed better
results without the presence of melamine cyanurasereported in the Table 6 and in
Figure 54, PHRR and total heat release valuearer lfor S02AP4 respect to So02APM2,
while the residue is higher.

The glycerol phosphate containing compounds (Fidise showed a time to sustain
ignition 10 seconds longer respect to pure PLLAlyGBp2AP4 compound showed a
PHHR and THR higher respect to the control. Thelotbompounds showed a PHRR lower
than 75% respect to the control; in particular, BEE2AP8M2 showed the lowest value in
total heat release and the higher value of resiseaiht among all materials tested. For
glycerol phosphate containing compounds, good teswdre achieved without the use of

zinc borate.
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Figure 54: HRR average curves of PLLA and sorhlutmitaining compounds.

The Gp2AP8M2 compound self-extinguishes in 4 miswutéh less char formation on the
surface of the specimens. Moreover, the presencel@mine cyanurate seemed to favour
the char formation, as it can see from the datarte@ in Figure 55. The presence of
melamine cyanurate leaded to the reduction of #s release rate earlier respect to the
compound without it. This means that melamine cyateuimproved char formation and
this finding is further confirmed by comparing thesults reported in Figure 60. By
comparing Gp2AP4M2 with Gp2AP4, the latter compownthout melamine showed a
poorer char formation behaviour. The same conalusian be drawn by comparing
Gp2AP8 with Gp2AP8M2. This result may not be easign in Figure 60 but further

support to this conclusion comes from the residadues reported in Table 6.
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Figure 55: HRR average curves of PLLA and glycetadsphate containing compounds.
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Indeed, these data showed that in the presenceels#@mine cyanurarate, the residue
percent is four time larger than in the absenceswth compounds (formulation
Gp2AP8M2 respect to Gp2AP8).

The coffee grounds containing formulations (Figbé¢ showed a time to sustain ignition
30-40 second shorter than pure PLLA. The peak af tedease rate relative to compounds
with 8.5% of APP were lower than 65% of the conaantl have resulted in a good char
barrier respect the 4% APP containing compound GdAP (Figure 61). This latter
compound showed a total heat release value clodeetpure PLLA value and a PHRR
around 80% of the control. The zinc borate contgrecompound Co2AP8M2z showed
the best results with a PHRR of 50% respect the pPlWLA and a residue of 19.5%.

The cellulose containing compound (Figure 56) shibweod results in terms of fire
resistance, although the time to sustain igniti@s w0 seconds shorter than the control,

the PHRR value has almost halved respect to theaton
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Figure 56: HRR average curves of PLLA, coffee gasiocontaining compounds and cellulose containing

compound.

The Kraft lignin containing compounds (Figure Si¢wed a time to sustain ignition 10-20
seconds shorter than pure PLLA. The PHRR and TH&esdor compounds with 4% of
APP were close to the pure PLLA, as it can be gseé&igure 62. The char formation was
poor. In presence of 8.5% APP, better results wbetained; the PHRR of KL2AP8M2
compound was 75% respect pure PLLA and in presefiwac borate the value decreased
further down to 60%. Although this two compoundséndifferent PHRR, the THR values
were the same, this because KL2AP8M2z burned twe taster than KL2ZAP8M2.
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Figure 57: HRR average curves of Kraft lignin camtag compounds.

St2AP8M2 St2AP8M2z

Figure 58: APP and Starch containing specimenduesafter cone test.
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S02AP8M2 S02AP8M2z

Figure 59: APP and sorbitol containing specimes&ltes after cone teft.

Gp2APS Gp2APSM2

Figure 60: APP and glycerol phosphate containiregispens residue after cone test.
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Co2AP8M2 Co2AP8M2z

Figure 61: APP and coffee grounds specimens resiftaecone test.

KL2AP8M2 KL2AP8M2z

Figure 62: APP and Kraft lignin containing specimeesidue after cone test.
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To sum up, ammonium polyphosphate 8.5% containimgoounds showed the best flame
resistance properties, giving also a good char &ion when a carbonizing agent is
present. Moreover, zinc borate improved the chabily in all compounds. The
compounds containing 4% APP showed worse reswoitslf those compounds, the char
formation occurred but the char formation wasntegh to completely cover the material
surface and didn’t protect it efficiently. In thagry, the material kept burning in the areas
where the char didn’t cover the surface (Figurab@ Figure 62).

The OP containing compounds showed the worst flesaistance properties producing
higher total heat release than pure PLLA. Furtheemihe times to sustain ignition were
40-50 seconds shorter than the control.

Some of the carbonizing agents used in this wonlewery effective in char formation.
Glycerol phosphate was the best in terms of fitenguishing, giving the lowest total heat
release in Gp2AP8M2 (8 MJAmompared to 70 MJ/Aof the control). The other additives,
ranked in order of decreasing effectiveness weegcls with 21 MJ/rhin St2AP8M2z,
sorbitol with 35 MJ/Miin S02AP8M2z, Kraft lignin with 51 MJ/fin KL2AP8M2, coffee
grounds with 55 MJ/fmin Co2AP8M2 and cellulose with 59 MJrim Ce2AP8M2z. In
parallel, Glycerol phosphate showed the longese timsustain ignition compared to all
the other XAP8M2 compounds, followed by sorbitdhrsh, Kraft lignin, and coffee
grounds containing compounds. In general, foradbonizing agents, the presence of zinc
borate reduced the time to sustain ignition, makiegmaterial starts to burn earlier; but
its presence reduced the peak of heat releasefrab®ut 40-50 kW/mcompared to 8.5%
APP compounds without it.

The Gp2AP8M2 compound showed the lowest total redaase and the highest residue
percentage in cone calorimeter test, it self-extisiyed in less than five minutes without
generating a great amount of char (Figure 60)hAt&nd of the test, a large part of material
remained in molten state unlike all other compotlvad result on rigid carbonaceous char
formation.

These results suggested to investigate more inisiéte decomposition products of the
various carbonizing containing compound. The airtisfpart of the project was to clarify
if they also act in the gas phase by some mechan@nin the condensed phase by
promoting the formation of decomposition produetsslvolatile or less combustible.

In order to investigate these hypotheses, thermvagedric analysis coupled with infrared

spectroscopy and with gas chromatography massrepecpy were carried out.
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The instrumental parameters used for this techrageeeported in methods section. The
FTIR analysis of the degradation products of put&A under inert atmosphere 6N
showed that at the maximum decomposition rate temye, a mixture of CO, CO2,
CHsCHO, lactide and oligomers is formed. Figure 63 Bigiire 64 report the main peaks

present in the gas mixture evolved in inert atmesph
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Figure 63: FTIR spectra of decomposition produétBld A in inert atmosphere at maximum

decomposition rate temperature.

Figure 64: FTIR of evolved decomposition producPal A in inert atmosphere.

Peaks at 2180 cfand 2115 cm are characteristic of carbon monoxide. The pedkén
range 2400-2270 ctwith a maximum at 2350 cthis characteristic of carbon dioxide
stretching. Peaks at 2740-2700tend peak at 1760 chare characteristic of aldehydes,
stretching of CO-H bonds and stretching of carbemybup respectively, mainly due to
acetaldehyde. The peaks in the range 1100-105D amm relative to C-O stretching of
alcohols (R-OH) and ester (COO-R). The peaks a@11Z&0 cmt isrelative to the C-O

93



stretching between carbonyl carbon and oxygentar ggoups (CO-OR). The small peak
at 3575 crrt is related to the stretching of O-H bond.

The TGA-FTIR analysis of pure PLLA was then perfedin air and Figure 65 shows the
results. The peaks relative to carbon dioxide (22280 cm') were much more intense,
respect to the same peaks obtained in inert atreosglrigure 64), whereas the peaks
relative to the CO-H stretching of aldehyde (27Z0@cm?) have a much lower intensity.
Moreover, the peaks at 1180 ¢nelative to C-O stretching of alcohols shows iaset
intensity and a new peak at 3700 tmelative to the stretching of alcohol O-H bond
appeared for the first time. A further increaséhef peaks around 3000 droan be related
to the stretching of O-H bond of carboxylic acidogps. The change of the degradation
product pattern can be explained by the oxidatiath® aldehydes species by the oxygen
molecules in air. Aldehydes are fully oxidized irtarbon dioxide, with a very limited
conversion to their correspondent acids. In addlittbe simultaneously presence of acid
groups and hydroxyls group can be attributed tdfahmation of linear PLLA oligomers

such as dimer, trimer but also lactic acid itself.

Wave, e,

soo

Figure 65: FTIR of evolved decomposition producPal A in air.
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Figure 66: FTIR of evolved decomposition produdt$020P8M2 in inert atmosphere.
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Figure 67: FTIR of evolved decomposition produdtSo20P8M2 in air.
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Figure 69: FTIR of evolved decomposition produdtSe2AP8M2 in air.

Sorbitol containing compounds with ammonium dietblybsphinate OP and ammonium

polyphosphate APP (S020P8M2, S02AP8M2) were andlygth TGA-FTIR in inert

atmosphere and in air. The results are reporteBlignre 66 and Figure 68 for inert
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atmosphere and Figure 67 and Figure 69 for aipecs/ely. Their spectra at maximum
degradation rate are compared with the pure PLLRigure 70 and Figure 71.

The presence of aluminium diethyl phosphinate leadbe formation of lactide as main
degradation product both under inert atmosphereraan (Figure 70 and Figure 71). The
peak at 1790-1785 chis relative to the stretching of carbonyls gromhie lactide ring,
while the peak at 1250-1235 dnis the characteristic peak of stretching betwden t
carbonyl carbon and the oxygen in the ester grotips. production of lactide as main
degradation product in presence of OP, confirmedhifpothesis that aluminium ions act
as depolymerisation catalyst promoting the decoitipasof the polymer by cyclization
reactions. Moreover, the presence of air didn#etfthis mechanism so the lactide evolved

as the main fuel.
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Figure 70: FTIR spectra of decomposition produétdld A (black), So20P8M?2 (red) and So2AP8M?2

(blue) at maximum decomposition rate in inert atpihase.
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Figure 71: FTIR spectra of decomposition produétBld_A (black), So20P8M?2 (red) and So2AP8M2

(blue) at maximum decomposition rate in air.

96



The ammonium polyphosphate containing compound $&8242 showed a degradation
pattern similar to pure PLLA both in inert atmosghand in air (Figure 70 - Figure 71).
Under inert atmosphere, a minor difference was mese mostly relative to a slightly
increase of carbon dioxide and different carbopglak (1745/1729 cH).

The same analysis was carried out for the othdrocezing agents. In agreement with the
observation for the sorbitol containing formulasorthe FTIR spectra shows the same
decomposition products obtained from pure PLLAhbotair and in inert atmosphere. For
this reason, they have not been reported. The TGIRnalyses leaded to identify the
formation of lactide as main decomposition prodoicaluminium diethyl phosphinate
containing compound. Unfortunately, these analgs#ist provide interesting information
about the action of ammonium polyphosphate andocézing agents. This results
suggested to consider that their ways of actioacts/e solely in the condensed phase.
However, the excellent fire resistance observedtie Gp2AP8M2 formulation in cone
calorimeter test was not fully understood yet. TGE/MS analyses were carried out in
order to obtain more information about the naturéhe various decomposition products.
The TGA-GC/MS analyses were performed on PLLA, S82WM2, St2Ap8M2,
Gp2AP8M2, Co2AP8M2 and KL2AP8M2 compounds. 380 of the decomposition
product gas mixture evolved in air at max decompwsrate (370-380°C), were collected
and analysed. The instruments parameters and nsetlsadl are reported in the method
section. The mass spectrometer detector used bataf at 54 m/z and the fragments
under this value could not be detected. Acetaldehydne of the main aldehydes formed
by the decomposition of PLLA but along with carbdioxide (44 g/mol) and carbon
monoxide (28 g/mol), they remained not quantifiedduse of the limit mass detection of
the mass spectrometer.

The action of the intumescent system additiveshendondensed phase was studied by
detecting heavier fragments arising from oligonwraromatized species.

The gas chromatography column available had limgeparation capability. For such
reason, the decomposition species produced wetedalapidly and remained overlapped
in the chromatogram. They gave rise to a narrovk pgsashown in Figure 72. Fortunately.
the mass spectra were not too complex to investigatl interesting results have been

obtained.
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Figure 72: Chromatogram of PLLA decomposition pratdu

Pure PLLA decomposition products mass spectrunh@ve in Figure 73. The main
fragmentation products detected over 54 m/z atedibelow in order of decreasing
relative intensity:
* 56 m/z relative to €HsO molecular ion (methylketene and 2-propenal).
* 55 m/z relative to €HsO radical ion (acrylic acid after the loss of OHbgp and
2-propenal after the loss of H).
e 74 m/z relative to €HsO> molecular ion (propionic acid, and a-hydroxy
propionaldehyde).
* 60 m/z relative to eH402 molecular ion (acetic acid)
* 94 m/z not well identified 8460 (phenol) or/and 10 or/and GH120s double
charged molecular ion.
* 58 m/z relative to €HsO molecular ion (propionaldehyde).
* 96 m/z relative to €HsO molecular ion (molecule resulting from the aldol
condensation between propionaldehyde and 2-propenal
* 59 m/z relative to &30, molecular ion (acetate).
* 81 w/z relative to €H100s molecular ion double charged (linear dimer).
The peaks at 55, 56, 58, 59, 60 and 74 m/z arével# the presence of aldehydes and
their relative acids, as confirmation of the resylet seen for the TGA-FTIR analysis

performed in air.
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The peak at 81 arises from the dimer and the patkgl and 96 arise from the aldol
condensation and dehydration of the aldehydes]ysath by the presence of the acid
species such as acetic acid, acrylic acid and pnipacid. No other peak have significant

intensity at m/z values larger than 96.
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Figure 73: Mass spectrum of pure PLLA degradatimupcts.
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Figure 74: Mass spectrum of starch containing camgdst2AP8M2.
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Figure 76: Mass spectrum of coffee grounds comgicompound Co2AP8M2.
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Figure 77: Mass spectrum of Kraft lignin containcgmpound KL2AP8M2.
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Figure 78: Mass spectrum of glycerol phosphateainimg compound Gp2AP8M?2.

The mass spectra of ammonium polyphosphate congacompounds with carbonizing

agents show a different distribution of the decosimpan products respect pure PLLA.
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Starch containing compound has the main intengigk@at 81 m/z relative to the presence
of the dimer (Figure 74), followed by the peak34m/z relative to propionic acid and the
peak at 60 m/z relative to acetic acid. Moreovke peaks relative to the condensed
aldehyde species at 94 and 96 m/z are increased.

The main peaks seen for pure PLLA at 55 and 56spézies, related to the acrylic acid
and 2-propenal, have lower intensity. These lightatules in presence of APP are less
favoured and this behaviour can be related todhedtion of less volatiles species in the
condensed phase, where these molecules can undag®linking and aromatization
reactions that maintain them in the condensed pidseeover, the increase of the acid
species produced can act in synergy with the insoer@ system improving the char
formation. The sorbitol, glycerol phosphate andfKlignin containing compounds have
the main intensity peak at 74 m/z relative to poop acid. The 60, 81, 94 and 96 m/z
peaks have the same intensity for all these comgmueven if it was slightly decrease
respect the 56 and 55 m/z peak. In particulary tiedative intensity is the highest in starch
containing formulation, followed by the sorbitoligkre 75), coffee grounds (Figure 76)
and Kraft lignin (Figure 77) containing compoundsene the ratio is the lowest in
comparison to the other carbonizing agent.

Glycerol phosphate containing formulations have highest intensity peak at 60 m/z
relative to acetic acid (Figure 78). The productidacetic acid in a relatively high amount
can be considered as one of the reasons why timipaand showed high fire resistance in
cone calorimeter, in addition to the highest timeignition and the highest residue

percentage.
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6 Experimental section

6.1 Compounding

The materials compounding was carried out in aotative twin screw extruder Coperion
ZSK 18ML (Figure 80), which has two screw with 1&rof diameter and length 40 L/D.
Screw profiles has different section for meltingximg and degassing as show in Figure

79.
(COPERION v COPERION WERNER & PFLEIDERER EXCO32 Ver 3.2/Mack
w
| AMA
g
Figure 79: Section profiles of the extruder screws.
;1
1,600

1.350
Figure 80: Coperion ZSK co-rotative twin screw agter.
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The extruder barrel is divided into seven sectieash with a separate temperature
controller, in order to design a suitable tempemfprofile for the compounding process
to be carried out.

The temperature profiles used for compounding tfierdnt formulations are reported in
Table 7. Screw rotation speed was set at 250 rpmalifthe compounding tests.

The residence time of compounds under this conditias about 20-30 seconds and was

measured by spiking a small amount PLA yellow nrastieh in the main feed throat.

Table 7: Temperatures of the screws sections.

Section‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘ 6 ‘ 7
Temopgrat“ﬁ 170 ‘ 175 ‘ 180 ‘ 185 ‘ 185 180 175

6.2 Injection moulding
The injection moulding of the material was perfodneith a Negri Bossi VE 70 240
injection moulding machine. The samples were malldeo different shapes specimens:
* Dog-bone shape specimen according to ISO 294-130b27-2.
* Square plates with thickness of 2 mm accordingt 294-3.
» Square plates with thickness of 3 mm according 294-5.
Temperature profiles suitable to injection mouldifig_A were used (150-190°C), and in
order to obtain relatively fast cycles of moulditige mould temperature was set to 30°C.
A compete cycle of moulding took place in 1 minutessthe dog bone specimens and
square plate 3 mm thick, while 45 seconds for sgpiate 2 mm thick.
The parameters related to the screw dosage, sojeetion velocity, screw pressure and
post pressure were adjusted to obtain the specifmesmfrom defects.
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7 Conclusions

New eco-friendly intumescent polylactic acid baseaterials have been developed, using
low loads of halogen-free, not toxic and biodeghdeladditives (6, 10 and 14%). Bio
based and biodegradable carbonizing agents sudtaesh, sorbitol, coffee grounds,
glycerol phosphate, cellulose and Kraft lignin hdeen tested (2%), in synergy with
different amount of ammonium polyphosphate (4 asd4d, and melamine cyanurate (0
and 2%). All carbonizing agent containing compounested, achieved V-0 UL94
classification except St2AP8M2z, Co2AP4M2 and KLZAR-0 UL94 classification is
the best rating class of the test and is requedifterial application in strict contact with
electronic circuits. Moreover, the LOI test resslt®wed for all these latter compounds a
self-extinguishes behaviour in air in case of fis¢arch containing compounds showed
LOI values over 32% with a maximum value of 37.5¢hiaved by St2AP8M2z. Sorbitol
containing compounds showed LOI values over 36% witmaximum value of 48.5%
achieved by S02AP8M2z. Glycerol phosphate contginompounds showed LOI values
over 42% with a maximum value of 50.3% achieved@p2AP4M2. Coffee grounds
containing compounds showed LOI values over 31% witmaximum value of 53%
achieved by Co2AP8M2z. Kraft lignin containing cavopds showed LOI values over
29% with a maximum value of 34.6% achieved by KL8M2z. The cellulose containing
compound (Ce2AP8M2z) reached a LOI value of 37.8%e presence of zinc borate
increased the flame resistance of the materialdigigthe highest LOI values.
Carbonizing agent free compounds did not reach &r-&/-1 UL94 classification, and
therfore are not suitable materials for electrid afectronics applications. In particular,
AP8M2, APBEG2 andAP8CC2 showed no rating in UL &gt and they showed self-
sustaining behaviour with LOI values under 27%, nhe talc, clay and zinc borate
containing compounds achieved only V-2 classifarati

All carbonizing containing compounds achieved anghare flammability index (GWFI)
higher than 950°C and a glow wire ignition tempearatequal or higher than 775° except
St2AP8M2z, reaching a GWIT of 750°C. A GWFI of 880k required for insulating
materials in unsupervised appliances carrying eeatihigher than 0.2 amperes. A GWIT
of 750° is required for supervised appliances @agra current higher than 0.5 amperes.
On the other hand, a GWIT of 775°C and V-1 clasatfon is required for unattended

appliances carrying a current higher than 0.2 aeger
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The carbonizing agent containing compounds showateibresults in terms of fire
resistance due to a more efficient char barrian&dion, as it can possible to see from the
cone calorimeter test results. Excellent flamestasice properties were obtained in the
presence of carbonizing agents and 8.5% of ammopalyphosphate APP. According to
LOI values, the best results in terms of total mektase and peak of heat release rate were
obtained with the further presence of zinc bordtee 4% APP containing compounds
showed worse results in term of fire resistanceeetsto the compounds with 8.5% of
APP; for all those compounds, the char formatiosuoed but it wasn’'t enough to
completely cover the material surface and didndtget it efficiently during the cone
calorimeter test.

All diethyl aluminium phosphinate containing compds showed a self-sustaining
behaviour in air in case of fire obtaining LOI vesuunder 27%, moreover the cone
calorimeter test showed higher total heat releadénagher peak of heat release rate respect
pure PLLA.

The material decomposition and the decompositimuyets have been investigated in
order to identify the main way of actions of th@seimescent systems. It was seen that
additives more reactive such as sorbitol and gblqanosphate lead to obtain the highest
results in flame resistance properties. Indeed Hutyas dripping agents as well as char
promoters, producing higher amount of acetic acid propionic acid that are able to
improve the char formation by acting as acid saarcatalysing the aromatization
reactions. The presence of aluminium diethyl phosgik favoured the lactide production
increasing the PLLA depolymerisation, these molesuleave earlier and easily the
condensed phase, and they burn faster respecetmengosition products generated in
pure PLLA.

The mechanical properties of the additivated PLBAsing from the tensile tests, showed
in general a decrease of the maximum stress retipegure PLLA. This behaviour is
enhanced by species with higher content of hydrgxylip such as glycerol phosphate and
sorbitol, where the specimens broke before readhiagielding in most of them. Sorbitol
containing compounds showed a decrease of the maxistress around 70-50% respect
to the control (50 to 35 MPa respect 70 MPa ofRhkA), glycerol phosphate containing
compound showed a decrease of the maximum sthessatues reached the 70-57% of
the control (50 to 40 MPa respect 70 MPa of the ALL
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In the same way, the elongation at break in sdrlamal glycerol phosphate containing
compounds decreased leading to an increase ofittertess of the material. The elastic
modulus remained close to the control value githmgpossibility to use these materials
in applications where the final product is subjedbwer tensions respect to the maximum
stress reached by the materials.

Additives less actives showed an elongation atkbegmal or higher than pure PLLA, as
seen in presence of cellulose, coffee grounds amdt Kgnin containing compounds,
where in some cases the elongation at break islel@ulnigher.

Indeed KL2AP8, KL2AP8M2 and KL2AP8M2z showed anrgjation at break close to
6% respect to 3.6% of pure PLLA, and the elastiduhgs increased along the series from
3.9t0 4.2 GParespect to 3.7 GPa of the contha.ylelding stress values are lower respect
to the control but are the highest compared tahal other carbonizing agents tested,
showing a decrease of the value that reached #84%vof the control.

Co02AP8 and Co2AP8M2 showed an elongation at breakld or higher, 8.6% and 7.2%
respectively and an elastic modulus of 4.1 GPa3a8d:Pa.

These results hold great promise for innovativelpobs and completely novel applications
because the good flame resistance properties eotaith relative low loads of bio-based
and environmentally friendly additives. Moreovére tcompounding techniques used in
this work reflect the production chain of the noagsl plastics processing industry,
involving the use of a co-rotative twin-screw exlien and an injection moulding machine.
The use of these techniques leaded to obtain rakstesiith properties close to a real
materials application scenario.

However, the lack of data in scientific publicasorthat are strictly comparable to this
work, make not possible a comparison with the sttt for intumescent PLLA based
materials. Indeed, there are very few publicatiammcerning the processing of
intumescent PLLA based materials with these Igtt@cessing techniques, especially
injection moulding, and no one is focused on bisdsaand environmentally friendly
intumescent additives at low concentrations ash@wtork.

A fortiori, the results arising from this reseaidm be considered innovative and can be
very promising as a reference to comparison witth&r research works, especially to

comparing the mechanical properties.
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Further developments based on this research wank bea focused to improve the
mechanical properties of the best formulations areg to match the market requirements
where the material is applied in products in scamtact with relatively high heat source,
in particular where the temperature are close #&dllass transition temperature of the
materials or 10-20°C higher. Preliminary differahtscanning calorimetry tests (DSC),
not reported in this work, showed glass transitemperatures of these materials close to
the control (45-55°C). In order to increase the Ima@ical properties at those temperatures,
an increase of crystallinity or the use of ster@oglex PLA is required. The increase of
crystallinity can be attempted by annealing treat:ier changing the injection moulding
parameters used. Considering that the compoundsinjection moulded with a mould at
30°C to obtain a fast cycles, the crystallinity danimproved by increasing the mould
temperature. This will lead to longer cycles bt thystallinity can increase as well as the
heat deflection temperature (HDT). Using the stesemplex PLA is possible to achieve
glass transition temperatures around 80-90°C,thsitnore expensive and the processing
of this material requires temperature 50°C highantPLLA, and the degradation rate of

the polymer in presence of the intumescent formanatudied can be increased.

Further studies can be attempted to correlateofgedn the mechanical properties with the
degradation of the materials during the compoungdmgesses. Melt flow index test (MFI)
or gel permeation chromatography analysis (GPQ) beadone for study the decrease of
the molecular weight of the material in differemtrasion and printing condition, so it is
possible to adjust the parameters condition wighailm to reduce the material degradation.

Other tests can be attempted to study the biodelilégt of the prepared materials, even

if all additives are environmentally friendly theodegradability can be changed respect to
the pure PLLA.

108



Bibliography

[1]
[2]

[3]
[4]

[5]

[6]
[7]

[8]
[9]

[10]

[11]

[12]

[13]

[14]

European Commission, «Status of Ratificatidrihe Kyoto Protocol,» [Omhe].
Available: http://unfccc.int/kyoto_protocol/status_ratification/items/2613.php.

European Commission, «Europe 2020 strategy,» [©hlinAvailable
https://ec.europa.eu/info/business-economy-eurataoac-and-fiscal-policy-
coordination/eu-economic-governance-monitoring-prevn-
correction/european-semester/framework/europe-202@egy_en.

European  Commission, «HORIZON  2020,» [Online]. Aaddle:
http://ec.europa.eu/programmes/horizon2020/.

BP p.l.c., «<BP Statistical Review of Wa Energy June 2017,» 2017. [Onlir
Available: https://www.bp.com/content/dam/bp/enfmate/pdf/energy-
economics/statistical-review-2017/bp-statisticaliee/-of-world-energy-2017-
full-report.pdf.

Nova-Institute’s biopolymer expert group;, ©Eased polymers worldwid
Ongoing growth despite difficult market environmenl 02 2017. [Online
Available: http://bio-based.eu/media/edd/2017/03J27Bio-based-Building-
Blocks-and-Polymers-short-version.pdf.

A. International ASTM D5488-94del, West Conshohocken, PA, 1994/2002.

J. Ravenstijn, «Bioplastics in the consumeec&bnics industry,» ndustrial
Biotecnology, vol. 6, n. 5, pp. 252-263, 11 October 2010.

H. BenningaA History of Lactic Acid Making, New York: Springer, 1990.

W. H. Carothers, G. L. Dorough e F. J. van Natfolymerization and rir
formation. X. Reversible polymerization of six-meenbd cyclic esters,3ournal
of the American Chemical Society, vol. 54, pp. 761-772, 1932.

M. Singh, B. Shirley, KBajwa, E. Samara, M. Hora e D. O’Hagan, «Cored
release of recombinant insulitke growth factor from a novel formulation
polylactide-co-glycolide microparticles.ournal of Controlled Release, vol. 70,
n. 1-2, pp. 21-28, 2001.

T. Chang, G. S. Das, R. F. Wilson e G. H. R. Rao, «Dewalept of polylactid
microspheres for protein encapsulation and deliwelyurnal of Applied Polymer
Science, vol. 86, n. 5, pp. 1285-1295, 2002.

M. Pluta, A. Galeski, M. Alexandre, M. A. Paul e PDubois
«Polylactide/montmorillonite hanocomposites and rogtomposites prepared
melt blending: Structure and some physical propgpi Journal of Applied
Polymer Science, vol. 86, n. 6, pp. 1497-1506, 2002.

S. Li, «Bioresorbable Hydrogels Peaed Through Stereocomplexation betw
Poly(L-lactide) and Poly(Dactide) Blocks Attached to Poly(ethylene glyco
Macromolecular Bioscience, vol. 3, n. 11, pp. 657-661, 2003.

I. Kallela, T. lizuka, A. Salo e C. Lindqvist, «L&grew Fixationof Anterior
Mandibular Fractures Using Biodegradable Polylacticrews: A Prelimina
Report,»ournal of oral and maxillofacial surgery, vol. 57, n. 2, pp. 11348, 199¢

109



[15]

[16]

[17]
[18]
[19]

[20]

[21]
[22]
[23]

[24]

[25]

[26]

[27]

[28]

[29]

Y. Baimark, R. Molloy, N. Molloy, J. SiripitayananpW. Punyodom e M. Sray,
«Synthesis, characterization and melt spinning bfoak copolymer of Uactide
and ¢ -caprolactone for potential use as an absorbableofi@ment surgice
suture,»Journal of Materials Science: Materialsin Medicine, vol. 16, n. 8, pp. 699-
707, 2005.

R. Zhang e P. X. Ma, «Biomimetic Polymer/Apatite nGjmsite Scaffolds fc
Mineralized Tissue Engineering\dacromolecul e Bioscience, vol. 4, n. 2, pp. 100-
111, 2004.

C. W. Scheele, «Kongliga Vetenskaps AcademiensHgpadlingar,» vol. 1, p.
112-124, 1780.

C. H. Holten, A. Miller e D. Rehbinder, Lactic Acidroperties and Chemistry
Lactic Acid and Derivates, Weinheim: Verlag Chenli@7 1.

C. E. AVERY, «MANUFACTURE OF LACTATES». United Skt# Patent
uS243827 A, 57 1881.

H. Benninga, A History of Lactic Acid Making: A Cheer in the History ¢
Biotechnology, Dordrecht: Dordrecht/Boston/LondorKluwer Academit
Publishers, 1990.

J. Van Krieken, «Method for the purification @fhydroxy acids on an industr
scale». Netherlands Patent WO0222544 (A1), 21 02.20

M. T. Madigan, J. M. Martinko e J. Parker, Brocklbgy of microorganisms, 9
edition a cura di, New Jersey: Prentice Hall, 2G0,118-121.

O. Kandler, «Carbohydrate metabolism in lactic abmktteria,»Antonie van
Leeuwenhoek, vol. 49, n. 3, pp. 209-224, 1983.

C. PlumedFerrer, K. M. Koistinen, T. L. Tolonen, S. J. Letweda, S. C
Karenlampi, E. Makimattila, V. Joutsjoki, V. Virtan e A. Von Wright
«Comparative Study of §ar Fermentation and Protein Expression Patterfig/o
Lactobacillus plantarum Strains Grown in Three &int Media,»Applied and
Environmental Microbiology, vol. 74, n. 17, pp. 5349-5358, 2008.

M. Cocaign-Bousquet, C. Garrigues, P. Loubiere. ®NLindley, «Physiology ¢
Pyruvate Metabolism in Lactococcus lactiéntonie van Leeuwenhoek, vol. 70, n
2-4, pp. 253-267, 1996.

Z. Y. Zhang, B. Jin e J. M. Kelly, «Production afctic acid from renewak
materials by Rhizopus fungiBiochemical Engineering Journal, vol. 35, n. 3, py
251-263, 2007.

W. P. Hammes e C. Hertel, «The genera Lactobacaiids» inThe Prokaryotes,
3rd edition a cura di, New York, Springer, 2006, p0-403.

J. P. de Boer, C. C. H. Cronenberg, DB&er, J. C. van den Heuvel, M. J. T
Mattos e O. M. Neijssel, «<pH and Glucose ProfilesAggregates of Bacillt
laevolacticus,»Applied and Environmental Microbiology, vol. 59, n. 8, p. 2474—
2478, 1993.

K. Kawai e M. Ozaki, «Production of d-lactic acidbapan PaterdPS61293388/
24 12 1986.

110



[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]
[40]
[41]

[42]

[43]
[44]

[45]

V. Rajgarhia, C. A. Dundon, S. Olson, P. Suominds. édause, «Methods a
materials for the production of d-lactic acid inage». United States Patent
WO003102201 (A3), 18 3 2004.

M. Wada, T Oikawa, D. Mochizuki, J. Tokuda, M. KawashimaAFaki, R. Abe
H. Miyake, H. Takahashi, H. Sawai, T. Mimizuka, Morishige e Y. Higash
«BIOCATALYST FOR PRODUCING D-LACTIC ACID». Japan fteat
W02005033324 Al, 14 4 2005.

R. L. Whistler, J. Bentlier e N, Carbohydrate Chemistry for Food Scientidfs
edition a cura di, Saint Paul MN: American Assdomaif Cereal, 1997, p. 117.

E. Y. Park, P. N. Anh e N. Okuda, «Bioconversiowaste office paper to L(+)-
lactic acid by the filamentous fungus Rhizopus agyz»Bioresource Technology,
vol. 93, n. 1, pp. 77-83, 2004.

S.Ding e T. Tan, dactic acid production by Lactobacillus casei fenta¢ion usint
different fed-batch feeding strategiespocess Biochemistry, vol. 41, n. 6, pp.
1451-1454, 2006.

E. Ohleyer, H. W. Blanch e C. R. Wilke, «Continugueduction of lactic acid |
a cell recycle reactor Applied Biochemistry and Biotechnology, vol. 11, n. 4, pr
317-332, 1985.

A. A. Dietz, E. F. Degering e H. H. Schopyer, «Recovery of lactic acid frc
dilute solutions,tndustrial & Engeneering, vol. 39, n. 1, pp. 82-85, 1947.

B. I. VeldhuisStribos, B. J. Van, W. J. Groot e B. M. Dierdorfi;oatinuou:
process for preparing lactic acid». NetherlandemaivO201027064A1, 19 (
2001.

J. V. Krieken, O. Roelf, L. N. Gerrit, J. J. D. ¥sie P.f.t. p.o.l.a.o.l.f.a. ir
c. medium, «Process for the preparation of laaid ar lactate from a magnesi
lactate comprising medium». Netherlands Patent VO62R3647A1, 29 12 2005.
J. Pelouze, «Ueber die Milchsauré&gropean Journal of Organic Chemistry, vol.
53, n. 1, pp. 112-124, 1845.

R. Grueter e H. Pohl, «<Manufacture of lactid.».tddiStates PatelkS1095205 A
551914.

R. G Sinclair, R. A. Markle e R. K. Smith, «Lactideopuction from dehydratic
of aqueous lactic acid feed». United States P&t&11095205 A, 02 04 1992.
M. Noda e H. Okuyama, «Thermal Catalytic Depolymation of Poly(LLactic
Acid) Oligomer into LLiactide : Effects of Al, Ti, Zn and Zr Compounds
Catalysts,*chemical and Pharmaceutical Bulletin, vol. 47, n. 4, pp. 46471, 199¢
M. Niaounakis, «1 Definitions of Terms and Types Biopolymers,» i
Biopolymers. Applications and Trends, Amsterdam, Elsevier, 2015, pp. 1-90.
W. O'Brien, L. A. Cariello e T. F. Wells, «Integeat process for the manufact
of lactide». United States Patent WO199600609228102 1996.

P. R. Gruber, J. J. Kolstad, E. S. Hall, R. S. ani€e C. M. Ryan, «Mektable
lactide polymer composition and process for martufacthereof». United Stai
Patent US5338822 A, 16 08 1994.

111



[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

T. Matsuo, T. Matsumoto, N. Okamoto, H. Ohara,&w& Y. Fujii, T. Kawamot
e T. Yatsugi, «Method and apparatus for syntheisactide». Japan Patent
US20050222379 Al, 06 10 2005.

M. H. Hartmann, «High Molecular Weight Polylacticcid Polymers,» i
Biopolymers from Renewabl e Resour ces, Berlino, Springer, 1998, pp. 367-411.

P. Gruber, E. Hall, J. Kolstai]. L. lwen, R. Benson e R. Borchardt, «Contint
process for manufacture of lactide polymers withtaaled optical purity». Unite
States Patent US5258488 A, 02 11 1993.

I. D. Fridman e J. Kwok, «Lactide melt recrystalion». United States Patent
US5264592 A, 23 11 1993.

P. Coszach, J. C. Bogaert e F. Van Gansberghe,hallldor the productiion
polylactide from a solution of lactic acid or onietloe derivatives thereof». Unit
States Patent US20060014975 A1, 14 01 2006.

R. U. Scholz e D. S. R. P. Van, «Purification of laetitth streams». Netherlar
Patent WO2007148975 A3, 23 10 2008.

D. K. Yoo, D. Kim e D. S. Lee, «Reaction kinetics the synthesis of oligome
poly(lactic acid),»Macromolecular Research, vol. 13, n. 1, pp. 68-72, 2005.

S. I. Moon, C. W. Lee, M. Miyamoto e Y. Kimura, «N@olycondensation ¢
L-lactic acid with Sn(ll) catalysts activated by was proton acids: A dire
manufacturing route to high molecular weight PoHdkttic acid),»Journal of
Polymer Science Part A: Polymer Chemistry, vol. 38, n. 9, pp. 1673-1679, 2000.

S. I. Moon, C. W. Lee, I. Taniguchi, M. MiyamotoYe Kimura, «Melt/solic
polycondensation of I-lactic acid: an alternatiwate to poly(l-lactic acid) withigh
molecular weight,®olymer, vol. 42, n. 11, pp. 5059-5062, 2001.

S. I. Moon, C. W. Lee, |. Taniguchi, M. MiyamotoYe Kimura, «Synthesis at
Properties of High-Molecular-Weight Poly(lactic Acid) by Melt/Solic
Polycondensation under Different Reaction Cond#jenHigh Performance
Polymer, vol. 13, n. 2, pp. 189-196, 2001.

Y. Terado, H. Suizu, M. Takagi, M. Ajioka, S. Hikey M. Sakai, H. Suzuki, |
Shinagawa, S. Ogawa e Y. Kotaki, «Process for pimga aliphatic
hydroxycarboxylic acid polyesters». Japan Patei@®9BB589 A3, 02 05 2005.

M. Ajioka, K. Enomoto, K. Suzuki e A. Yamaguchi, afc Properties of Polylac
Acid Produced by the Direct Condensation Polymépmaof Lactic Acid,
Bulletin of the Chemical Society of Japan, vol. 68, n. 8, pp. 2125-2131, 1995.
J. Nieuwenhuis, «Synthesis of Polylactides, Polygliges and The
CopolymersClinical Materials, vol. 10, n. 1-2, pp. 59-67, 1992.
NatureWorks LLC, «Cargill Acquires Full NatureWorksvnership From Teijin,»
NatureWorks LLC Press Release, 01 July 2009. [@hlinAvailable
https://www.natureworkslic.com/News-and-Events/Biieeleases/2009/07-01-
09-Ownership-Change.

A. J. Nijenhuis, D. W. Grijpma e A. J. Pennings,ewlis acid catalyze
polymerization of Liactide. Kinetics and mechanism of the bulk polyizegion,
Macromolecules, vol. 25, n. 24, p. 6419-6424, 1992.

112



[61] H. R. Kricheldorf e B. Fechner, «Polylactones. Bthdegradable Networks v
Ring-Expansion Polymerization of Lactonesidractides with a Spirocyclic T
Initiator,» Biomacromolecules, vol. 3, n. 4, pp. 691-695, 2002.

[62] P. Dubois, C. Jacobs, R. Jerome e P. Teyssie, «iabecular engineering
polylactones and polylactides. 4. Mechanism andetige of lactid
homopolymerization by aluminum isopropoxidéfacromolecules, vol. 24, n. 9
p. 22662270, 1991.

[63] Z. Zhong, P. J. Dijkstra e J. Feijen, «Controllad Stereoselective Polymerizat
of Lactide: Kinetics, Selectivity, and Microstructuresjurnal of the American
Chemical Society, vol. 125, n. 37, p. 11291-11298, 2003.

[64] T. M. Ovitt e G. W. Coates, «Stereoselective ripgung polymerization of rac-
lactide with a singlesite, racemic aluminum alkoxide catalyst: Synthesi
stereoblock poly(lactic acid),dournal of Polymer Science Part A: Polymer
Chemistry, vol. 38, n. S1, p. 4686—4692, 2000.

[65] A. Kowalski, A. Duda e S. Penczek, «Kinetics andchenism of Cyclic Este
Polymerization Initiated with Tin(ll) Octoate. 3olymerization of L,L-Dlactide,>
Macromolecules, vol. 33, n. 20, pp. 7359-7370, 2000.

[66] H. Ebato e S. Imamura, «Continuously productiorcess for lactide copolymel
Japan Patent EP0661325 A2, 05 07 1995.

[67] T. liyama, T. Sato e M. Yamada, «A continuous pssci®r he preparation of
polyester-based polymer». Japan Patent EP09166849425 1999.

[68] S. Jacobsemarstellung von Polylactiden mittels reaktiver, Germany: Ph.D. thes
Universitat Stuttgart, 2000.

[69] H. Ohara, S. Sawa, M. lto, Y. Fujii, M. Oow&a H. Yamaguchi, «<Method f
producing polylactic acid». Japan Patent US5770%823 06 1998.

[70] «Stabilisation of polyesters». United States PaBB638834 A, 04 06 1947.

[71] N. A. Higgins, «Copolymers of hydroxyacetic acidtlwiother alcohol ads».
United States Patent US2683136 A, 06 07 1954.

[72] P.R. Gruber, J. J. Kolstad, E. S. Hall, C. R. i8hé&n e C. M. Ryan, «Mektable
lactide polymer composition». United States Pal#0615532 B1, 07 06 2000.

[73] J.J. Kolstad, D. R. Witzke, MH. Hartmann, E. S. Hall e J. F. Nangeroni, «lc
acid residue containing polymer composition, pradonethod for preparation a
use». United States Patent EP 1070097 B1, 17 02 201

[74] A. Soedergard, J.-F. Selin, M. Niemi, C.-J. Johan&sK. Ménander, «Processal
polylactides». Finland Patent EP 0737219 B1, 179E®.

[75] H. Ohara, S. Sawa e T. Kawamoto, «Method for prodppolylactic acid». Jap:
Patent EP0664309 A2, 26 07 1995.

[76] NatureWorks LLC, «www.natureworksllc.com,» [Online] Available:
https://www.natureworksllc.com/~/media/Files/NaiMerks/Technical-
Documents/Processing-Guides/ProcessingGuide_drystgtand-
Drying_pdf.pdf. [Consultato il giorno 10 11 2008].

113



[77] T. M. Ovitt e G. W. Coates, «Stereoselective Rimmefing Polymerization ¢
meso-Lactide: Synthesis of Syndiotactic Poly(lactic acid)Jeurnal of the
American Chemical Society, vol. 121, n. 16, pp. 4072-4073, 1999.

[78] C. P. Radano, G. L. Baker e M. R. Smith, «Stereasieke Polymerization of
Racemic Monomer with a Racemic CatalyBirect Preparation of the Polylac
Acid Stereocomplex from Racemic Lactiddournal of the American Chemical
Society, vol. 122, n. 7, pp. 1552-1553, 2000.

[79] H. Tsuji, «Poly(lactide) Stereocomplexes: Formatidtricture, Propertie
Degradation, and Applicationsi#acromolecular Bioscience, vol. 5, pp. 569697,
2005.

[80] R. Auras, B. Harte e S. Selke, «An overview of fadfides as packagil
materials.,»Macromolecular Bioscience, vol. 4, n. 9, pp. 835-864, 2004.

[81] H. Tsuji, S. H. Hyon e Y. Ikada, «Stereocomplexiation between enantiome
poly(lactic acid)s. 3. Calorimetric studies on ladibms cast from dilute solution
Macromolecules, vol. 24, n. 20, pp. 5651-5656, 1991.

[82] K. Nakazawa, E. Tmita, T. Yukino, H. Urayama, T. Kanamori e O. Hisig
«Polylactic acidbased resin compositions, molded articles and psodel
producing the same». Japan Patent WO20030577817A17 2003.

[83] H. Tsuji e Y. lkada, «Properties and morphologiesabdy(L-lactide): 1. Annealin
condition effects on properties and morphologiepa(l-lactide),»Polymer, vol.
36, n. 14, pp. 2709-2716, 1995.

[84] J. Huang, M. S. Lisowski, J. Runt, E. S. Hall, RKean, N. Buehler e J. S. L
«Crystallization and microstructure of poly (I-la&-co-mesdactide)
copolymers,>Macromolecules, vol. 31, n. 8, pp. 2593-2599, 1998.

[85] J.J. Kolstad, «Crystallization kinetics of polyictide-co-meso-lactide) Journal
of Applied Polymer Science, vol. 62, n. 7, pp. 1079-1091, 1996.

[86] A. Sodergard e M. Stolt, «Properties of lactic abmsed polymers and th
correlationwith composition,Brogressin Polymer Science, vol. 27, n. 6, pp. 1123-
1163, 2002.

[87] H. Urayama, T. Kanamori e Y. Kimura, «Microstrueand Thermomechanit
Properties of Glassy Polylactides with Differentti©al Purity of the Lacta
Units,»Macromolecular Materials and Engineering, vol. 286, n. 11, pp. 703413,
2001.

[88] D. Garlotta, «A Literature Review of Poly(Lactic iy, » Journal of Polymersand
the Environment, vol. 9, n. 2, pp. 63-84, 2001.

[89] L. Engelberg e J. Kohn, «Physioceechanical properties of degradable polyr
used in medical applications: a comparative stuedigmaterials, vol. 12, n. 3, pg
292-304, 1991.

[90] G. Perego, G. Cella e C. Bastioli, «Effect of malac weight and crystallinity ¢
poly(lactic acid) mechanical propertiespurnal of Applied Polymer Science, vol.
59, n. 1, pp. 37-43, 1996.

[91] M. H. Hartmann, «High Molecular Weight Polytaxc Acid Polymers,» i
Biopolymers from Renewable Resour ces, Heidelberg, Springer, 1998, pp. 367-411.

114



[92] S. D. Park, M. Todo, K. Arakawa e M. Koganemarutfe&t of Crystallinity ant
Loading-Rate on Mode | Fracture Behavior of Polyti@ Acid). Polyme, 47,
1357-1363.,» Journal of Minerals and Materials Characterization and
Engineering, vol. 47, n. 8, pp. 1357-1363, 2006.

[93] C. Renouf&lauser A, J. Rose, D. F. Farrar e R. E. Camerdhg «effect o
crystallinity on the deformation mechanism andkbmnechanical properties
PLLA.,» Biomaterials, vol. 26, n. 29, pp. 5771-5782, 2005.

[94] S. Kumar, S. Akhtar e V. Kumar, «Biaxially orientedegradable film based
polylactic acid: A brief review,Popular Plastic and Packaging, vol. 50, n. 12pp.
85-89, 2005.

[95] L. Yu, H. Liu, F. Xie, L. Chen e X. Li, «Effect ainnealing and orientation
microstructures and mechanical properties of potida acid,» Polymer
Engineering & Science, vol. 48, n. 4, pp. 634-641, 2008.

[96] H. Li e M. A. Huneault, «Nucleation and Crystaltisa of PLA,» in Plastics
encounter ANTEC 2007 : Society of Plastics Engineers annual Technical
Conference, Cincinnati, 2007.

[97] D. M. Bigg, «Controlling the performance and ratedegradation of polylactic
copolymers,»Annual Technical Conference - ANTEC, Conference Proceedings,
vol. 3, n. 1, pp. 2816-2822, 2003.

[98] H. Li e M. A. Huneault, «Effect of Nucleation andaticization on th
Crystallization of Poly(Lactic Acid),Polymer, vol. 48, n. 23, pp. 6856866, 2007

[99] N. Kawamoto, A. Sakai, T. Horikoshi, T. Urushihark. Tobita, «Nucleating age
for poly(L-lactic acid). An optimization of chemical structuod hydrazide
compound for advanced nucleation abilitypurnal of Applied Polymer Science,
vol. 103, n. 1, pp. 198-203, 2007.

[100]J. Y. Nam, M. Okamoto, H. Okamoto, M. Nakano, A.ukise M. Matsude
«Morphology and crystallization kinetics in a misg¢uof low-molecular weiglr
aliphatic amide and polylactideBelymer, vol. 47, n. 4, pp. 1340-1347, 2006.

[101] T. Ke e X. Sun, «Melting behavior and crystallipatikinetics of starch ai
poly(lactic acid) compositesdurnal of applied polymer science, vol. 89, n. 5, ¢
1203-1211, 2003.

[102] H. Younes e D. Cohn, «Phase separation ig(pthylene glycol)/poly(lactic aci
blends,»European Polymer Journal, vol. 24, n. 8, pp. 765-773, 1988.

[103]Z. Ren, L. Dong e Y. Yang, «Dynamic mechanical dmermal properties
plasticized poly(lactic acid),3ournal of Applied Polymer Science, vol. 101, n. 3
pp. 1583-1590, 2006.

[104] 1. Pillin, N. Montrelay e Y. Grohens, «Thernmeechanical characterization
plasticized PLA: Is the miscibility the only sigimént factor?,>Polymer, vol. 47,
n. 16, pp. 4676-4682, 2006.

[105]Z. Kulinski e E. Piorkowska, «Crystallization, structure andperties o
plasticized poly(l-lactide),®olymer, vol. 43, n. 23, pp. 10290-10300, 2005.

[106] O. Martin e L. Averous, «Poly(lactic acid): plagtimtion and properties
biodegradable multiphase systemBpbymer, vol. 42, n. 14, pp. 6206219, 2001

115



[107] N. Ljungberg, T. Andersson e B. Wesslén, «Film@sitn and film weldability ¢
poly(lactic acid) plasticized with triacetine amibutityl citrate,»Journal of applied
polymer science, vol. 88, n. 14, p. 3239-3247, 2003.

[L08]R. M. Tardos e D. C. Timm, «Degradable polyesterbiebraska Patent
W01999028366 Al, 10 06 1999.

[109]S. F. Williams e O. P. Peoples, «Biodegradabletipafrom plants.,»Chemtech,
vol. 26, pp. 38-44, 1996.

[110]B. DeWilde, «International norms on biodegradability arwkrtificatior
procedures.,» irHandbook of Biodegradable Polymers, Shawbury UK, Rapi
Technology Limited, 2005, pp. 145-175.

[111]H. Pranamuda, Y. Tokiwa e H. Tanaka, «Polylactidegfadation # an
Amycolatopsis sp,®pplied and Environmental Microbiology, vol. 63, n. 4, pr
1637-1640, 1997.

[112] A. Torres, S. M. Li, S. Roussos e M. Vert, «Scragnof microorganisms fi
biodegradation of poly(lactic-acid) and lactic acmhtaining polymers.,Applied
and Environmental Microbiology, vol. 62, n. 7, pp. 2393-2397, 1996.

[113]J. C. Middleton e A. J. Tipton, «Synthetic biodetglale polymers as orthope
devices. >Biomaterials, vol. 21, n. 23, pp. 2335-2346, 2000.

[114]W. S. Pietrzak,«Principles of development and use of absorbabterria
fixation.,» Tissue Engineering, vol. 6, n. 4, pp. 425-433, 2000.

[115] M. Zilberman, K. D. Nelson e R. C. Eberhart, «Medhal properties and in vit
degradation of bioresorbable fibers and expanddi#e-based stents. Journal of
biomedical materials reserch. Part B, Applied biomaterials., vol. 74, n. 2, pp. 792-
799, 2005.

[116] M. J. Yaszemski, R. G. Payne, W. C. Hayes, R. lraegk. G. Mikos, «Evolutio
of bone transplantation: moleaw] cellular and tissue strategies to engineer i
bone.,»Biomaterials, vol. 17, n. 2, pp. 175-185, 1996.

[117]S. Obuchi e S. Ogawa, «Packaging and other comaheagplications,» i
Poly(lactic acid): Synthesis, Sructures, Properties, Processing, and Applications,
New Jersey, Wiley, 2010, pp. 457-467.

[118] M. Thielen, «New Eco Cordless TelephonBjeplastic magazine, vol. 4, n. 6, [
27, 20009.

[119] M. Thielen, «Eco-centric mobile phoneBoplastics magazine, vol. 4, n. 6, p. 27
2009.

[120] M. Niaounakis, «6 Automotive applications,» Biopolymers. application and
trends, Amsterdam, Elsevier, 2015, pp. 257-289.

[121]R. R. Rasmussen, P. J. Govang, C. D. Poppe, T. Bcl@yver, K. Marshall e /
Vera, «Biodegradable vehicle panels». United StasentWO 2011150207 A:
0112 2011.

[122] M. Thielen, «Bioplastics in automotive applicatipnBioplastic magazine, vol. 4,
n. 1, p. 12, 2009.

[123] M. Thielen, «Bioplastic in automotive applicationgioplastic magazine, vol. 6,
n. 1, p. 14, 2012.

116



[124] M. Thielen, «Bioplastic in automotive application8ioplastic magazne, vol. 2,
n. 1, p. 14, 2007.

[125]H. J. G. Haynes, «Fire Loss in the United Statesingu2016,» National Fii
Protection Association, Quincy, Massachusetts,eseper 2017.

[126] M. G. Zabetakis, Flammability Characteristics ofn@mstible Gases and Vap
Bulletin 627, Washington DC: US Department of thietior and Bureau of Mine
1964.

[127]E. S. Papazoglou, «Chapter 4 Flame retardants l&stigs,» inHandbook of
building materialsfor fire protection, New York, Charles A. Harper, 2003, pp. 4.1-
4.88.

[128] A. C. FernandeRello e T. Hirano, «Controlling Mechanisms of FlaBwgread,
Combustion Science and Technology, vol. 32, n. 1-4, pp. 1-31, 1983.

[129]J. G. Quintiere, «Surface Flame Spread, section thapter 12,» InSFPE
Handbook of Fire Protection Engineering, Quincy, MA, National Fire Protectic
Association Press, 2002, pp. 246-257.

[130] T. R. Hull e A. A. Stec, «Introduction Polymers dfide,» inFire Retardancy of
Polymers New Strategies and Mechanisms, Cambridge, The Royal Society
Chemistry, 2009, pp. 1-14.

[131]S. O. Han, D. W. Lee e S. K. Woo, «Polymer Preprintn 224th ACS National
Meeting, Boston, 2002.

[132] M. L. Poutsma, «Reexamination of the Pyrolysis ofyBthylene: Data Need:
FreeRadical Mechanistic Considerations, and Thermocbaliinetic Simulatiol
of Initial Product-Forming PathwaysMacromolecules, vol. 34, n. 24, pp. 8931-
8957, 2003.

[133] S. Straus e L. A. Wall, «Pyrolysis of polyamidedpurnal of Research of the
National Bureau of Sandards, vol. 60, p. 39, 1958.

[134]L. H. Buxbaum, «The Degradation of Poly(ethylenepathalate),»Angewandte
Chemie International Edition, vol. 7, n. 3, pp. 182-190, 1968.

[135] S. Al-AbdulRazzak e S. A. Jabarin, «Processing charatteyiof poly(ethylen
terephthalate): hydrolytic and thermal degradati®o ymer International, vol. 51,
n. 2, pp. 164-173, 2002.

[136] P.-H. Chang e C. A. Wilkie,Acmechanism for flame retardation of poly(ethyl
terephthalate),3ournal of Applied Polymer Science, vol. 38, n. 12, pp. 2248252
1989.

[137]N. Grassie e G. Scott, Polymer Degradation and il&aton, Cambridge
Cambridge University Press, 1985.

[138] W. D. Woolley, «Decomposition Products of PVC fdudes of Fires,»British
Polymer Journal, vol. 3, n. 4, pp. 186-193, 1971.

[139] T. R. Hull, A. A. Stec e K. T. Paul, «<Hydrogen Chidie in Fires,» irProceedings
of the 9th International Symposium on Fire Safety Science, Karlsruhe , 2008.

[140] C. M. Simon e W. Kaminsky, «Chemical recycling ofytetrafluoroethylene
pyrolysis,»Polymer Degradation and Sability, vol. 62, n. 1, pp. 1-7, 1998.

117



[141]A. A. Stec e T. R. Hull, «Fire Togity,» Woodhead Publishing Limite
Cambridge, 2010.

[142]W. R. Zeng, S. F. Li e W. K. Chow, «Review on CheahiReactions of Burnir
Poly(methyl methacrylate) PMMA Journal of fire science, vol. 20, n. 5, pp. 401-
433, 2002.

[143] Z. Bashir, «A Critical Review of the Stabilisatioh Polyacrylonitrile,»Carbon,
vol. 29, n. 8, pp. 1081-1090, 1991.

[144] T. R. Hull, A. A. Stec e S. Nazare, «TGAFIR Investigation of The Fire Retard:
Mechanism of Acrylonitrile Copolymers Containing mddillers,» in 235th
American Chemical Society National Meeting, New Orleans, 2008.

[145]S. V. Levchik e E. D. Weil, «Thermal decompositimambustion and flame-
retardancy of epoxy resins - a review of the reckt@rature,» Polymer
International, vol. 53, n. 12, pp. 1901-1929, 2004.

[146] J. Wang, H. Jiang e N. Jiang, «Study on the pym®lysphenolformaldehyde (PF
resin and modified PF resinJhermochimica Acta, vol. 496, n. 1-2, pp. 13642,
20009.

[147]E. A. Sullivan, «Thermal degradation of epoxy naegdhenol formaldehyc
novolac resin system,Journal of Applied Polymer Science, vol. 42, n. 7, pp. 1815-
1827, 1991.

[148] K. Pielichowski e D. Slotwinska, «Flamesistant modified segmeni
polyurethanes with 3-chloro-1,2-propanediol in thain chain thermoanalytice
studies,»T'hermochimica Acta, vol. 410, n. 1-2, pp. 79-86, 2004.

[149]J. L. Bolland, «Kinetic studies in the chemistryrobber and related materials
The thermal oxidation of ethyl linoleated?poceeding of the Royal Society, vol. 186
n. 1005, pp. 218-236, 1946.

[150]J. L. Bolland e G. Gee, «Kinetic studies in thenolstry of rubber and relat
materials. 1. The kinetics of oxidation of uncogaied olefins,ransactions of
the Faraday Society, vol. 42, pp. 236-243, 1946.

[151]J. L. Bolland e G. Gee, «Kinetic studies in thenotstry of rubber and relat
materials. Ill. Thermochemistry and mechanismdefimoxidation,»Transactions
of the Faraday Society, vol. 42, pp. 244-252, 1946.

[152] G. Gryn’ova, J. LHodgson e M. L. Coote, «Revising the mechanismobfmer
autooxidation,organic & Biomolecular Chemistry, vol. 9, n. 2, pp. 48@90, 2011

[153] A. B. Morgan e C. A. Wilkie, «An Introduction to Bmeric Flame Retardancy,
Role in Materials Science, and the Current Stathef-ield,» inFire Retardancy
of Polymeric Materials Second Edition, Boca Raton, CRC Press , 2009, pp. 1-14.

[154] S. Bocchini e G. Camino, «Chapter 4 Haloggmtaining flame retardants,»
Fire retardacy of polymeric materials second edition, Boca Raton, CRC Pre
2009, pp. 75-106.

[155]N. Grassie e G. Scott, Polymer Degradation and il&atiion, Cambridge
CambridgeUniversity Press, 1989.

118



[156]E. R. Wagner e B. L. Joensten, «Halogeodified impact polystyren
Quantification of preflame phenomendorrnal of Applied Chemical Science, vol.
20, n. 8, pp. 2143-2155, 1976.

[157] G. Camino, «Mechanism of Fire-Retardancy in Chlaraffin-Polymer Mixtures,
in Developments in Polymer Degradation - 7, London, Elsevie applied scienc
publishers, 1987, pp. 221-269.

[158] G. J. Minkoff e C. F. Tipper, Chemistry of Combuosti Reactions, Londo
Butterworth, 1962.

[159] J. W. Hastie, «<Molecular Basis of Flame InhibitieNational Bureau of Sandards,
vol. 77A, pp. 733-754, 1973.

[160] R. J. Law, M. Alaee, C. R. Allchin, J. P. Boon, M:beuf, P. Lepom e G. A. Ste
«Levels and trends of polybrominated diphenyletla@d other brominated flar
retardants in wildlife,environment International, vol. 29, n. 6, pp. 757+0, 2003

[161] R. J. Law, C. R. Allchin, J. dBoer, A. Covaci, D. Herzke, P. Lepom, S. Morrit
Tronczynski e C. A. d&Vit, «Levels and trends of brominated flame retatslan
the European environmeniChemosphere, vol. 64, n. 2, pp. 187-208, 2006.

[162] A. Covaci, A. C. Gerecke, R. J. Law, S. Voorspobls Kohler, N. V. Heeb, F
Leslie, C. R. Alichin e J. DBoer, «Hexabromocyclododecanes (HBCDs) ir
environment and humans: a revie\Wlgnviromental Science & Technology, vol. 40,
n. 12, pp. 3679-3688, 2006.

[163] S. Kemmlein, D. Herzke e R. L. Law, «Brominatedrflaretardants in the Europe
chemicals policy of,3Journal of Chromatography A, vol. 1216, n. 3, pp. 32833,
20009.

[164] C. European Parliament, «Directive 2002/95/E@efEuropean Parliament anc
the Council of 27 January 2003 on the restrictibthe use of certain hazardc
substances in electrical and electronic equipm@m @1 2003. [Online]. Availabl
http://eur-lex.europa.eu/legal-content/EN/TXT/?aetex:32002L0095.

[165] B. Schartel, R. Kunze e D. Neubert, «<Red phosphoonsrolled decomposition f
fire retardant PA 66,3ournal of Applied Polymer Science, vol. 83, n. 10, pp. 2060-
2071, 2002.

[166] U. Braun e B. Schartel, «Effect of Red Phosphong Melamine Polyphosphe
on the Fire Behavior of HIPS Journal of Fire Sciences, vol. 23, n. 1, pp. 80,
2005.

[167] A. R. Horrocks e 1. 1. 6. Revs. Prog. Colouratielameretardant Finishing «
Textiles,»Coloration Technology, vol. 16, n. 1, pp. 62-101, 1986.

[168] M. Le Bras, S. Bourbigot, G. Camino e R. Delobéle Retardancy of Polymers-
The Use of Intumescence, Cambridge: The Royal 8ocfeChemistry, 1998.

[169] U. Braun, H. Bahr 8. Schartel, «Fire retardancy effect of aluminiunogphinat
and melamine polyphosphate in glass fibre reinfbqeelyamide 6,>e-Polymers,
vol. 10, n. 1, pp. 443-456, 2013.

[170] K. A. Salmeia e S. Gaan, «An overview of some re@gvances in DOPO-
derivatives: Chemistry and flame retardant appbees,» Polymer Degradation
and Sability, vol. 113, pp. 119-134, 2015.

119



[171]J. W. Hastie e C. L. McBee, NBSIR 75-74Mechanistic Studies ¢
Triphenylphosphine Oxide-Poly. [Ethyleneterephttgdlaand R&ated. Flam
Retardant Systems, Washington DC: National Buré&tandards, 1975.

[172]J. Carnahan, W. Haaf, G. Nelson, G. Lee, V. Abodir8. Shank, «Investigatic
into the Mechanism for Phosphorus Flame RetardanEygineering Plastics,»
4th International Conference on Fire Safety , San Francisco, 1979.

[173] G. S. Kirschbaum, «Recent Developments in ATH argiksium HydroxidesA
Challenge to Traditional Materials,» Rroceedings of the Fall Conference of the
Fire Retardant Chemical Association - The Electronic Information Age and its
Demands on Fire Safety , Lancaster, 1995.

[174]L. C. Jackson, S. P. Levings, M. L. Maniocha, CMintmier, A. H. Reyes, P. |
Scheerer, D. M. Smith, M. T. Wajer, M. D. Walted.el'. Witkowski, «Magngium
Compounds,» iKirk-Othmer Encyclopedia of Chemical Technology - Volume 5 -
4th edition, New York, Wiley, 1995, pp. 338-365.

[175] J. Troitzsch, International Plastics Flammabilitgrtdbook, 2nd edition, Munic
Hanser Publishers, 1990.

[176] K. K. Shen, S. Kochesfahani e F. Jouffret, «Zinc lesrais multifunctional polym
additives,»Polymers for Advanced Technologies, vol. 19, n. 6, pp. 46974, 2008

[177]K. K. Shen, «Overwiew of flame retardacy and smekepressant in flexib
PVC,» inSociety of Plastics Engineering Vinyltech Conference, Atlanta, 2006.

[178] K. K. Shen, «Zinc borates as multifunctional firetardants in halogeinee
polyolefins,» in Fourteenth Annual BCC Conference on Flame Retardancy,
Stamford, 2003.

[179] K. K. Shen, «Zinc borates as multifunctional fi re resautd in polyamides,»
Thirteenth Annual BCC Conference on Flame Retardancy, Stamford, 2002.

[180]K. K. Shen e R. W. Sprague, «Zinc borate as a flaetardant and smo
suppressant in epoxy systemgpurnal of fire retardant chemistry, vol. 9, n
August, pp. 161-171, 1982.

[181] T. A. Ward, S. T. Greer, W. G. Boberski e J. Afeej «Fire protective intumesci
mastic composition and method employing same». ddniStates Patent
US4529467A, 25 10 1983.

[182] G. Camino, L. Costa e L. Trossarelli, «Study of tiechanism of intumescence
fire retardant polymers: Part VMechanism of formation of gaseous product
the thermal degradation of ammonium polyphosphdtelymer Degradation and
Sability, vol. 12, n. 3, pp. 203-211, 1985.

[183] S. Bourbigot e S. Duquesne, «Chapter 6 IntumeseBased Fire Retardants,»
Fire Retardancy of Polymeric Materials second edition, United States, CRC pre
2009, pp. 129-162.

[184] S.-H. Chiu e W.-KWang, «Dynamic flame retardancy of polypropyletiediwith
ammonium polyphosphate, pentaerythritol and melaragtditives,>Polymer, vol.
39, n. 10, pp. 1951-1955, 1998.

[185] P. Lv, Z. Wang, K. Hu e W. Fan, «Flammability ahdrimal degradation ofdime
retarded polypropylene composites containing melamiphosphate a

120



pentaerythritol derivatives,Bolymer Degradation and Sability, vol. 90, n. 3, pf
523-534, 2005.

[186] X. Almeras, M. LeBras, P. Hornsby, S. Bourbigot, G. Marosi, S. Keszé-.
Poutch, «Effect of fillers on the fire retardancl intumescent polypropylel
compounds,®olymer Degradation and Sability, vol. 82, n. 2, pp. 32831, 2003

[187] H. Demir, E. Arks, D. Balkése e S. Ulku, «Synergistic effect of matzeolites o
flame retardant additivesPolymer Degradation and Sability, vol. 89, n. 3, pr
478-483, 2005.

[188] H. Nishida, «23 Thermal degradation,>Poly(Lactic Acid): Synthesis, Sructures,
Properties, Processing, and Applications, New Jersey, Wiley, 2010, pp. 401-412.

[189] F. D. Kopinke, M. Remmler, K. Mackenzie, M. M6deOe Wachsen, «Therrr
decomposition of biodegradable polyesters - IlI. yRattic acid),» Polymer
Degradation and Sability, vol. 53, n. 3, pp. 329-342, 1996.

[190] C. Reéti, M. Case#t, S. Duquesne, S. Burbigot e R. Delobel, «Flamiita
properties of intumescent PLA includingstarch agdih,» Polymers for advanced
technologies, vol. 19, n. 6, pp. 628-635, 2008.

[191]J. Feng, S. Su e J. Zhu, «An intumescent flamerdatd systen using
B-cyclodextrin as a carbon source in polylactic 4BidA),» Polymersfor advanced
technologies, vol. 22, n. 7, pp. 1115-1122, 2011.

[192] J. L. Isaacs, «The oxygen index flammability tedbur nal of fire and flammability,
vol. 1, pp. 36-47, 1970.

[193]S. Yu, H. Xiang, J. Zhou e M. Zhu, «Preparation &fdhracterization of Fi
Resistant PLA Fibers with Phosphorus Flame Retaps&inbers and Polymers,
vol. 18, n. 6, pp. 1098-1105, 2017.

[194] S. Rabe, Y. Chuenban e S. B, «Exploring the Mofléstion of Phosphoru8asec
Flame Retardants in Polymeric Systemiglaterials, vol. 10, n. 5, pp. 45880,
2017.

[195]C. M. Thomas, «Stereocontrolled ringening polymerization of cyclic este
synthesis of new polyester microstructuregshemical Society Reviews, vol. 39, n
1, pp. 165-173, 2010.

[196] G. Camino, L. Costa e L. Trossarelli, «Study of Mhechanism of Intumescence
Fire Retardant Polymers: Part Tlhermal Degradation of Ammonit
Polyphosphate-Pentaerythritol Mixture®aelymer Degradation and Sability, vol.
6, pp. 243-252, 1984.

[197] B. Schartel e T. R. Hull, «Development of fire refied materials hterpretation c
cone calorimeter datapire and Materials, vol. 31, n. 5, pp. 327-354, 2007.

121



