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Abstract

The soi gel synthesis route has been extensively exploited since the 1970s, in combination with
polymer synthesis methodologies, to produce not only inorganic materials (glassy or ceramic) but
also hybridorganic/inorganic composites in the form of aerogels, monoliths, coatings, fibers, and
particles. The strategy takes advantage of the fact that almost all the important oxidesh&@

M is a metal or semimetal and n is not necessarily an integer) llessweany mixed oxides, have
been prepared by the sgkl process through reactions occurring at low temperatures starting from
precursors that are commercially available at high purity. Moreover, a great number of
organometallic compounds are availabddlpowing easy surface functionalization and interface
tailoring. Sol gel synthesis also allows the easy production of particles at the nanoscale, where
materials properties change [Dehghanghadikolaei 2018]. Moreover, itgelspfocess has been
extensivey employed as the most important route in tailoring textile surfaces and in forming new
hybrid inorgani¢organic materials. This is because this process can modify the chemical nature of
material surfaces and introduce ceramic phases into compositeshthzbemistry. Very mild
reaction conditions and low reaction temperatures are particularly useful for incorporating inorganic
moieties into organic materials or organic materials into inorganic matrices. The author of this PhD
thesis has applied the sg¢l methodology to solve industrial and technological problems inherent
to the use of polymer based fomposites. These composites can show severe limitations due to
the easy flammability of the polymer matrix: this behavior can significantly restricpgieation

fields of these materials, especially when the possibility of the use of the composites is strictly
related to specific regulatory fire tests that have to be passed, hence ensuring public safety (e.g., in
the aerospace industry). Additional lsations descend from the mechanical properties of the above
mentioned biecomposites, which may be due to a low interfacial adhesion between the filler (e.g.,
natural fibers) and the polymer matrix. Sl methodologies can improve the fire behavior éued t
mechanical properties of bmpmposites through the-situ synthesis of ceramic domains in the

polymer network or the tailoring of the interphase between filler and matrix.

In the last ten years, the interest in natural fileémforced polymer compdsis exhibited a
significant growth as far as fundamental research and their industrial applications are considered:
indeed, these materials are cheap, fully or partially recyclable and also biodegradable. Apart from
wood, such plants as flax, jute, sidanaf, cotton, hemp, bamboo, banana, pineapple, ramie, etc.,
have been utilized as a source of lignocellulosic fibers and very often exploited as the reinforcement
of composites. Their convenience, renewability, low density and price, as well as acceptable

mechani cal features make them very attmadetive



fibers, commonly employed for the manufacturing of composites. One of the major drawbacks of
the aforementioned composites, including those containing hemibeir ease of flammability

when exposed to a heat flux or a flame source: this behavior can significantly restrict the application
fields of these materials, especially when the possibility of the use of the composites is strictly
related to specific radatory fire tests that have to be passed, hence ensuring public safety. The fire
retardancy of composite materials can be enhanced exploiting different strategies [Grexa 2001,
Grexa 2003, Lazko 2013]. In this PhD thesis, a new, inexpensive, simple dndneitp solgel
chemical strategy will be shown to coat hemp fabrics with a dilased fire retardant layer,
obtained by using a waterglass coating prepared in acidic conditions. Hemp fabric/epoxy
composites are prepared by using vacuum bag moldingadallel, Ammonium Polyphosphate
(APP), a very welknown flame retardant, is added to epoxy resin, aiming at assessing the possible
joint effects of the flame retardant with the waterglass treatment. The exploitation of the hemp
surface treatment and Ammiam Polyphosphate (APP) addition to epoxy favors a remarkable
decrease of the Heat Release Rate (HRR), Total Heat Release (THR), Total Smoke Release (TSR)
and Specific Extinction Area (SEA) (respectively by 83%, 35%, 45% and 44%) as compared to
untreatechemp/epoxy composites, favoring the formation of a very stable char. The fire behavior of
the obtained composites and the effect of the modification of hemp fabrics with the waterglass

treatment are assessed through fire tests and several chemical anetlysiss.

Natural fibers and nanocellulose materials are used as reinforcement for polymer composites.
Nanocellulose materials can be mainly of three types: -namomicrofibrillated cellulose,
nanocrystalline cellulose, bacterial nagellulose [Sharma 2®]. These reinforcements are
produced from various sources mainly through four mechanical methods: homogenization,
microfluidization, microgrinding and cryocrushing. The drawbacks of the production processes are
fibers entanglement and clogging of the hmatical apparatus and mechanical energy consumption.
The mechanical energy consumption is obviously a function of the degree of fibrillation. Recently
the detection of biological and chemical {reatment methods allowing an easier mechanical
disintegraion. However, the research keeps on looking for new synthesis methods allowing, also, if
possible, to have products of superior properties. Another challenge in the use of microfibrillated
cellulose comes from the hydrophilic character of cellulose andethéency to form strong
network held together by hydrogen bonds. Many methods of surface modification to have them well
dispersed in nopolar polymer matrices (e.g., epoxy resin) were proposed and discussed in the
literature Hubbe 2008, Missoum 2013, Nehyporchuk 201p In this PhD thesis, a new
pretreatment that allows to have hemp fibers with diameters from tens of microns to tens of

nanometers with the aid of a low power mixer will be shown. The pretreatment creates, also, a silica
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layer that allows &sy surface modification with the so many organometallic silanes commercially
available. The method exploits the-g@l chemical strategy used by the author to coat hemp fabrics
with a silicabased fire retardant layer. It is shown that when properlyopgahg this ecdriendly

process the hemp fabric becomes brittle and easily gives silica coated hemp fibers with the aid of a
low power mixer. The silica based coating present on them allows easy functionalization-with (3
Aminopropyl)triethoxysilane (APTS)The functionalized fibers are easily dispersed in epoxy resin
and, in a concentration of 5%, strongly affects the glass transformation temperature and the storage
modulus of the pristine resin. The obtained silica coated hemp fibers and the effect of the

functionalization with the coupling agent are assessed through several chemical analysis methods.

Many synthesis routes have been proposed in the literature to produce not only composites but also
organic/inorganic hybrid particles where iggl chemistrygives the inorganic phase or plays a
fundamental role in the coupling: heterocoagulation, Haydayer assembly, molecular
recognition assembly, grafting through coupling agents, polymerization in multiphase systems,
surfaceinitiated polymerization, dogel nanocoating. The mild sael synthesis conditions also

allow the inherent difficulty in combining organic with glass and ceramic chemistries due to the
traditional wide gap in the typical process temperatures to be overcome. In particular new
perspetives are opened by the-salled in situ processes where the inorganic phase is produced in
the presence of a polymer or a monomer [Pandey 2011].

It is known that polymeric materials do possess limited properties for many industrial applications.
Nowadgs, epoxy resins cured with various aliphatic amines are mostly exploited in the field of
coatings, adhesives, casting, potting, composites, laminates, and for encapsulating semiconductor
devices. These applications are mainly due to the excellent haaturapand chemical resistance

and good adhesion to many substrates of the epoxy resins. One of the major drawbacks of the epoxy
systems cured with aliphatic amines, is their ease of flammability when exposed to a heat flux or a
flame source: this behavi@an significantly restrict the application fields of these materials. The
use of aromatic hardeners, instead of the aliphatic ones, allow to confer an increased thermal
stability and an improved fire behavior to the epoxy resin. However, it is well kttwtiboth the

use of traditional halogebased flameaetardants than the use of aromatic hardener lead to generate
corrosive/toxic problems for the environment and the workers in the Industry. In this prospect, in
situ generated silica/epoxy hybrid masdsi (cured with aliphatic amines), i.e., polymer matrices
filled with specific, finely dispersed nanofillers, are considered to pave the way for the future
combining physicechemical and thermmechanical performances with enhanced flame retardant
(FR) beflavior. Organic/inorganic systems based on silica/epoxy systems are the most widely

7



utilized [ Mat Dj ka 1999, Pandey 2011] . It i
nanocomposites (cured with aliphatic amines) can be improved through the inclusiaraont®

the matrix, which favors the char formation and increases its yield: the carbonaceous residue layer
acts as a thermal insulator and a barrier to oxygen diffusion. In this PhD thesis, the preparation of
new hybrid silica/lepoxy composites (with aliphatic amine as hardener) will be shown. The new
hybrid structures consist of very fine silica nanoparticles, homogeneously dispersed in a
silica/epoxy hybrid network. The presence of the silica domains prevents melt dripping phenomena
in vertical flane spread tests. As assessed by feomdbustion test (Cone Calorimeter), the
inorganic domains acts as a thermal protective layer, hence improving the heat andetatete
parameters. Moreover, a n@othermal post curing treatment beyond the glassasitian
temperature of the neat epoxy affects the thermal and mechanical features of the obtained hybrid
materials. The fire behavior of the obtained hybrid composites and the morphology treatment
silica/epoxy hybrid network are investigated through fiests and several chemical analysis

methods.

In-situ silica/epoxy composite materials (cured with aliphatic amines), added with suitable green
phosphorusdased flame retardant allow to combine the absence of dripping phenomena with very
good performancesniterms of flame retardancy. Phosphorous compounds are considered as
potential replacement for toxic flammetardants (FRs) (i.e., halogbased FRs), hence they have
been synthesized by many researchers [Wendels 2017]. It is well known that phosplasedus
flame retardants may act through a flame inhibition mechanism or by promoting the formation of a
carbonaceous char layer which acts as thermal shield and oxygen barrier for the underlaying
polymer. Among the phosphorus based FRs, development of-dByé@ro9-oxa10-
phosphaphenanthreri®-oxide (DOPO) and its derivatives

1 3-(6-oxidodibenzo[c,e][1,2]oxaphobmin-6-yl)propanamide (DA),
1 6H-dibenz[c,e][1,2]oxaphosphorinr[fl-oxido-2,6, trioxa-1-phosphabicyclo[2.2.2]oet
yl)methoxy}, 6-oxide (DP),

havegained much attention in the research and industrial community due to their efficient flame

retardant action and green properties [Hirsch 2017]. However, the use of additivedtardants,

such as DOPO and its derivatives, requires high loadings adthigon of a synergist or the use of

an aromatic hardener, in the field of the epoxy resins applications, to impart flame retardancy to

epoxy resins. The author of this PhD thesis spent six months at Empa Research Institute (St. Gallen,

Switzerland) by nvestigating a new methodology to obtain -sfinguishing imsitu silica/epoxy

materials (cured with a cycloaliphatic amine as hardener) and by characterizing the fire behavior of
8



the prepared materials. This methodology exploits the experience ieltheffsotgel chemistry of

the Chemistry Group (University of Naples Federico Il) [Branda 2011, Costantini 2009] and the
expertise in the flame retardancy field of the Additive and Chemistry Group (Empa Research
Institute) [Gaan 2015, Samleia 2018]. THere, in this PhD thesis, a new strategy for the
preparation of seléxtinguishing irsitu silica/epoxy materials will be shown. The strategy exploits

the procedure used by the author for the synthesis of the above mentioned hybrid silica/epoxy
compositesThe classic synthesis route is modified by adding DA or DP (phosphbasesl flame
retardants) and eventually melamine just before the addition of the cycloaliphatic hardener.
Melamine is added as a source of nitrogen that could play a role of bloveng @ge addition of

DA with or without melamine strongly improves the fire behavior of the studied epoxy system until
to achieve seleéxtinguishing capacity, when only 2 wt. % cidading is present. Additionally, the
presence of only 2% silica guararggbhe absence of dripping phenomena during the burning of the
epoxy resin. Conversely, DP guarantees absence of dripping phenomena with or without silica but
the selfextinguishing is possible only in combination with silica and melamine, and when 2 wt. %
of P-loading is present. The fire behavior of the obtainesitinsilica/epoxy composites and the fire
retardant mechanisms of the two phosphotmased additives (DA and DP) are investigated

through fire tests and several chemical analysis methods.

References

1 Branda, F. (2011). The sglel route to nanocomposites. Advances in NanocompidSitathesis,
Characterization and Industrial Applications; Reddy, B., Ed-328.

9 Costantini, A., Luciani, G., Silvestri, B., Tescione, F., & Branda, F. (200®m nanocomposite to
blend hybrid pHEMA/Si©hydrogels: the effect of chemical coupling on thermal stability, swelling
and bioactivity. In Solid State Phenomena (Vol. 1511{p-122). Trans Tech Publications.

1 Dehghanghadikolaei, A., Ansary, J., & Ghoreishi, R. (2018).g8bprocess applications: A mini
review.Proceedings of the Nature Research Society, 2(1), 02008.

1 Gaan, S, Liang, S., Mispreuve, H., Perler, H., Naesche& Rleisius, M. (2015)Flame retardant
flexible polyurethane foams from novel DOP@osphonamidate additiveBolymer degradation
and stability, 113, 18Q.88.

1 Grexa, O., & Libke, H. (2001). Flammability parameters of wood tested on a cone calorimeter.
Paymer Degradation and Stability, 74(3), 4232.

1 Grexa, O., Poutch, F., Manikova, D., Martvonova, H., & Bartekova, A. (20@Bmescence in fire
retardancy of lignocellulosic panels. Polymer degradation and stability, 82(2)3373

9 Hirsch, C., Striegl, B., Mathes, S., Adlhart, C., Edelmann, M., Bono, &.,Nyffeler, J. (2017).
Multiparameter toxicity assessment of novel DO&ived organophosphorus flame retardants.
Archives of toxicology, 91(1), 46%225.

1 Hubbe, M. A., Rojas, A, Lucia, L. A., & Sain, M. (2008Lellulosic hanocomposites: a review.
BioResources, 3(3), 92880.

1 Lazko, J., Landercy, N., Laoutid, F., Dangreau, L., Huguet, M. H., & Talon, O. (2013). Flame
retardant treatments of insulating agroaterials from flaxshort fibres. Polymer degradation and
stability, 98(5), 1043.051.

f Mathjka, L., Dugek, K., Plegtil, J., KS2¢g, J.
epoxysilica hybrids. Polymer, 40(1), 17181.



Missoum, K., Belgacem, M. N., & Bras,(4013). Nanofibrillated cellulose surface modification: a
review. Materials, 6(5), 174%766.

Nechyporchuk, O., Belgacem, M. N., & Bras, J. (2016). Production of cellulose nanofibrils: A
review of recent advances. Industrial Crops and Products,-25, 2

Pandey, S., & Mishra, S. B. (2011). 8l derived organicinorganic hybrid materials: synthesis,
characterizations and applications. Journal of-gel science and technology, 59(1);948

Salmeia, K. A., Gooneie, A., Simonetti, P., Nazir, R., Kaisé?,, Rippl, A., ..& Gaan, S. (2018).
Comprehensive study on flame retardant polyesters from phosphorus additives. Polymer
degradation and stability, 155, 224.

Sharma, A., Thakur, M., Bhattacharya, M., Mandal, T., & Goswami, S. (2019). Commercial
application of cellulose naroompositesA review. Biotechnology Reports, e00316.

Wendels, S., Chavez, T., Bonnet, M., Salmeia, K. A., & Gaan, S. (Retént developments in
organophosphorus flame retardants containing PC bond and their applications. Mmteiig7),

784.

10



1 Fundamentals of the SeiGel Process

1.1 Introduction

Soli gel materials are therefore metastable solids that are formed in kinetically controlled reactions
from molecular precursors, which constitute the buildbigcks for the later materials. An
immediate consequence is that all reaction parameters, including the precursor properties, have a

decisive influence on the structure and thus the propertiesiofedohaterials [Brinke2013:

1 A sol is a stable suspensi of colloidal particles (nanopatrticles) in a liquid. The particles
can be amorphous or crystalline, and may have dense, porous, or polymeric substructures.
The latter can be due to aggregation of subcolloidal chemical units.

1 A gel consists of a porousireedimensionally continuous solid network surrounding and
supporting a continuous |igeg systeins forithe syatheidi we t
of oxide materials, gelation (i.e., formation of the gels) is due to the formation of covalent
bonds beween the sol particles. Gel formation can be reversible when other bonds are
involved, such as van der Waals forces or hydrogen bonds. The structure of a gel network

depends to a large extent on the size and shape of the sol particles.

The easy agglomerati or aggregation of fine particles (sol particles) is caused by attractive van
der Waals forces and/or minimization of the total surface or interfacial energy of the system. In
order to prevent aggregation (i.e., to stabilize the sols), repulsive fdrcesnparable dimensions

are required that must be overcome during gelation. Stabilization can be achieved by adsorbing an
organic |l ayer (Asteric barriero) or by <creat
shows the great influence of orgaadditives and especially ionic species on the gelation behavior,

as will be discussed later in more detail. The stability and coagulation of sols is of utmost
importance to sdlgel chemistry. Gelation can also be induced by rapid evaporation of tlemisolv
which is especially important for the preparation of films or fibers. Drying of the initially obtained
wet gels by evaporation of the pore liquid gives rise to capillary forces that cause shrinkage of the
gel network, often by a factor ofi 50. The reulting dried gels are called xerogels. Due to the
drying stress, monolithic gel bodies are often destroyed, and powders are obtained. When a wet gel
is dried in a way that the pore and network structure of the gel is retained, the resulting dried gel is

called an aerogel.

In the following, the chemical and physical principles behind the individual steps igjekol

processing will be discussed in more detail.

11



1.2 Hydrolysis and Condensation Reactions

1.2.1Silica-Based Materials

The basic chemical principl behind sdlgel processing of silichased materials is the
transformation of SOR and SiIOH containing species to siloxane compounds by condensation
reactions. From a structural point of view, this corresponds to connectingeBihedra (or RSi©
tetrahedra in hybrid materials) by corner sharing. To obtain a stable gel, the number of siloxane
bonds (SiO-Si) must be maximized and consequently the number of silan@H$iand alkoxy

(Si-OR) groups has to be minimized.

The most common precursors areuaggous s ol utions of silicates
alkoxides, Si(OR) mostly tetramethoxysilane (TMOS) or tetraethoxysilane (TEOS). Water glass
solutions contain complex mixtures of different monomeric and oligomeric silicate species (i.e.,
specieswith negatively charged, nonbridging oxygen atoms), with an approximate average
composition of MSIOz ( M= N a , K). The equilibrium composit
are highly dependent on the concentration, pH, metal count&iopgerature, and so on. The point

of zero charge (PZC) of ®)H-containing species is between pH 1.5 and 4.5; the higher the degree

of condensation of the silica species, the lower the PZC (the acidity of surf&ad Nroups
generally depends somewhat ¢ tparticle size). Acidifying a solution to a pH below the PZC
means that the siliceous species are positively charged, and increasing the pH above the PZC means
that the species are negatively charged (Eg. (1.1) and Eq. (1.2)). The silicate species ghagat

solutions are stable only under strongly alkaline conditions, because the anionic species reject each

other.
Si-OH + H" A Si-OHy* (1.1
Si-OH + OH A Si-O + H.0 (1.2)

The chemical reactions during g€l processing can be formally describedhrge equations (Eq.
(1.3), Eq. (1.4)and Eqg. (1.5) In alkoxidebased systems, hydrolysis reactionsS6fOR groups
must precede condensation to generate tH@Fsgroups,which are necessary for condensation.
The fact that the reactive groups mustdoeated in the first place is an import difference to
typical organic polymerizatioreactions. Condensation (i.e., formation of3s8i units) takes place

by either alcohol or (more often) water elimination.
[ SOR+HOA [ SOH+ROH (1.3

[ SOR + SiORA [ SO-S i 4ROH (1.4)
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[ SOH + [ASH SHS i #H0 (1.5)

The most important differences betweba two precursor types are ttolowing:

T

Gelation is initiated in aqueous silicate systems by pH changes, and in alkoxide precursor
systems by addition afater (hydrolysis reactions to generateOHi groups).

A mixture of a Si(OR) in water and alcohol would react very slowly. Therefore, acid or
base catalysis is necessary to start the hydrolysis and condensation reactions of
alkoxysilanes.

The solvent in ater glasdased reactions is always water, while the alkoxides are
employed either neat or dissolved in an organic solvent. Since many alkoxysilanes are
immiscible with water, alcohols are often used to homogenize the reaction mixture (mostly
the same atthol as liberated by the hydrolysis reactions to avoid alcohol exchange
reactions).

Alkoxide-based systems are more complex because more parameters influencegiile sol
reactions. This gives more possibilities to control the texture and propertiesaiftémeed

materials.

The use of silicon alkoxides also allows introducing organic groups, by means of-stdpstituted

derivatives. While sdlgel processing of tetraalkoxysilanes, Si(@R¥sults in the formation of

silica, SiQ, alkoxysilanes of the typ R Si(OR} (R"= any hydrolytically stable organic moiety)

result in the saalled silsesquioxanes, R'Si® In practice, however, alkoxysilane mixtures are

processed in most cases, by which any proportion of the organic group(s) R” can be introduced.

The reaction mechanisms are the same for both silicate and alkoxysilane precursors. However, from

a mechanistic point of view, reactions under acidic or basic conditions have to be considered

separately.

Under acidic conditions, that is, at a pH below Eh& C , t he oxyg-©On #®HmDm of

[ SOR group is protonated in a rapid first step (see Figure 1). A good leaving group (water or

alcohol) is thus created. In addition, electron density is withdrawn from the central silicon atom,

rendering it mee electrophilic and thus more susceptible to attack by water (in hydrolysis reactions)

or silanol groups (in condensation reactions).
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-H
=5—-0X + HY ——= ESi—O:‘
X =HH

H
Y-OH + =8i—07 ——= Y-O-Si= + HOX
vy=H =s X

hydrolysis reaction: X=R, ¥=H

condensation reaction: X =RorH, ¥ =5=

Figure 1. Sol-gel reactions under acid operativeonditions [Brinker 2013].

Under basic conditions, the reaction prateby nucleophilic attack of either an Qi hydrolysis
react i onsQ iono(in coadensaBan reactions) to the silicon atom with aB8-t$pe
mechanism (see Figure 2). The entering @M [ gsoupds formed by deprotonation of water or
a FOBligroup. Under strongly alkaline conditions, theC8%i bonds can be cleaved again by
OH-.

{'iW
=S{-0X + YO© = %;Sll— YO-5I= + X0~
¥ = H, =Si OX

hydrolysis reaction: X=R, ¥=H

condensation reaction: X =RorH, ¥ =58=

Figure 2: Sol-gel reactions under basic operativeonditions [Brinker 2013].

Inductive effects of the subsignts attached to a silicon atom are very important, because they
stabilize or destabilize the transition states or intermediates during hydrolysis and condensation.

The electron density at the silicon atom decreases in the following order:
[ SFR®» [ RO > -O8Bi ©-0OfSSi (1.6)

For acid catalysis, the electron density at the silicon atom should be high because the positive
charge of the transition stat€igure J) is then stabilizedest. Therefore, the reaction rates for

hydrolysis and condensation under acidic conditions increase in the same order as the electron
density. For base catalysis, a negatively charged intermediate has to be stabilized (Figure 2).
Therefore, the reaction rates for hydrolysis and condensation increase in the reverse order of the

electron density.

This has several consequences, for example:
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1 As hydrolysis and condensation proceed (increasing number of OH and OSi units attached
to a secific silicon atom), the silicon atom becomes more electrophilic. This means, for
example, that in acidic media monomeric Si(@Rlydrolyzes faster than partially
hydrolyzed Si(OR)x(OH)x or oligomeric species (which have moreCs5i bonds), and
vice vasa in basic media.

1 More branched (i.e., more highly condensed) networks are obtained under basic conditions
and chaidike networks under acidic conditions, because reactions at central silicon atoms
(i.e., atoms with two or three -8-Si bonds) arefavored under acidic conditions, and
reactions at terminal silicon atoms (i.e., atoms with only or®-Si bond) under basic
conditions.

1 Organically substituted alkoxysilanes R Si(@Rjact faster than the corresponding Si(OR)
under acidic conditions drslower under basic conditions.

1 The acidity of a silanol group increases with the number @D-Si bonds at the silicon

atom. This is one of the reasons why the PZC changes with the degree of condensation.

An important feature of the chemistry of silicatkoxides is thahydrolysis and condensation
reactions compete during all steps of the isp#l process. Figure 3 shows the reaction
possibilities of a hypothetical trisiloxane intermediate as an example. It can react by either
hydrolysis or condensation, and these reactions can occur on chemically differ@mtasoms.

Note that monomédmocomerci eaggr dghtuisdmerl-©adi ng
uni t ), ol i gomefcilcusd e @i easg g(r fe@lau s toer) or ev

involved in the intermolecular condensation reactions

(I Sin Figure 1.1d and e can be the silicon atom of a monomeric or oligomeric species or of a
particle). The situation is even more complex, since each possibility shown in Figure 3 has a
different reaction rate, which is influenced to a different debyetihe reaction parameters. The

same is true for the different intermediates that are formed as hydrolysis and condensation

reactions proceed; that is, each intermediate has its own set of kinetic parameters.
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Figure 3. Reaction possibilities of a hypothtical linear trisiloxane intermediate during

solgel processing of Si(ORy (a) further hydrolysis at terminal positions; (b) further
hydrolysis at the central silicon atom; (c) intramolecular condensation leading to a cyclic
trisiloxane; (d) intermolecular condensation of a monomeric or oligomeric silicate species
at a terminal position; and (e) intermolecular condensation of a monomeric or oligomeric

silicate species at the central position.

As indicated in Figure 1.1c, not only linear or branched strestaan be formed, but closed
structures as well. Many threfmensional cage compounds, thecatled spherosilicates
(Figure 4), with either closed or partially opeages, have been isolated. Such structures can
also be substructures of the networksnfed during solgel processing. Cage compounds
(RSiOvs)n, the so called POSS (polyhedral oligomeric silsesquioxanes), can be similarly
obtained from R’Si(OR) Both POSS and spherosilicates are interesting building blocks for
materials syntheses for thewn [Pielichowski 200G
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Figure 4: Molecular structures of (XSiOu.5)n cages for n= 8, 10; X=R, H (POSS), OH, OR,

O (spherosilicates).

From what has been said, it is obvious that the systems are very complex and many different
routes from thenolecular precursor to the final silica gel are possible. The chemical parameters
discussed in the following determine which route is taken. Because of this complexity, a
detailed understanding (and awareness) of the parameters influencing the readiandahus

the structure evolution is necessary in order to tailor the texture and propertie$ gl sol
materials. The most important parameters influencing hydrolysis and condensation (and their

relative rate) are:

the kind of precursor(s),

the pH (OHor H' catalysis), or other catalysts,

the alkoxo group to water ratio (Rfor alkoxide precursors,
the kind of solvent,

the presence of electrolytes,

the temperature,

the relative and absolute concentration of the components in the precursor

= =4 4 A4 -4 A - -2

mixtures, and other parameters.

1.2.2 Precursors

Different from water glass as a precursor, théORi groups of silicon alkoxides must first be

hydrolyzed before condensation reactions can take place. In addition to the inductive effects
discussedabove, the hydrolysis rates of alkoxysilanes are also influenced by steric factors. Any
branching of the alkoxy group or increasing of the chain length lowers the hydrolysis rate of the

alkoxysilanes.
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1.2.3 pH effect

As discussed above, the reaction meddmaa for acid or base catalysis are very different.
Furthermore, the reaction rates for hydrolysis and condensation of silicon alkoxides have different

pH dependence (Figure 5).

|
\
‘ .
! condensation
% ——
! - -
e
Vel "'\ s \'\
\ # N
~ / N
- L
hydrolysis
0 T T
0 T 14

Figure 5. Dependence of the relative rates of Si(OR)4 hydrolysis and of cdensation

reactions on the pH.

The minimal reaction rate for hydrolysis is at pH 7, and for condensation at around pH 4.5. The
latter corresponds to the PZC of silica. At pH < 5, hydrolysis is favored, and condensation is the
ratedetermining step. Many meomers or small oligomers with reactive-&H groups are
simultaneously formed. In contrast, hydrolysis is the -datermining step at pH > 5, and
hydrolyzed species are immediately consumed because of the faster condensation. Catalysis by
fluoride ions & similar to that of hydroxide ions (basic conditions). The pH is an especially
important parameter to control the texture of gels from water glass solutions. At intermediate pH,
the reaction rate of condensation is proportional to the concentration ©Hthens (see Figure 2).

At pH lower than about 2, the silicic acid species are positively charged, and according to the
mechanism given in Figure 2, the reaction rate of the condensation is proportional to the
concentration of H Under strongly alkalineconditions, the solutions contain mainly anionic
species. For this reason, the rate e0Ssi cleavage or redissolution of particles is high at high pH

(see Figure 5).

1.2.4 Alkoxo Group/H0 Ratio (Rw)

The overall reaction for sigel processing of tetraalkoxysilanes implies that two equivalents of
water (R,=2) are needed to convert Si(QR) SiC.. Four equivalents of water (R1) are needed

for the complete hydrolysis of Si(ORif no condensation would take place. Increasing therwate
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proportion (i.e., lowering R generally favors the formation of silanol groups ove©OSsi groups.

The Ry, together with the kind of catalyst, thus strongly influences the properties of the silica gels.

1.2.5 Solvent

A solvent may be necessary to horange the reaction mixture of alkoxidebased systems,
especially at the beginning of the reaction. Polarity, dipole moment, viscosity, and protic or
nonprotic behavior of the solvent influence the reaction rates and thus the structure of the final sol

gel material.

1.2.6 Electrolytes

Increasing the electrolyte concentration in a colloidal dispersion compresses the electrical double
layer around the particles, because the number of charges required to balance the surface charge is
now available in a smallerolume surrounding the particle. The colloid will eventually coagulate
because the attractive force between the particles is unchanged, while the repulsive barrier is

reduced.

Therefore, the presence of electrolytes (salts) has a strong influence onatien dethavior. To

render sdlgel processes reproducible, special care has to be taken (especially in afleade
systems) not to introduce unwanted salt contaminations in the system, for example, through the
water used for hydrolysis of alkoxides. Aftes+-neglected source of ionic species is the counterions

of the acids or bases needed for catalysis. The reason why ammonia is mostly used as a base is tha
it is not ionic. Acids are more problematic, because anionic species (the counterions) afgynevita

introduced and influence the reaction rates and the gelation behavior.

1.3 Metal Oxide-Based Materials

Any metal oxide can, in principle, be prepared byi gel processing. There are two important
differences between silicon (as a semimetal) and typi@an group or transition metals that are
highly relevant for sdlgel chemistry [Schube&003]:

1 Metals are more electropositive (Lewis acidic) than silicon and therefore more susceptible to
a nucleophilic attack.

1 The preferred coordination number of&iln is 4, and is thus equal to its valence (+1V). For
metals, especially transition metals, on the other hand, the preferred coordination number is

higher than their valence. The increase of the coordination number beyond the valence is
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reached by interaicin with any nucleophilic (Lewis basic) entity in the system, as will be

discussed in more detail below.

As in silicate sdlgel processes, inorganic or métaiganic (alkoxide) precursors can be used.
Many metal salts are hydrolytically unstable; thatth&y form oxide/hydroxide precipitates from
agueous solutions upon pH changes. This is due to the fact that water molecules coordinated to
metal ions are more acidic than those in the noncoordinated state due to charge transfer from the
oxygen to the metatom. The series of equilibria shown in Figure 6 is more easily shifted to the
right than in water itself when the pH is increased (i.e., if a base is added).

ne (= 1)+ (n—2)+

H + +
- —H —H
M—O —_— M—OH

M=0

e

Figure 6: Series of equilibria.

Condensation reactions, that is, formatiwinM-O-M links with concomitantcleavage of KO,
require the presence of-MH units (as for silica, Figurelsand 2). This means that the equilibria in
Figure 6 nust be shifted in thi1-OH regime, which depends dhe valence othe metal and the
pH. This isschematically shown in Figure. There are three posgibes to shift the equilibrian
the M-OH regime

- N W s e~ o N

Figure 7: Charge (Z) versus pH diagram indicating the domains of aquo, hydroxo, and oxo
species. Notehat the lines only roughly indicate transitions between the corresponding

domains.

1. Raising the pH corresponds to moving from left to right in Figure 7 for a given valence (2).
For example, when aluminum salts are dissolved in water, the hydrated éd¢ios)s]>*

exists only below pH 3. As the pH is increased, the water ligands are deprotonated, and the
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ions [AI(OHX(H20).x]®»* are formed. Mononuclear species with X 4Gre stable only in
very dilute solutions; at higheconcentrations, polynuclear species are formed by
condensation reactions, that is, by formation ofOAAI links. Alternatively, the solution
can simply be aged at elevated temperatures. A higher temperature promotes dissociation of
protons from the hydratl metal ions.

2. Solutions of metallate ions, such as titanates, vanadates, niobates, tantalates, or tungstates,
form gels when acidified (right to left in Figure 7 for a given valence).

3. Solutions of oxide species with the metal in high oxidation statebecagduced to give gels
(top-down in Figure7 at a given pH); one of the bdatown examples is the formation of

MnO:z gels from MnQ'.

As in the case of silichased sblgel processes, NDH groups can also be created by hydrolysis of
M-OR groups, that idyy addition of water to metal alkoxides. As outlined above, metal alkoxides
are stronger Lewis acids than silicon alkoxides, and the formation of higher coordinated species is
easier. Nucleophilic attack at the metal is thus facilitated, and the hydrodysss are strongly

increased.
1.4 SotGel Transition (Gelation)

1.4.1 Hydrolytic SoGel Processes

The crystalline state of a solid compound is thermodynamically more favorable than the amorphous
state. In order that crystallization can occur, howevewstalline) nuclei must be formed and
growth of the nuclei must be possible. If either nucleation or crystal growth is inhibited under a
given set of experimental conditions, amorphous materials are formed, which includékglass
materials and gels. Thdormation of amorphous networks (i.e., networks without a
threedimensional order) is particularly favored if there are many degrees of freedom for the mutual

arrangement of the building blocks.
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Figure 8: Structural development of silica gels [ller 1979].

This is the reason why silidsased materials form gels more easily than other oxides, and
consequently the chemistry of silica gels is particularly wekstigated. The following discussion

of gelation is thus focused on silica, but is analogous faeranaterials. In the initial stage of sol

gel reactions, small thresimensional oligomeric particles are formed. Figure 8 schematically
shows the structural development of silica gels from molecular precursors. Whether the initially
formed primary (nangparticles aggregate once they have reached a certain size or continue to grow
depends on the experimental conditions. Aggregation of the primary particles may lead to (larger)
secondary particles (features at the descending branches in the left parref&jigWwhether the
particles (with a polymeric or dense substructure) may remain suspended in solution (i.e., form a
stable sol) or aggregate to form a thdemensional network (i.e., a wet gel) again depends on the
system and the experimental condition§he basic chemical processes (hydrolysis and
condensation), however, are the same. In nonsilicate systems, the rébnarkg (nano)particles

may be crystalline or semicrystalline.

As the sol particles aggregate and condense, the viscosity of thradwhlly increases. The sgkl
transition (gel point) is reached when a continuous network is formed. Before the gel point has been
reached, the colloidal dispersion behaves like a more or less viscous liquid. At the gel point, the

viscosity increases sty, and a forrestable, elastic gel body is obtained. From a practical point of
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view, the gel time (& =time at which the gel point is reached after starting hydrolysis and
condensation reactions) is determined by turning the reaction vessel upsidéSdwerall liquid is
retained in the gel body, no liquid can flow out of the vessel. For the same reason, the volume of the

gel in this stage is the same as thahefdriginal precursor solution.

Typical el values for Si(OEgare 92 with 0.05 mol é HCI or 107h with0.05 mol of NHOH as
the catalyst. Without a catalysgeitvould be about 1000[Popel98§. The e is generally lowered
by all paameters that increase the raie condensation reactions, as discussed aboveseThe

parameters thus allv todelibeately influence the gel times.

A wet gel, by definition, consists of a contous solid network, the pores which contain a liquid
phase. At the gel poinhowever, unbound oligomers wérious sizes or even monomeric species

are stil dissolved or dispersed in th@ore liquid. This is important fdhe aging of gels (see below).

The simplest picture of gelation is that thatcles grow by aggregation oondensation until they

collide to give clusters of particles. ¢k¢ that in thenodes descr i bi ng gel ati on
issed equi val emtoltiaofimearitci cslpeecciers. 0) bigderby cl| us
repeated collisionsThis process produces clusters of various sizes. In this picture, which is
mathematically desibed by the percolation they, the gel is formed when tHast link between

two giant clusters of particteis formed. Thisis calledties panni ng cl uster, 0 t
reachesacross the vessel that contaihsNote that the bond resultnin the formationof the
spanning cluster is nalifferent from the previously formed bonds; that is, gelatsonot a special

thermodynami@vent.

An alternative description of gelation is givey kinetic growth models. Thesdso explain the
different microstructures upon ahging the reaction conditionf®epending on the conditions,
growth in silicatesystems may occur predominanitly condensation of clusters withomomers or
with other clustes. The rate of the condensation reactions magiffasion or reaction limitedAs
has been discussed before, hydrolysis of silicon allesxis faster than condensatiomder acidic
conditions. Since all spees are hydrolyzed at an eadiage of the &ction, they can condense to
form smal oligomeric species (clustersyith reactive SIOH groups. Under these mditions,
reactions at terminalilicon atoms are favored (see above). This regulp®lymerlike gels; that is,
small clusters undergo condstion reactions wliteach other to give a polymdike network with
small pores.Monomei cluster growth, on the other handgquires a continuous source of
monomers. Hydrolysis is the ratetermining tep under basic conditions. Thgdrolyzed species

are immediately consumed kaction with existing clusternsecause of the faster condensation
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reactions. Fuhtermore, the rate of hydrolyteavage of (terminal) SD-Si bonds is much higher

than that under acidimonditions. This additionally ensurestta source of monomers is available.

Condensation of clusters among each other under these conditions is relatively unfavorable because
this process requires inversion of one of the silicon atoms involved in the reaction. Reaction at
central silicon atom®f an oligomer unit is favored under basic conditions (see above). The
resulting network therefore has a particulate character with big particles and large pores (colloidal
gels). The formation of larger particles, mainly in aqueous systems, is alsedawrOstwald
ripening by which small particles dissolve and larger particles grow by condensation of the
dissolved species. Solubility of a particle is inversely proportional to its radius. The solubility of
nanoparticles (<5 nm) therefore is rather hi@rowth stops when the difference in solubility
between the smallest and the largest particles in the system becomes only a few ppm. Solubility
depends on the given conditions (temperature, pH of the solution, etc.). At higher temperatures,
larger particle are obtained because the solubility of silica is higher. Therefore, materials with a
different structure will be obtained by working in solutions of different pH [HU$888].

1.4.2 Nonhydrolytic Sot-Gel Processes

The conventionalhydrolytic) sol gel process is based on the hydrolysis and condensation of
molecular precursors, leading to oxide networks. The oxo ions originate from water that is added as
a reagent or may be formed in situ by waiersducing reactions, such as estanfation and aldol
condensation [Mutir2013].

Variations of these reactions have been developed, in which the oxo groups are formed by alkyl
chloride, ether, or ester elimination instead of water or alcohol elimination (Egs. (1.3), (1.4) and
(1.5)) in thetraditional solgel process. This process has been termed the nonhydrolytgelsol
process because no water is added and the oxygen atoms originate from an odyaroc. Ohe
basic reactions are given in Figure 9.

=M-OR+M'—-X

1 -  =M-0-M=+ R-X
—M—X + M'—OR (X = CL, OR, OOCR’)

Figure 9: Basic reaction of thetnonhydrolytic sol-gel process.

Condensation occurs at temperatures between 20 and 100°C; sometimes, a catalyst is negded (FeCl
is often used). The kinetics of nonhydrolyticisggl processes depends on the nature of the metal,

the nature of the oxygen dor, electronic effects of the group R, and the composition of the initial
metal alkoxide/metal chloride (carboxylate) mixture, but is generally slower than that for aqueous

24



processes. Noteworthy features of this method are that nonhydrated oxides wasidugl
hydroxo groups are obtained, due to the aprotic conditions, and that in bimetallic systems the metals
M and M” have an alternate order (no phase separation), due to the reaction mechanism (Figure 9).
A limitation of nonhydrolytic processes is thédtte M/M” ratio is not freely selectable if fully
condensed products are targeted. For this reasdgetgdrocesses of mixed metal systems are
sometimes initiated by nonhydrolytic reactions (to obtain a high homogeneity) and then completed
by hydrolyticreactions (to obtain complete hydrolysis and condensation).

1.5 Monodisperse Silica Particles via Stober Process

The StOber process is a g#l chemical process used to prepsiteea (SiQ) particles[Stober

19698 of controllable and uniform size@Bogush 198Bfor applications in materials science. It was
pioneering[Dr a ¢ a | whénOtiwés reported by Werner Stéber and his team in ]S6&8per

1968] and remains today the most widely used wet chemistry synthetic approach to silica
nanoparticlegDr a g a r]. It & @rl ékample of a sgel process wherein a molecular precursor
(typically TEOS is first reacted with water in an alcoholic solution, the resulting molecules then
joining together to build larger structures. The reaction produces sditeles with diameters
ranging from50 to 2000 nmdepending on conditions. The process has been actively researched
since its discovery, including efforts to understand its kinetics and mechanianparticle
aggregation model was found to be a bettefadii the experimental daf@Bogush 199]Lthan the
initially hypothesized LaMer model [LaMé&95(. The newly acquired understanding has enabled
researchers to exert a high degree of control over particle size and distribution aneunefities
physicalproperties of the resulting material in order to suit intended applications.

In 1999 a twestage modification was reportd@oissiere 1999, that allowed the controlled
formation of dlica particles with small hold®oissiére 200D The process is undeken at low pH

in the presence of a surfaaetive molecule. The hydrolysis step is completed with the formation of

a microemulsiorfProuzet 200pbefore adding sodium fluoride to start the condensation process.
The nonionic surfactant is burned away tooduce empty pores, increasing the surface area and
altering the surface characteristics of the resulting particles, allowing for much greater control over
the physgcal properties of the materiglBoissiére 1999. Development work has also been
undertaken for larger pore structures such as macroporongliths[Cademartiri009, shellcore
particles based on polystyrefiging 2004, cyclen[Masse2009, or polyaminegMasse200g, and

carbon spherdd.iu 2017].
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Silica produced using the Stober process is an ideal material to serve as a model for studying colloid
phenomengBerg 2010 because of the monodispersity fommity) of its particle size§Boday

2015. Nanoparticles prepared using the Stober process foawvel applications including in the
delivery of medications to within cellular structurfBrokop 2014 and n the preparation of
biosensorgJu 201]]. Porous silica Stober materials have applications in catdligsisirez 200B

and liquidchromatographyKruk 1999 due to their high surface area and their uniform, tunable,
and highly ordered pore structures. Highly effective thermal insulators known as aerogels can also
be prepared using &iter method$§Berg 201(, and Stéber techniques tetseen applied to pgrare
nonsilica aerogel systenm®Qiu 2015. NASA has prepared silica aerogels with a Stéirecess
approach for both the Marsathfinder and Stardust missiofiéixon 2013.

1.5.1 Onestep process

The Stober process is a gml approah to preparing monodisperse (uniform) spherical silica
(SiO2) materials that was developed by a team led by Werner Stober and reported in 1968 [Stober
1968]. The process, an evolution and extension of research described in Gerhard Kolbe's 1956
Ph.D. disseation [Kolbe1956], was an innovative discovery that still has wide applications more
than 50 years laterD[r a g a 1. Silc® firécursor TEOS is hydrolyzed in alcohol (typically
methanol or ethanol) in the presence of ammonia as a catalyst [So@ia¢r

Si(OEty+ H20 A Si(OEtROH + EtOH (1.7)
Si(OEty + 2H0 A Si(OEtR(OH), + 2EtOH (1.8)

The reaction produces ethanol and a mixture of ethoxysilanols (such as S)@EL)
Si(OEtp(OH)., and even Si(OH), which can then condense with either TEOS or another silanol
with loss of alcohol or wateMan Blaadereri997 (see Figurel0).

2Si(OEtsOH A (EtO)sSi-O-Si-(OEt)s + Hz0 (1.9)
Si(OEtsOH + Si(OEt) A (EtO)Si-O-Si-(OEt)s + EtOH (1.10)
Si(OEtEOH + Si(OEtY(OH)2 A (EtO)sSi-O-Si-(OEt)OH + H0 (1.11)
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Figure 10: Solgel reactions of TEOS silica precursor.

Further hydrolysis of the ethoxy groups and subsequ@mdensation leads to crosslinking. It is a
onestep process as the hydrolysis and condensation reactions occhertdages single reaction
vesse[Stober 1968

The process affords macroscopic particles of granular silica with diameters ranging fi@2050

nm; particle sizes are fairly uniform with the distribution determined by the choice of conditions
such as reactant concentoats, catalysts, and temperatyiogush198§. Larger particles are
formed when the concentrations of water and ammonga raised, but with a consequent
broadening othe particlesize distributiorfVan Helden 198]L The initial concentration of TEOS is
inversely proportional to the size of the resulting particles; thus, higher concentrations on average
lead to smaller padies due to the greater number of nucleation sites, but with a greater spread of
sizes. Particles with irregular shapes can result when the initialrpogaconcentration is too high

[Van Heldenl1988]. The process is temperattlependent, with cooling (and hence slower reaction
rates) leading to a monotonic increase in average particle size, but control over size distribution

cannot be maintaed at overly low temperaturgB8ogush 1988
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1.5.2 Twostepprocess

In 1999 Cédric Boissiére and his team developed astep process whereby the hydrolysis at low

pH (1-4) is completed before the condensation reaction is initiated by thigoadof sodium

fluoride (NaF) [Boissiere1999. The twostep procedurancludes the addition of a nonionic
surfactant template to ultimately prame mesoporous silica particlgBoissiere 200D The main
advantage of sequencing the hydrolysis and condensation reactions is the ability to ensure complete
homogeneity of the sua€tant and the precursor TEOS mixture. Consequently, the diameter and
shape of the product particles as well as the pore size are determined solely by the reaction kinetics
and the quantity of sodium fluoride introduced; higher relative fluoride levetlupes a greater
number of nucleation t&@s and hence smaller partic[@oissiere1999. Decoupling the hydrolysis

and condensation process affords a level of product control that is substantially superior to that
afforded by the onstep Stdber process,ittv particle size controlled nearly completely by the
sadium fluorideto-TEOS ratio[Boissiére1999.

The twostep Stbber process begins with a mixture of TEOS, water, alcohol, and a nonionic
surfactant, to which hydrochloric acid idded to produce a nregemulsion[Prouzet 200p This
solution is allowed to stand until hydrolysis is complete, much like in thest@peStober process

but with the hydrochloric acid replacing the ammonia as catalyst. Sodium fluoride is added to the
resulting homogeneous stitan, initiating the condensation reaction by acting as nucleation seed
[Boissiere1999]. The silica particles are collected by filtration and calcined to remove the nonionic

surfactant template by combustion, resulting in the mesoporous silica product.

The selection of conditions for the process allows for control of pore sizes, particle diameter, and
their distributions, as in ghcase of the orgtep approacfBoissiere 200D Porosity in the modified
process is controllable through the introduction sfaeelling agent, the choice of temperature, and

the quantity of sodium fluoride catalyst added. A swelling agent (such as mesitylene) causes
increases in volume and hence in pore size, often by solvent absorption, but is limited by the
solublity of the agnt in the systenjProuzet 200p Pore size aries directly with temperature
[Boissiere1999, bound by the lower out of the surfactant cloud point and the boiling point of
water. Sodium fluoride concentration produces direct butlinear changes in porosity, with the

effect decreasing as the added fluoride cotraéon tends to an upper linjiBoissiere 200[L

1.5.3Morphological variations: mesoporous silica

Several different structural and compositional motifs can be prepared using the Stdber process by

the addition of chemical compounds to the reaction mixture. These additives can intdrabewi
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silica through chemical and/or physical means either during or after the reaction, leading to

substantial changes in morphology of the silica particles.

The onestep Stober process may be modified to manufacture porous silica by adding a surfactant
template to the reaction mixture and calcining the resulting partiGlem[1997. Surfactants that

have been used include cetrimonium bromidéu 2004, cetyltrimethylammonium chloride
[Kambara 2007, and glycerol[Vacassy200(Q. Calcining the solid leds to removal of the
surfactant and solvent molecules by combustion and/or evaporation, leaving mesopore voids
throughout the structure, see Figadg Grin 1997.

Figure 11: Micrometer Zand submicrometei®ize spheres of ordered mesoporous oxifierin
1997].

Varying the surfactant concentration allows control over the diameter and volume of pores, and thus
of the surface area of the product matdfiali 2004. Increasing the amount of surfactant leads to
increases in total pore volume and henagige surface area, but with individual pore diameters
remaining unchangefKambara2007. Altering the pore diameter can be achieved by varying the
amount of ammonia used relative to surfactant concentration; additional ammonia leads to pores
with greaer diameters, but with a corresponding decrease in total pore volume and particle surface
area[Liu 2004. The time allowed for the reaction to proceed also influences porosity, with greater
reaction times leading to increases in total pore volume anidlpastirface area. Longer reaction
times also lead to increases in overall silica particle size and related decreases in the uniformity of
the size distributiofiLiu 2009.
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1.6 Inorganic—Organic Hybrid Materials

One of the major advances of isgp¢l processing is undoubtedly the possibility of synthesizing
hybrid inorganitorganic hybrid materials, where organic and inorganic building blocks are
combined. Sdlgel processing is a very suitable way to make such materials due to the mild
processing contlons. The higltemperature synthesis route to ceramic materials, for example, does
not allow the incorporation of thermally labile organic moieti&sKelbick 2007.

There are a wide range of possibilities to vary the composition and structure, atitetpreperties

of hybrid materials:

1 chemical composition of the organic and inorganic moieties,

1 ratio of the inorganic to organic components,

1 kind of interaction between organic and inorganic moieties,

1 structure of the building blocks, anéstribution of the building blocks (random, blelkike,
etc.).

Two different approaches can be used for the incorporation of organic groups into an inorganic
network by sdlgel processing, namely, embedding of organic molecules into gels without chemical
bonding (class | hybrid materials) and incorporation of organic groups through covalent bonding to
the gel network (class Il hybrid materials).

Embedding of organic molecules is achieved by dissolving them in the precursor solution. The gel
matrix is formel around them and traps them, and the organic and inorganic entities interact only
weakly with each other. A variety of organic or organometallic molecules can be employed, such as
dyes, catalytically active metal complexes, sensor compounds, or evenlduole® or small
particles. If sdlgel processing of alkoxides is performed in the solution of an organic polymer, the
inorganic network (formed by dael processing) and the organic network interpenetrate but are
not bonded to each other. The presencerganic compounds may of course influence gelation
because of polarity changes in the system. Very importangeloiaterials are obtained when
functional or nonfunctional organic groups are covalently linked to oxide networks (class Il

materials).
1.7 Aging and Drying

The sharp increase in viscosity at the gel point freezes in a particular network structure. Thus,
gelation is structurally related to glassming processes. However, this structure may change

considerably with time, depending on the terapg&re, solvent, or pH conditions. It is very

30



important to realize that the chemical reactions leading to network formation are not finished with
gelation, and structural rearrangements take place in the wet gels. This phenomenon increases the
stiffness ofthe gels and is called aging. Controlled aging is an important step when monoliths are
prepared. For most practical Bgél processes, aging plays an indirect role. For example, when
films or coatings are deposited, gelation occurs concomitant with oredmately after the
deposition process. This is mostly followed by a drying or hardening step. In order to obtain
coatings with reproducible properties, the period between deposition and drying/hardening, during

which aging occurs, must be kept constantdiHg1998].
2 In Situ Sol-gel Synthesis of Hybrid Inorganie-Polymer Nanocomposites

2.1 Formation of the Organic Network and Crosslinks between the Organic and
Inorganic Components in Hybrids

The in situ formation of nanoparticles or an inorgamétwork via sdlgel methods may occur
either in the presence of a preformed polymer (that is already polymerized), or by simultaneous
formation of both the organic and inorganic networks, forming an interpenetrating polymer network
(IPN) [Zou 2008]. While the inorganic network in hybrids is formed via hydrolysis and
condensation reactions, the organic network is formed via polymerization reactions between the
monomers, forming macromolecules with repeating uriiadpkh 201p The polymers may be

classified nt o t wo hdditeono anditonderesationpolymers.

Figure 12 shows example reactions in the formation of these two types of polymers. Addition
polymers are formed by the linking of monomers without the formation of any byproducts.
Addition reactions may be initiated by freadicals angropagated by the chain radicals (as shown

in Figure 12a). Reactions between radicals or radical transfer reactions can terminate radical
polymerization. Alternatively, ZiegléNatta catalysts may also be usedhe synthesis of addition
polymers Adnan 2018 Polyethylene and polypropylene are common examples of addition
polymers. Unlike additionpolymers, condensation polymers are typically synthesized using
difunctional monomers, or different monomers withd egroups that can react with each other to
form the chain.
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Figure 12: Formation of addition and condensation polymers.

As a result, a small molecular byproduct (e.g., water, methanol, etc.) may also form (as shown in
Figure Pb). Branches ocrosslinks can form if a trifunctional monomer is present in addition.

Polyamides and polyesters are two classes of polymers that form via condensation reactions.

The properties of nanocomposites prepared by thi@slbprocess are affected by the sizehaf

particles formed, as well as the interactions between the inorganic and organic components. Strong
chemical bonds between the continuous and dispersed phases resulting in the formation of Class II
hybrid materials are preferred, since the presencéaxfet bonds will facilitate dispersion and
reduce phase separation. However, for these bonds to form, there must be suitable functional groups
available on the polymer chains. In some cases, there may be competition for the bonds to form, as
these functionlagroups generally also react with functional groups on other monomers in order to
increase the chain length. In other cases, coupling agents may be used to form bridges between the
inorganic domains with either the polymer chains or monomer units whes dhe no suitable
functional groups available for bond formation with the inorganic components. Silane coupling
agents (SCASs) are one such example and are often used for modifying the surfaces of filler particles
in nanocomposites to increase compatipitietween the organic and inorganic components [Kango
2013]. These are organosilicon compounds with two different functional groups, typically with the
formula X(CH)nSiRs, where X is a functional organic group and R is a hydrolysable group
[Mallakpour 2015]. The organic group reacts with the polymer matrix and the hydrolysable group

reacts with the surface of the inorganic nanopatrticles.
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Commonly used SCAs include -a@ninopropyltriethoxysilane  APTS), 3
glycidyloxypropyltrimethoxysilane (GPTMS), -i8ocyan#opropyltriethoxysilane (IPTES), -n
decyltriethoxysilane (DTES), and methacryloxypropyltrimethoxysilane (MPTM&ndo 2013,
Mallakpour 201%

The SCAs may be introduced to the nanocomposites via several paths, including copolymerization
with the monomersral reaction with the preformed polymer or the silicon precursor (or a mixture

of the two). Modification of the preformed polymer by the SCA before thiegebprocess is the
frequently used approactifzal 2011, Jiao 2013, Kango 2013, Mallakpour 20Z6u 2009,
allowing polycondensation reaahs between the trialkoxysilydroups on the SCA bonded to the
polymer and the metal alkoxide ptesor, forming a covalent bond between the two phases.

In addition to SCAs, other coupling agents includarboxylic acids (e.g., oleic acid,
tetrafluorobenzoic acid, etc.), polymer/copolymer chains (e.dy(gibylene glycol), polymethyl
methacrylate, poly(glycidyl methacrylate), etc.), and organophospmoolecules (e.g., phosphonic
acids, aminophenyl phpbate, etc.JAfzal 2011, Jiao 2013, Kango 2013, Mallakpour 2015, Zou
2009.

2.2 Nanocomposite Fabrication via SelGel Processes

The inorganic components of the nanocomposites are primarily transition metal oxides (e,g., TiO
ZrOy, etc.) or silica(SiOy). In the literaturejt is common thathe authors do not specify the
inorganic component in the hybrids as nanoparticles, but instead as nanodomains. This is most
likely because the inorganic networks formed are so small and pelij@dhat they may not
qgualify as particles with a defined a&gbe (e.g., spheres). This is more prevalent in the works on
polydimethylsiloxane RDMS) nanocomposites, where the hybrids are called, for exampl& M
PDMS (where M is the transition metal) instead of PDMg0Oy nanocompositest he previously
mentionedinorganic components are based on the assumption that these inorganic networks will
form nanoparticles if they grow to an appreciable size. The chemistry behind the synthesis routes,
the effect of various parameters on the inorganic structures formed, asswvile resulting
properties of the nanocompositesve been deepinvestigatedAlmeida 2014Bi 2014.

2.3 Epoxy Nanocomposites

Epoxy is a thermosetting polymer and an excellent choice for high performance composite
materials when reinforced with Si@ue to the resulting strength, toughness, good chemical and
heat resistance, and high thermal stabiljzfl 2011,Almeida 2014 Bi 2014. Typically, epoxy

composites are cured via a condensation reaction with an-aomiaehydridebased curing agent,
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forming a copolymer. Epoxy nanocomposites containing titaniaJ Eif2 also of interest due to the
photocatalytic properties imparted to the polymer by the, Ta® well as increases in the refractive
index [Guan 2006,Lu 2009 Sangermano200q. Due to the challenges with achieving a
homogeneous dispersion of nanoparticles when employing a traditional ex situ blending route, there
has been an increased focus on the use of in sitgeldlechniques instead for nanocomposite
synthesis. Diglycidyl ether obisphenol A (DGEBA) is commonly used as the monomer, and
poly(oxypropylene diamine), also known as Jeffamine, is often used as the curing agent in these

nanocomposites.

For synthesizing nanoparticles in situ in epoxy, most researchers have attemptedbeistepor
atwo-stepprocedure, as shown in Figuta.

(a} One-step procedure

QL
D Curing

All reactants mixed

simultaneously Bulk nanocompaosite

{b) 'Simultaneous' two-step procedure
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Figure 13: Synthesisof in situ hanoparticles in epoxy resin.
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In the onestep procedure, the precursors and reaction components (epoxy resin, coupling agent,
inorganic oxideprecursor, curing agent, solvent, catalysts, etc.) are all mixed simultaneously and
reacted, before being cast into bulk films. There are several variations of tseefwprocedure. In

a O0si mul t-stepgmwaeduie, the wnorganic oxide precursdEd$, TIP (titanium (IV)
isopropoxide) etc.) is prehydrolyzed in the first step using a catalyst (e.gglpenesulfonic acid
monohydrate (TSA) or dibutyltin dilaurate (DBTDL)). The second step involves the polymerization

of the organic components ancetformation of the oxide network simultaneously when the pre
hydrolyzed precursor i's mixed with thestepnonon
procedure, the epoxy resin is cured in the first step, before being swollen by the alkoxide, water,
catalysts, etc. in the second step. The inorganic oxide network in this case forms in a preformed
organic networ k, as the epoxy is alreasdep cur
procedure where an SCA is first added to the epoxy to fordified (silanized) monomer chains.

In the next step, the inorganic precursors (alkoxide, water, catalyst, etc.) are added sequentially to
form the oxide network before the nanocomposite is cured. Since the coupling agents provide a
chemical bond betweenelorganic and inorganic networks, this procedure results in the formation

of Class Il hybrids. One of the advantages with a-$tep procedure is that it offers more control

over specific reactions, depending on which variation of the procedure is usmrnet all of the

reactions are occurring simultaneously, as in thesbeye procedure.

2.3.1 Effect of Synthesis Procedure and pH on the Structure and Morphology of
Nanocomposites

Mat Dj ka et a |1 SiO; panoeompositesdusing @ esep procede Mat NDj k,a 1909
Mat N3j9¥aMa t NJ0&Jaa simultaneous twetep procedureMat NDj ka 1998, Ma t
Mat Nj k]aandZaGdpential twstep procedureda t N j k]aDifferén€ed in the structure of

the inorganic domains arose based on whetlgerdaaction was carried out in a estep or twestep
procedure. In the orstep procedure, large Si@ggregates (10@00 nm) were observed through
scanning electron microscopy (SEM)Mat Nj k whic2 Wa atfributed to the reaction being

catalyzed byhe amine curing agent (a base) due to its molar excess over the acidic catalyst (TSA).

Base catalysis promotes the condensation reaction and the formation of colloidal (spherical)
particles. Small angle -xay scattering (SAXS) experiments revealed compiich structures with

high fractal dimension (b = 2.7) [ Mat N k. &or hybril® prepared using the tstep
simultaneous process, smaller Si€ructures were observed (3®0 nm) with a lower fractal
dimension ([ = 1.7), indicating a more open SiCluster due to the TEOS being grgdrolyzed

byan acid [ Mat NDj k a The 8h9i&,of ciladyst Bgn kiso affed@ hénhorphd@ogy
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DBTDL was seen to be less effective at hydrolyzing TEOS than TSA, resulting in more compact
SiQp clusters (h=2.52.7) Mat Nj klan tledvw®B&ep sequential process, the distribution of

the inorganic phase was not uniform, with a higher,8hcentration on the surface. This was due

to the inhomogeneous swelling of the epoxy resin by the TEOS. However, thdddi@ins were

small (10 nm) and formed an open structure €01.9 2.2) due to the acid catalysis of the TEOS
hydrolysis| Ma t D) k ®&yndim& In8chanical analysis (DMA) showed a larger shear storage
modulus for the in situ epox8iO, nanocomposites compared to pure eppxMat NDj ka 19
However, this reinforcement was dependent on the procedure used for preparation. Acid pre
hydrolysis of TEOS resulted in higher modulus in the nanocomposites, compared to those prepared
without prehydrolysis (e.g., in the onstep procedure or when the TEOS wastprérolyzed by

pH neutral DBTDL catalyst). The sequential tatep procedure with pieydrolyzed TEOS
possessed the | argest storage modul usdand n ao
broadened with the inclusion of SiOn epoxy, with the sequential twsiep prepared hybrid
showing the largest decrease. The observed reinforcement effects are attributed to increasing
interphase interactions in the hybrid systems, resulting imge@rlammobilized layer of polymer

chains around the nanoparticlddd t D | k]aThelrartb@mposites were determined to have a
bicontinuous morphology (the Si@orms a continuous phase in the organic matrix) rather than a
particulate composite (with dispged SiQ particles), based on agreement of the data with the two
different model§ Mat Nj ka 2000]

Bauer et al. Bauer1994 similarly prepared epoxy5iO, nanocomposites using both a estep
procedure and a twstep sequential procedure, but without addigonal catalysts. SAXS data
(corroborated by TEM images) showed that the nanocomposites prepared usingstapone
procedure had extensive phase mixing (slop& af the Porod region), while those prepared using

the twostep sequential procedure (withe precured epoxy) were strongly phaseparated (slope

of -4 in the Porod regiorjBauer199q. The | atter result is contra
al. [Ma t 1NYo9dg awhere the sequential procedure also led to phase mb@ngjqpe in the Rod
region) . This differencel MastDjak @ diflec®&spEndtheby N
temperature ofhe synthesis (6@ instead oB0°C), with a higher temperature promoting increased
grafting between the organic and inorganic networks. Tbgravimetric analysis (TGA) also
showed increased thermal stability for the nanocomposites, with the inital loss occurring at

201 50 °C higher temperatures than for pure epoxy ré8auer1994. A decrease in the slope of

the thermogravimetric curvgsesembling a small plateau) was observed between 400 antC600

for pure epoxy resin, corresponding to char formation. This plateau was shifted to higher

temperatures for the nanocomposites, with the inorganic network possibly acting as a barrier to the
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decomposition of the organics. The skelelise morphology of he SiQ remaining after the
organic burroff indicated the formation of an interpenetrating polymer network (IPN), similar to
the bicontinuous mor pholMagtylPOflaggest ed by Mat D

2.3.2 The Effect of Silane Coupling Agents

Several works@dve al so empl oyed -dtep erocédard in the préparationcod | 6

epoxy nanocomposites, using SCAs to improve the dispersion of the nanoparticles formed in situ.

Figure 14shows a schematic for a possible outline of the reactions occurrimg dlois procedure
between the DGEBA monomer, the coupling agent, and the poecazir et al. Nazir 2010
prepared epoxy5iO, nanocomposites by first modifying the DGEBA monomer with the SCA
APTS, followed by sdlgel reaction with TEOS and we& and sbsequent curing usinkgffamine.

Nanocomposites were also prepared without the SCAgubie same synthesis procedurenus
the addition of the APT§ orrens 2008]
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Figure 14 Scheme for a possible outline of the reactions occurring between tb6&EBA

monomer and the silane coupling agent.

3 Flame retardants (FRs)and thermal degradation of epoxy resin

The term FR subsumes a diverse group of chemicals which are added to manufactured materials,
such as plastics and textiles, and surface finishesaatings. Flame retardants are activated by the

presence of an ignition source and are intended to prevent or slow the further development of
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ignition by a variety of different physical and chemical methods. They may be added as a
copolymer during the pgmerization process, or later added to the polymer at a molding or
extrusion process or (particularly for textiles) applied as a topical finish FERH. Mineral flame
retardants are typically additive while orgamalogen andrganophosphorus compounds can be

either reactive or additivélastic combustioprocessan be stopped by:
(1) Inhibiting combustion at flame front.

(2) Removwng heat from polymer.

(3) Prevenng polymer decomposition/fuel release.

Each of these approaeh can be used alone or combined to generate flame retardancy in a
polymeric material. For this reason, each typ#8avheretardanfalls into a category that fits one or
more of the abovdisted approachesThe general flameetardant classes can be suanired as

follows (see Figurel5):

1 Gasphaseflame retardants (i.e., halogen, phosphorusducethe heat inthe gas phase
during thecombustion by scavenging reactive fraglicals(i.e., Hand OH radicals)thus
inhibiting the degradation process

1 Endahermic flame retardantsi(e., metal hydroxides,carbonates)work in gas phase and
condenseghase by releasing ndlammablegases (HO, CQ) which dilutes the fuel and
cools the polymer.

1 Char forming flame retardants i(e., intumescentnanocompositegcontaining inorganic
oxides as fillerfor the polymer matri}): operate incondensedphase by preventing fuel

release and providinpermal insulation for underlying polymer.

In the solid phase, the flame retardant forms a carbonaceouoiatfee surface of the polymer by
dehydration, formation of double bonds, thus initiating cyclization and-tirdssg (phosphorous,

nitrogen compounds, intumescent systems).

ACTION IN THE GASPHASE

Smoke
Thermal feedback

GAS PHASE Oxygen
‘ Y 1
Oxyger ' . A‘. Heat
Y Heat Interruption of radical chain mechanism: Combustion products
/ EnElE Smoke

| 4 Combustible gases N

Dilution by water formation:
ATHMDH

Decomposition area

CONDENSED PHASE Cooling (endothermic) and substrate dilution: ATH, MDH

ACTION IN THE CONDENSED PHASE

(@) (b)

Figure 15 Flame retardant actions (a) and flame retardant classes (b).
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3.1 Thermal Degradation of Epoxy Resins

Like other thermoset resins, when exposed to high temperaturé1(®08C), the orgasi matrix

of the cured epoxy laminate decomposes releasing heat, smoke, soot and toxic v@lagles [
1985. During the combustion of a polymer, there are generally four different reactions taking place
in the condensed phase. The main reactionsradeor randomchain scissionthat generate radical
species.Simultaneously, various functional groups or atoms that are notopatie polymer
backbone can bstripped off. Such a reaction is known as chain stripping. The lasindotn
reaction occurrig is thecrosslinking of the different radicals produced during the chain scission to
form new thermdy stablepolymers or char. In the case of epoxy resins, the first step of thermal
decomposition is the dehydratiam dehydrogenation of the secondalgohol formed during the
crosslinking reaction to yield allylic amides (Schemeal Bishop197(. The unsaturated moiety
can then unergo isomerisation (c) followebly allylic-oxygen bond scission (dBishop197(. In

the case of amine hdeners the wak GN bond formedduring curing will then undergo allylic

nitrogen bond scission o form volatile particles atontribute to charringvogt 1985}
0 NH,R w< }o OH
w@ 0 .
w@o OH -Hy0
L&Nf (@)
R

R
J(e) ](c)
O I N W

fo Ny @ R
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o] &
M@OH+ CHy + < + HN
R

Scheme 1: Thermal degradation paths of an amine cured epoxy resin.

Both the nature of the resin atige hardener determine the thelratability of the cured resin.
When a sample of DGEBA cured with DIC(,N'-Diisopropylcarbodiimide)s exposed to fire,
significant dripping is observed (dripping of molten fuels is a widely observed fire phenomenon,
and, by igniting other fuels, it can promote fire spread and increase fire hazards) [B0&8g
which prevents it from passing UL3A rating (UL94, Underwriters Laboratories ISBN 67629
00822 standard procedures a flammability test used toeasure burning rate of standard samples,
see chapter 5 for more detaift)aoutid2009] UL94 VO class means that the investigated sample

shows a strong tendency to extinguislowever, when novolacpexy resins are cured using the
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same hardener, no dpimg is observed. This can be justified by theetéhce in internal structure

of the cured polymer. The high functionality of novolac epoxynsestads to highly crodmked
structures whereas DGEBA leads to more linear and flexible molghmins. Hete, under thermal
stress, the flexible DGEBA polymer will undergo main chain samssésulting in the formation of
smaller polymer chains. The shorter polymer chains formed have lowgglags transition
temperaturepand will therefore melt andrip off the burning polymer. In contrast, when the highly
crosslinked cured novolac epoxy resaindergoes chain scission, the polymer chain length does not

endure gch a drastic shortening. Henae dripping is observed.

3.2 The Use of Flame Retardants

Thefire resistance of the cured resin can however be improved by the addition of a flame retardant.
Thus, it is important to know that every application demands a different formulation (using different
resins, hardeners and fire retardants). As shown inldhgefcycle (Scheme 2) there are different

steps where a fire scenario can be stopped.

Gas phase

/ Smoke and Fume
A
Ear
N Combustible
P gases

Decomposition

Polymer

Scheme 2: Combustion cycle of a polymer fire. Red marks represent the main approaches to

extinguish a fire scenario.

A flame retardant can act in the gas phase by ittiibof the exothermic oxidation reaction in the
flame via radical scavenging, thus reducing the energy feedback to the polymer surface. Scheme 3

demonstrates how halogenated flame retardants react via radical scavenging2@lyin

X + RH HX + R
Ho o+ HX Hy + X
HO + HX HQO + X

Scheme 3: Gas phasreaction of halogenated flame retardants (X = Cl, Br).

A flame retardant can also promote the formation of a thermal barrier (charring) at the surface of
the condensed phase which blocks the release of gaseous fuel and prevents the transfer of heat bacl

to the burning polymer [Vandersall 1971]. An increased char yield results in a reduced amount of
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combustible gases reaching the flame which in turn leads to extinction. Flame retardants acting via
the latter mechanism are known as condensed phase actauesbdhey catalyse the formation of
char (see Figureb).

3.3 Halogenated Flame Retardants

Until recently, the majority of the flame retardants were halogen based and the most widely used
one in epoxy resins applications is the reactive tetrabromobispAe(BBPA, see Figure 28).

When under thermal stress, bromine based flame retardants such as TBBPA are known to act as
flame poisons by releasing volatile bromine radicals that scavenge hydrogen radicals in the flame to
form nonflammable hydrogen bromidgs and in turn dilute the flammable oxidants (Scheme 3)
[Rakotomalala2010]. This leads to an interruption in the flame cycle. Such flame retardants are

known as gas phase active (Scheme 2).

Br
Bru, . Br
Br\_ (Br — —_ j/ I Br Br\/\ 0 Br
HO—JV A o 3—OH (ff \>_Oﬂ;\\_ b Ji I Br O. Il:l"o\)\/ Br
N/ :‘\\ _{ Bry “—/ N Bry, Br ““*;'/\V 'Br Br\v)xv,(lj
Br Br Br
TBBPA PentaBDE n+m =5 Hexabromocyclododecane Tris(dibromopropyl)phosphate
OctaBDE n+m=238 (HBCD) (TDBPF)

DecaBDE n+m =10

Figure 16. Halogenated flame retardants used for PWRprinted wiring boards).

It should be considered that the primary cause of deathousehold fires is smoke. The
Underwriters Laboratories examined over 20 different combinsitid materials found in common
households. The result of the study showed #ymthetic materials cause hotter fires and an
increa® in toxic smoke compared to natural furnishingg&akotomalala 2030 It is a fact that
corsumer products, decorations andusehold objects in general, make home fires distinctively
more dangeus. The average escape tirfr an occupant out of a burning home has dropped from
17 minutes in 197 to 3 minutes in 2007. A firestardant system has always limitations which,
when exceeded, may le&dl a sustained fire. The natuoé the flame retardant adddths a non
negligible impact on the toxicity of the fumes releafedifotomalala 2010Despite their benefits

of slowing down the flame spread or reducing fine growth, flame retardantan also increase the
yield of toxic gases (such as carbon monekidr even decompose to toxic gashkeing a fire
scenario (such as hydrogen bromideji¢e 2005. Halogenated flae retardants in particular are

often toxic or even carcinogenic by themselves.
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3.4 Alternatives to Halogen Flame Retardants

The alternative compounds to halogen containing flame retardants for will be discussed in this

section. They can be separated into three groups:

1 Inorganic flame retardants.
1 Nitrogenbased flame retardants.

1 Phosphorubased flame retardants.

3.4.1 MetalHydroxides

Metal hydroxides such as, aluminium hydroxide (ATH) and magnesium hydroxide (MDH) have
several positive effects when applied as a flame retardant. They are very cheap, easy to obtain, non
toxic and environmentally friendly. Nonetheless very highdings are required to obtain flame
retardancy (~3060 wt. %). Such high loadings have detrimental effects on the properties of the end

product.

They have a strong tendency to react via a condensed phase mechanism. Metal hydroxides
decompose to metal mes and water, which is a highly endothermic reaction detracting energy
from the ignition source (Equation 3.1: endothermic reaction of ATH which leads to the release of

water).
2AI(OH)3 + 1075 kJ/k@A Al20s + 3H0 (3.1)

This flame retardancy mechanism is known as a heat sink. The released water evaporates, thus
cooling the surface of the polymer and diluting the burnable gases at the sanjiBduriggot

1999]. The remaining metal oxides form a protective barrier on ahener surface, shielding it
against further decomposition (reducing the heat release rate) and reducing the amount of toxic

gases released.

Aluminum-oxide-hydroxide (AIOOH or boehmite) has a much higher thermal stability and can be
applied in epoxy systesrthat undergo leafiiee soldering. As mentioned above, ldegk soldering
required higher processing temperatures which demands higher thermal stability from the additives
used. Prior to leaftee soldering a sample would pass the delamination tesO&C 2Blowever, the
currently used system for PWB consisting out of a novolac epoxy resin and DICY as a hardener
must endure 288°C without delaminating. Metal hydroxides are often used as synergists with

phosphorus based flame retardants (e.g., metal pimageh).
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3.4.2 Melamine Polyphosphate

Melamine polyphosphate (MPP, Figure)1li& mostly used in combination with other flame
retardants, such as metal phosphinates, metal hydroxides and phospliatdd 2002]. It is
characterised by its good thermal slipand a low impact on the glass transition temperature (Tg).
Under thermal stress, melamine derivatives decompose endothermically (heat sink) and release inert
nitrogen gases (e.g., ammonia) that dilute oxygen and the flammable gases in th&dlatms.

reason, melamine and its derivatives have been classified as efficient blowing agent [Bourbigot
2007, Morgan 2013]. Often phosphoric acid is also formed as a decomposition product and
promotes the formation of insulating char on the surface of thgmeol Bourbigot 1999,
Rakotomalala 2070

HO

MPP

Figure 17: Melamine polyphosphate.

3.4.3 Phosphorus Flame Retardants

Red phosphorus, a long known and very effective fire retardant is mainly used in polyamides,
polycarbonates and polyesters [Levchi®96]. It is nontoxic and thermally stable up to 450 °C.
Unlike white phosphorus, red phosphorus is not spontaneously flammable. As a polymer, red
phosphorus breaks down during the process of fire to fermdRecules that are active species in

the gas phse. Red phosphorus reacts with moisture to form toxic phosphine gases, therefore it is
important to provide suitable stabilisation and encapsulation. Since red phosphorus has an inherent
colour, final products are limited to be brown and red. Toshibaibedcan adhesive formulation

made from a blend of bisphenol A and cresol novolac epoxies using red phosphorus as a flame
retardant [Hondal999]. They achieved UL 90 rating with 4 wt. % red phosphorus

(encapsulated in a phenolic resin and coated with )Adrtd 25 wt. % ATH as a synergist.

The majority of literature on halogen free flame retardants focuses on phosphorus based products,
which are predicted to be the largest growing share of the flame retardant market. Phosphorus flame

retardants (organic andorganic) are in general not harmful and do not tend to form toxic gases
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since phosphorus is mostly locked into the dakotomalala 2010]Under thermal stress, the
major part of phosphorus is oxidised to phosphorus pentoxuf®s)(Which then hydrolges to
polyphosphoric acid (HP,O;).

Polyphosphoric acid in particular plays an important role in creating carbonaceous char. Phosphorus
flame retardants that react via the gas phase form phosphorus containing radicals and gases such a
PO and P@derivatves respectively. The newly formed PO and;R@rivatives can be rapidly
oxidised to POs which in turn forms polyphosphoric acid. It was found that-halogenated
phosphorus flame retardants have an environmentally friendly prdféebfuggen 2006 The
environmental, health and ewdlife properties of 9,1@lihydro-9-oxa10-phosphaphemhrene

10-oxide (DOPO, Figure 18 which will be discussed in more detail later on, were investigated

very closely Hu 2017.

In contrast to uncoated rguhosphorus, no release of phosphine gases) (Réte observed anil
was also possible to partly recycle the phosphorus into fertilisers.tidbe®s, there are some
reportson toxic and carcinogenic organophosphomsgounds which were used in tpast €.g.,
tris(dibromopropyl) phosphate)Pfival 1977. Organophosphorus compuids provide good
physical properties and require less loading compared to regularsf{eeg., ATH). However, a
broad application is only gradually taking place since these ailk rabre expensive than
conventionally usedlame retardants (e.g., ATH or TBBP#ee Figure 16 Nonetheless, the

productionof phosphorus flame retardamts industrial scale will contribute to reduce their price.

DOPO

Figure 18 9,10-dihydro-9-oxa-10-phosphaphenanthrene10-oxide.

3.4.3.1 Mechanism of Phosphorus Flame Retardants

Although industrial and academic efforts led to numerous phospbesesi flame retardant
solutions, most of the results were based on empirical research. Considering deatr#aation of

an epoxy resin is strongly dependent on the nature of the resin and the hardener (and other
additives) applied, there is no common mechanism of flame retardancy for phosphorus compounds.
Phosphorus compounds that promote hydrogen recontmnatid scavenging of hydroxyl radicals

by molecular phosphorus are also classified as gas phase active (Scheal@trhalala 2010
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H+ PO + M HPO + M

HPO +H — = Hy + PO’

HPO + OH PO + Hy
PO + OH HPO + O
PO + H HPO'

PO + R-H HPO + R

Scheme 4: Elementary steps of the gas phase flame retardation by triphenylphosphine oxide
and Exolit OP. The frame is hghlighting the process of hydrogen scavenging. M is a third
body speciesiRakotomalala 201Q.

The release of phosphorusntaining volatiles that contribute to the extinction of the flame
decreases with oxidation state of the phosphorus [Braun 2006 hé&nobde of gas phase activity

is the dilution of the flammable gases by the release of inefffammmable gases (e.g.,.8 for

ATH). Phosphorus based flame retardants tend to form polyphosphkattcumnder thermal stress
hence promoting the formation othermally stable polymers (charing). A joa benefit of
phosphorus flameetardants is that both mechanisms are taking pRlem@d 2014 It is possble

to promote either mechanistirough chemical tailoringthe acid phosphorous compounds [Singh
2009] accelerate the decomposition of efmmming polymers (e.g., epoxy resin); furthermore, the
acid character of these compounds altogether with a blowing agent (e.g., melamine or its
derivatives) may well produceswollen nalticellular carbonaceous layfourbigot 2007, Morgan
2013]. The acid phosphorus compounds, in fact, are able to promote the dehydration of the epoxy
resin producing a carbonaceous layer, which acts as thermal shield and oxygen diffusésn barri
[Bourbigot 2007, Liu 2017, Visakh 2015].

There are two ways to render a polymer flame retardantth®rone hand the polymer can be
blended with a flame retardant and on the other hand the flame retardant can be introdueed to t
polymer via a chemicaleaction. The main difference between thve pathways it that the flame
retardant is either blended as an additive (henceforth referredntanasactive FR) or covalently

attached to the polymer (henceforth referred to as reactive FR).

3.4.4 Additive Flame Retardants

Both classes of flame retardants, the reactive and theeamtive have various advantages in
different applications. Additives represent the largest market share in flame retarded polymers (see
Scheme 5).
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Scheme 5: Market shares of dirent flame retardants for epoxy resin applications (2007)
[Rakotomalala 2011]

To reach the desired effect, high loadings are necessary (up to %0, withich often has aegative
impact on the material and mechanical properties of the polyPagtiica201]. The use of fillers

has the greadvantage that most additives (e.g., ATH) are very cheap and widely applicable.

Metal salts of dialkyl phosphinates are known to be effective flame retardants since the late 1970s
[Sandler 1979]. Clariant wrestigated a wide spectrum of zinc, aluminum and calcium salts of
dialkyl phosphinates as flame retardants [Kleiner 1998]. Aluminium diethyl phosphinates that were
originally developed for glasfibre reinforced polyamides and polyester achieved UL94 WAga

in with ~40 wt. % additive [Rakotomalala 2010]. Clariant initiated the production of aluminium
salts of diethyl phosphinate, which are commercially available under the brand name Exolit OP 930
and Exolit OP 935 (see Figure 19) [Weferling 2001].

coto|

Exolit OP 930/935

Figure 19 Commercially available aluminium phosphinates.

Theynow find commercially promising application in PWB4drold 2003. The flameretardancy
of Exolite OP 935 inthe phenol novolac epoxy resin commercialised by Dow Chemicals (DEN

438) issummarised in Table 1.

Table 1: Required loading of Exolit OP 935 to achieve UL 9%0 rating in DEN 438 cured
with DICY/Fenuron. Tg measured by Differential Scanning Calorimetry (DSC, see chapter 5)
[Huang 2018].
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FR FR- Phosphorus UL 94-V Tg FR
content content (wt. %) rating (°C)
(wt. %)

Exolit OP 935 9.5 2.0 VO 169 Exolit OP 935
Exolit OP 935 + | 8 (4+4) 1.6 VO 179 Exolit OP 935 +
MPP MPP
Exolit OP 935 + 6.1 1.4 VO 171 Exolit OP 935 +
30% Boehmite 30% Boehmite

Someof the key aspects of metal phosphinates are their high phosphorus contesmt. ¢4),7/good
thermal stability (up to 320 °C) and lower affinity to moisture. Hydrolytic stability is especially
important, since the release of phosphoric acids is not teterdtiring extrusion or leddee
soldering because of acidic degradation. Schartel et al. investigated aluminium diethyl phosphinates
(w/o melamine cyanurate as a synergist) as a flame retardant for polyesters (wfdigasshe
results indicate thatiethyl phosphinic acid is released in the gas phase during the decomposition of
the polymer. UL94 VO rating could be achieved with a combined flame retardant loading of 20 wt.
% [Braun 2006

It has been reported that metal phosphinates are most effecto@mnbination with a nitrogen
synergist, such as melamine polyphosphate (MR&jotomalala 2010]

Aromatic phosphates like triphenyl phosphate (TPP) are knowrttease the flame retardancy of

a polymer. A novolac epoxy resin hardength DICY/Fenuron passes the UL94 VO test with only

1.6 wt % phosphorusTable 3 [Ciesielski200§.

Table 2: Synergistic effect of Boehmite and MPP in combination with DOPO in DEN 438
cured with DICY/Fenuron. Tg measured by Differential Scanning Calorimetry (DSC)
[Rakotomalala 2010.

FR FR-content | Phosphoruscontent | UL 94-V rating | Tg (°C)
(wt. %) (wt. %)
DOPO 11.2 1.6 VO 155
DOPO + MPP 13.0 (6.5+6.5 2.1 VO 157
DOPO + 30% Boehmity 2.9 0.4 VO 168

A disadvantage of aromatic phosphates is that they are impayreitieir reduced hydrolytic
stability and often lead to a loss of clarity wheartaed into a polymer. Thuthey are mainly used
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as synergists in combination with bridgaematic phosphates (e.g., RDR)-Malaika 200]. Due

to its spherical shape, TPP, which is a typical plasticiser, heegative impact on the physical
properties of the cured polymer. Compared to aromatic platsphbridged aromatic diphenyl
phosphateiave found a broad application beyond epoxy redihs. resorcinol and bisphenol A
bridged diphenyl phosphates are available under the trade name Fyrolflex RDP and BDP
respectiely from ICL-IP. In Japan, Daihachi also commercialised RDX, a o&solr brioged

dixylyl phosphateunderthe trade name RX00 (Figue 20.

Their main advantages are a good thermal stability (increasing from RDP to RDX), a high flame
retardancy and low volatility. However, they are limited by potentiaktaising effects and
blooming (exudation), which can have a negative influence on electrical piegpécurrent leak).

Like TPP,RDP suffers from a hydrolytic instability but BDP and RDX are consideraigye

stable againstnoisture due the incorporation bfilkier groups compadeto RDP.On the other

hand, large groups lead to a lesser phosphorus cofiteatefore higher loadings are necessary.
UL94 VO ratings can be achieved with 120 wt % additive,depending on the polymand other
synergists applieddiesielski200g. In the case of BDP UL9%¥0 rating could be achieved with

11.5 wt % flame retardant loading in novolac epoxy resin cuvigdd DICY/Fenuron (Table 3). In
contrast to TPP, bridged aromatic diphenyl phosphates ardynagtive via a condensed phase

mechansm. A strong char yield decreases fuel supply to the flame and reduces the heat release rate.

ﬂ%ﬂg}
3

Triphenyl phosphate (TPP)

. 0 0 0 — 0 _

Jy’\}‘\_ 1 0. Q.1 ﬂ 3 @_\_@\_ /

oo b0 OHHOHO
4 A7

) q g

Resorcinal bis(diphenyl phosphate) (RDP) Bisphenol A bis(diphenyl phosphate) (BDP)
n=17 n=1-2

&JhDJPTJf %Dﬁ_}
U

Resorcinol bis(dixylenyl phosphate) (RDX)
n=1

Figure 20: Commercially available phosphates.
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Table 3: Tg of the neat resin (DEN 438/DICY/Fenuron) = 181 °C. Tg measured by Differential
ScanningCalorimetry (DSC) [Ciesielski 2008].

FR FR-content | Phosphoruscontent | UL94 V rating | Tg

(wt. %) (wt. %) (°C)

TPP 16.81 1.6 VO 136

BDP 11.55 2.07 VO 157
BA-(DOP) 10.02 0.99 VO 164
BA-(DOP-SY, 15.28 1.41 VO 167
DDM-(DOP) 9.85 0.84 VO 180
DDM-(DOP-S) 12.94 1.22 VO 184

3.4.5 Reactive Phosphorus Flame Retardants

As mentioned above, the use of additive flame retardants, such as MPP, requires high loadings or
the addition of a synergist in order to impart flame retardancy to esxys used for epoxy resin

applications.

However, it should be specified that similar phosphorus contents are required for-lE2G&®dD
additives and for reactive DOPO derivatives to reach UL94 VO rating. Even though the reactive
approach has yet to be adeg in industry, it has been subject to an ever growing interest from the
academic community. Indeed, the reactivél Bond of hydrogen phosphonates or phosphinates
enables to covalently bind the flame retardant to the polymer chain by reaction withokye ep
functionality cee Figure 21[Seibold 2008

.a"-:__&_o
,":.}-_ §_- Fil:o
0 / P N/ L oH
!
- ~ -~
0 (HOCoHg)3N ‘j’ Cl) i
’Jﬁ 140°C, 2h I/%J/ Ex l/cﬁ
== ~ j ~

Figure 21 Rendering a novolac epoxy resin flame retardant via chemical incorporation of
DOPO [Seibold 2008.

This chemical modification renders the epoxy resin inherently flame retardant. Such an approach
could theoretically allow lower phosphorus loadings than the additive approach and also eliminates
the risk of flame retardant leaching from the polymer dutigpolymer processing. There has also
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been a growing interest toward phosphorus containing curing agents that would impart flame

retardancy while acting as a crdsker [Hergenrother 2005].

Until now, there has only been a limited amount of indusyrialevant reactive phosphorus flame
retardants.

9,10-Dihydro-9-oxa-10-phosphaphenginrene 16oxide (DOPO, Figure )8 which was developed
by Sanko, was successfully mpeacted with DGEBA (Ii 3 wt. % P) and cured
diaminodiphenylsulfone (DDS, §ure 22) and phenolic novolac (PN, Figure 22Rakotomalala
2010] UL 94 VO rating was reached with both hardeners with 1.6 anat2% P-loading for DDS
and PN respectively.

Only 1.6 wt. % Ploading was necessary in modified novolac epoxy resin curdtl wi
DICY/Fenuron to reach a UL 90 rating Hu 2017 Rakotomalala 2010]t should be noted that
DOPO is the first efficient halogen free flame retardant for novioés®ed epoxy systems. It was
recently reported that the addition of the inexpensive Boef@ditwt. %) significantly reduced the
required loading of DOPO (see Table Bu[2017 Rakotomalala 2010]

HoN_ K/l .

e Y S

DICY DDs Phenol novolac (PN)

Figure 22 Regularly used hardeners for epoxy resins.

DOPO is thought to act mainly through a gas phase mechanism. To confirm the gaascphidge

of DOPO several TEMS (thermal desorption mass spectroscopy) experiments were carried out and
validated by DFT calculations. It indicated that PO and HPO are the gas active specimens (see
Scheme 5) [Ciesielsi009].
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HPFO —— + H- + PO.

DOPO-H — = PO- + DBF O
DOPO — .+ HPO + DBF ! O
0" "o

DOPO — = H + DOPO-H - DOPO-H -
DOPO+ H — » Hy 4+ DOPO-H -

DOPO + OH —— = H;O + DOPC-H -

=

DOPO+ H—— » PO+ Hy + DBF

DOPO+ OH — PO- + HO + DBF

Scheme 5: Proposedhechanism for flame retardant reactivity of DOPO in the gas phase.
The reactivity of this mondéunctional phosphinates results in a decrease of the functionality of the
epoxy resin [Liu 2002]. Such reduction has been shown to have a detrimental imgaetTanaf
the cured resin which represent a significant drawback forfleadsoldering that require a Tg over
170 °C.
In order to prevent the reduction of functionality of the epoxy resin, DOPO was reacted with
benzoquinone to yield the bifunctional(@oxido-6H-dibenzolc,e][1,2]oxaphosphorisyl)1,4-
benzenediol (DOP®MIQ, Figure 23 [Wang1998].

() o
?
R
o OH

DOPO-HQ

Figure 23 2-(6-Oxido-6H-dibenzolc,e][1,2]oxaphosphorin-6-yl)1,4-benzenediol.
This hydroquinone product is currently commercialised by Sanko in JapBiCAsHQ. When
DOPOHQ was prereacted with DGEBA only 2.wt. % P were required to impart flame
retardancy. However, the thermal stability of the chain elongated DGEBA is similar to the
unmodified cured resin, 5%, in air)= 397 °C unmodified vs. 401 ®R). DOPGHQ was also
prereacted with a cresol novolac to yieldlame retarded resin with 1wit. % P whencured with

phenol novolac\vang2001].

4 State of art, major drawbacks and objectives

The sol gel chemistry offers a flexible approachdbtaining a diverse range of materialBaye
2016, Kafshgari 2019, Uche 2013 For exampl e, scientists hav
lightest materials and some of its toughest ceramics. It allows differing chemistries to be achieved

as well as offgng the ability to produce a wide range of ndnocro-structures. The author of this
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PhD thesis wants to show, through the explanation of several research activities, the application of
various sdlgel methods. These methods can allow to develop hybaigrrals with a significant
potential in many industrial fields, because of their unusual composite properties, morphologies and

geometries.

This thesis will focus on the peculiar properties in terms of superhydrophobicity and flame

retardancy, that caretachieved using suitable sg#l techniques:

1 waterglass silica coating;
1 in-situ synthesis of silica nanopatrticles;

1 functional surface modification by silidzased hybrid systems.
4.1 Sotgel treatments for the surface modification of natural fibers

4.1.1 Fire retardancy of biocomposite materials

In the last ten years, the interest in natural fileémforced polymer composites exhibited a
significant growth as far as fundamental research and their industrial applications are considered:
indeed, thesematerials are not expensive, fully or partially recyclable and also biodegradable
[Biagiotti 2004 Puglia 2005,Saxena201]]. Apart from wood, such plants as flax, jute, sisal,
kenaf, cotton, hemp, bamboo, banana, pineapple, ramie, etc., have beed asliaesource of
lignocellulosic fibers and very often exploited as the reinforcement of composites. Their
convenience, renewability, low density and price, as well as acceptable mechanical features make
them very attractive ficgribor @md omanzatiet fibarsn aommonly s t
employed for the manufacturing of compositekefizki 1999, Sahei999, Wambu&003.

As compared to synthetic fibeeinforced composites, the natural filmemtaining counterparts are

more environmentally friendly, inee deserving use in a wide range of applications, including
transportation (cars, railway coaches, aerospace vehicles), military purposes, building and
construction industries (partition boards, ceiling paneling), packaging, consumer products, etc.
Among the different natural fibers, despite its current limited availability, hemp is particularly
raising interest for green composite manufacturing, as it is an inexpensive renewable resource and
shows low density, high specific strength with respect to gtassramid fibers and good

biodegradability, as welHoccarusso 2016, Szolnck015.

Until the early 1900s, industrial hemp was a valuable crop used all over the world for its strong
fibers and oil seeds. Indeed, the Yearbook of the United States Depame\griculture

documents well the significant spread of hemp cultivation all over the world in D@lBey1913.
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By the 1930s, the commercial cultivation of hemp began to decrease, due to its reduced demand
compared to increasingly popular synthetlzefis. Nowadays, hemp is regaining interest for green
composite manufacturing, thanks to the ecological and economic advantages over conventional

composites.

One of the major drawbacks of the aforementioned composites, including those containing hemp, is
their ease of flammability when exposed to a heat flux or a flame sokiesel$la201g: this
behavior can significantly restrict the application fields of these materials, especially when the
possibility of the use of the composites is strictly relategézific regulatory fire tests that have to

be passed, hence ensuring public safety.

The natural fibereinforced composites, when exposed to fire or any otherihighsity heat

source, undergo thermal decomposition and combustion processes accordhmy adopted
experimental conditions. In particular, the time to ignition of the composites and the intensity of
combustion process are significantly affected by such parameters as heat and mass transfer from
and to the composite material, oxygen concemmatind the circulation of gas in the area where
combustion takes place. Important issues comprise the rate of flame spread, Heat Release Rate
(HRR), mass loss and carbonization rates. The ease of the combustibility of a composite material
depends on a nurabof factors, including the nature of the composite and its components (i.e., type

of natural fibers and polymer matrices), its density, structure, thermal conductivity, humidity

content, and so on.

The fire retardancy of composite materials can be emthegploiting different strategies. First, it

is possible to add different kinds of fire retardants in liquid or solid form during the manufacturing
process: as a result, they are embedded within the composite structure. More specHtealy [
2001 Lazko 2013:

(1) the natural fibers can be impregnated with a solution of the flame retardant;

(2) the flame retardant can be incorporated into the adhesive system (e.g., melamine urea

formaldehyde condensate, pea protein);
(3) the fibers can be subjected teakgel surface treatment;
(4) the fibers can be mixed with the flame retardant before the addition of an adhesive.

In these conditions, the performed treatments should exhibit an acceptable thermal stability that

prevents the activation of the flame retardant during the fabrication step of the composite material.
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Second, it is possible to apply fire retardant finishing treatments at the end of the fabrication
process: this is very often performed when intumesflanteretardantcoatings are exploited
[Bourbigot2007.

The treatment with nenombustible compa@nts provides natural fibers ignocellulosic particles
with a fire-retardantcoating: in these conditions, fire retardants tend to migrate inside the

flammable materials, thus resulting in the fire protection of the latter.

The different flame retardant additives {® wt % in relation to dry mass) used for lignocellulosic
materals comprise ammonium salts of phosphoric acid (i.e., melamine phosphate, ammonium
polyphosphate), zinc chloride, boric acid, salts of sulfuric acid, zinc borate, vermiculite, aluminum
hydroxide, magnesium hydroxide, expandable graphite and pentaery#sitbe carbon source for
intumescent systemsBéalakrishnan 2013, Durifrance 2000,Grexa 2001, Lazko 2013Reti

2009.

Unlike thermoplastic matrixatural fiber composites, for which the open scientific literature reports
several nice example8hattadaryya 2015Suardan&2011] the investigation of the fire behavior
of thermosets reinforced with natural fibers has been only partially reviewed.

Manfredi et al. Manfredi 2004 investigated the thermal and fire behavior of composites based on
unsaturategbolyester or modified acrylic resins and reinforced with different natural fibers (namely,
jute, flax, sisal) at 30 vol%. It was found that both the polymer matrices showed similar fire
behavior, notwithstanding that modified acrylic resased compotgs gave rise to lower smoke as
compared to unsaturated polyedtesed counterparts, thanks to the dbaming properties of the
former. Among the composites with modified acrylic resins, smsaforced materials showed the
highest fire risk and the wst fire behavior. Furthermore, jute fibeontaining composites
exhibited quick growing, but sheldsting fire and, conversely, flax fibepntaining composites

developed long duration, but slow growing fire.

Hapuarachchi and emorkers HapuarachchR007] assessed the potential application of industrial
hemp fibefreinforced sheet molding compound materials suitable for building applications, with
particular emphasis on their fire behavior. The composites were added with aluminum trihydrate
and subjectetb cone calorimetry tests performed at 25 and 50 IAVAsignificant decrease of the

peak of the heat release rate was found for the systems containing aluminum trihydrate: this finding
demonstrated that the obtained composites can competewsidgnt building materials in terms of

fire behavior.
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Chai et al. Chai 2012 compared the flafiber-reinforced epoxy samples to glegser-reinforced
counterparts. It was found that glass fibers were able to provide partial protection from ignition,
acing as a heat sink, as well as a physical barrier to the heat source; conversely, flax fibers were
themselves susceptible to ignition and combustion with a higher peak of heat release rate compared
to their glass fiber equivalents. In addition, the gléssMybrid laminates showed fairly good fire
resistance with respect to flaginforced laminates. Their structural integrity and the resistance to

fire was found to decrease with increasing the amount of natural reinforcement.

Very recently, Szolnoki etla[Szolnoki 201% prepared flameetarded natural hemp fabric
reinforced epoxy resin composites. For this purpose, the hemp fabrics were treated according to
three different methods: (i) immersion of preheated fabric into cold phosphoric acid solution
(allowing the penetration into the capillaries of the fibers) and subsequent neutralization; (ii)
reactive modification with an aminosilaitype coupling agent; (iii) the combination of the-gel

surface coating with the first approach. The presence oppbass in the hemp fabrics turned out

to decrease the flammability not only of the reinforcement, but also of the epoxy composites made
thereof. In addition, it was possible to achiev@ ¥lassification (it means that burning stops within

10 s on a vertal specimen; drips of particles allowed as long as they are not inflamed) according to
UL-94 standard (UL is the abbreviation for the Underwriters Laboratories, an independent
organization in the United States to control and certificate product safetyeriuore, UL94 is a
flammability test performed on a defined specimen) rating by applying an -typeehosphorus

containing curing agent in combination with the treated hemp fabrics.

The author of this PhD thesis prepared hemp fabric/epoxy compositesity vacuum bag
molding. This technique has minimal impact on tool cost and imposes no limits on the part size
process for producing largeeale composites; thus, the reduction in laminate flaws to improve part

guality can be obtained at a competitivetco

In particular, in this thesis, a simple and ecofriendly chemical strategy will be shown. Fg&d sol
strategy allows to coat hemp fabrics with a silieesed fire retardant layer, obtained by using a
waterglass coating prepared in acidic conditionsparallel, Ammonium Polyphosphate (APP), a

very welkknown flame retardanis added to epoxy resin, aiming at assessing the possible joint
effects of the flame retardant with the waterglass treatment. Very recently, this additive was used by
our group Boccarusso 2016for conferring fire retardant properties to hemp/epoxy composites
manufactured by the infusion process: the obtained results showed that the epoxy resin added with
16.32 wt % APP can be used in infusion processes of biocomposites withpuimaact on the
technological feasibility of the process itself and provides significant enhancement as far as the fire
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behavior is consideredursuing this researcthe author investigateithe effect on the concurrent
presence of surfaeeeated hempabrics and APP on the fire behavior of the obtained composites,
assessed through cone calorimetry tests. The effect of the modification of hemp fabrics with the
waterglass treatmenwas assessed through Scanning Electron Microscope (SEM), Fourier
Transform Infrared (FTIR) spectroscopy and sefithte Nuclear Magnetic Resonance (NMR).
Furthermore, Thermogravimetric Analysis (TGA) performed in nitrogesre exploited for
assessing the thermal stability of both the watergl@sged hemp fabrics and of theipoxy

composites.

4.1.2Production and functionalization of natural fibers

Recently natural fibers such as kenaf, hemp, flax, jute, and sisal became the object of great research
interest as green or efaendly reinforcement of composites. They may assmueight, cost, and

CO, release reduction and less reliance on oil sources [Holbery 2006]. The use of fibers derived
from natural annually renewable resources may have environmental but also social and economical
advantages over other fibers so as demonstrated through life ags#ssment (LCA) method

[Alves 2010]

In 1983, for the first time, when passing repeated times in agrggsure homogenizer wood pulp
gave microfibrillated celluloses, MFC#l¢rrick 1983, Kelley 2011, Nechyporchuk 2016, Turbak
1983a, Turbak 1983b The mechanical action of the homogenizer caused disintegration of the
fibers into substructural fibrils and microfibrils. Nowadays MFC, also known as nanofibrillated
cellulose (NFC) or cellulose nanofibers or nanofibrils (CNF) are produced from variousssiouace
diameter as small as 5 niddlley 2011, Nechyporchuk 20]L&our mechanical methods are used
are: homogenization, microfluidization, microgrinding and cryocrushing. The drawbacks are fibers
entanglement and clogging of the mechanical apparatus @&@uthamcal energy consumption
[Kelley 2011, Nechyporchuk 20]L6The currently available techniques generally yield a wide size
distribution of produced CNF with, also, some +itmillated residual fibers. The mechanical
energy consumption is obviously anfition of the degree of fibrillation [Kelley 2011]. Recently

the detection of biological and chemical {reatment methods allowing an easier mechanical
disintegration made CNF more attractive for the commercial applications. However, the research
keepson looking for new methods allowing, also, if possible, to have products of superior
properties [Nechyporchuk 2016]. One of the applied methods is mild cellulose hydrolysys catalysed
by some enzymes that enhances fibrillation [Nechyporchuk 2016]. Chemites allow, instead,
easier delamination of fibrils by introduction negatively charged groups (carboxylation via
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TEMPO-medated oxidation or via periodathlorite oxidation, sulfonation, carboxymethylation,)

or positively charged groups (quaternization)the cellulosic fibers [Nechyporchuk 2016].

Another challenge in the use of MFCs comes from the hydrophilic character of cellulose and the
tendency to form strong network held together by hydrogen bdddbbe 2008, Kalia 2014,
Missoum 2013, Nechyporok 2014. Many methods of surface modification to have them well
dispersed in nopolar polymer matrices were proposed and discussed in the litdidtlriee 2008,

Kalia 2014, Missoum 2013, Nechyporchuk 2Q16]

In this thesis a new pretreatment that allaewshave hemp fibers with diameters from tens of
microns to tens of nanometers with the aid of a low power mixer will be described. The
pretreatment creates, also, a silica layer that allows easy surface modification with the so many
organometallic silanegommercially available. Theretreatmentmethod exploits the sdel
strategy of section 4.1.The solgel strategy consisted in expositg hemp fabrics to inexpensive

and ecofriendly waterglass solutiotiat allowed the formation of a siliebased cding, resistant

to washing and able to act as a thermal shield and to protect from heat sources. The forration of
Ci Oi Sii covalent bonds between the coating and the cellulosic substrate was demonstrated through
Fourier Transform Infrared (FTIR) and scebthte Nuclear Magnetic Resonance (NMR) analysis. In
this thesis will be shown thawvhen properly prolonging thisolgel andecofriendly process the

fabric becomes brittle and easily gives silica coated hemp fibers with the aid of a low power mixer.
The dlica based coating present on them allows easy functionalization with 3

Aminopropyl)triethoxysilane (APTS).
4.2 Hybrid epoxy nanocomposites

4.2.1 Thermal and fire behavior of hybrid silica/epoxynanocomposites

It is well-known that polymerienaterials cannot be used for higarformance applications because

of their limited properties. This limitation can be overcome by using organic/inorganic composites.
Epoxy/silica systems represent one of the most widely utilized organic/inorganic syBemagse

of heat, moisture, and chemical resistance and good adhesion to many substrates, epoxy resins are
mostly exploited in the field of coatings, adhesives, casting, potting, composites, laminates, and for

encapsulating semiconductor devicBstter 190, Stover 1996

Recently, organidnorganic polymer hybrids raised great attention. They require -leaed
molecular design but are expected to have unique properties that are not simply the sum of those of
the composite components: unprecedented nadédemay be created with the hybrid strateGpi

2017. Aerogels may be strengthened through proper orgamiganic hybridization strategies
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[Shimizu 2017. Organieinorganic hybrid perovskites (e.g., @HzPbk), with advantages of easy
processing, tunable bandgaps, and superior clieagsfer properties, have emerged as a new class
of revolutionary optoelectronic semiconductors promising for various applicadbas P01&

Recently the attentiorof the scientific researchs focusedon materials for linings in the aerospace
field. In this case, the requirements related to the mechanical properties are often limited. On the
contrary, severe regulations about the fire resistance must be respected in order use the materials
[Mat Nj IBlaAs it B &nown, traditional halogelbased flame retardants are persistent organic
pollutants of global concern and generate corrosive/toxic combustion proBadari 201 In

this prospect, polymer nanocomposites, i.e., polymer matrices filledsptific, finely dispersed
nanofillers, are considered to pave the way for future materials combining phbiasicuocal and
thermomechanical performances with enhanc@idme-retardant behavior [aoutid 2009.
However, most of the literature on these matsriis qualitative, and often points to
conflicting/misleading suggestions from the perspectives of $&ort and longerm fire exposure
tests[Dasari 2013]Hence, there is a renewed need to fundamentally understand the fire response of
such material§Dasari 2013] These findings justify the topic proposed in tRisD thesiswhich

investigates the structure and fire behavior of nesitim generatedilica/epoxy hybrid materials.

The organic/inorganic hybrid materials usually consist of nanostructimeains of the inorganic

filler, homogeneously dispersed in the polymer mathifzfl 2013. Epoxy/silica hybrids may be
prepared by simply dispersing prefor mesd tsiol i
formation of a silicate phase througblig e | c hemi sstirtyu 6 Tnhmeet hfoidn al | ow
wide range of morphologies ranging from the particles dispersion to the formatiocofhtiauous

organid inorganic networks Ipnocenzi 2005, Piscitelli 201.3Furthermore, the sbyel process

allows tailoring the interface between organic and inorganic phases through the adequate selection
of both the silane precursors of the inorganic phase and thgdsataction conditionsNlascia

2005, Piscitelli2015.

In details, the use of coupling agent®ws preventing phase separation phenomena of the epoxy
and inorganic components, hence giving rise to the formation of silica/epoxy hybrid networks;
therefore, the organic and/or inorganic precursors have to be modified in order to achieve an
optimal conpatibility between the organic and inorganic components of the resulting hybrid
materialDPavi s 20 0 3, ] Hdwevel jh& prepatalidh 6f epoxy hybrid materials is largely
empirical and requires an efficient control of the key parameters for tbmlalysof the organic and
inorganic domains into an optimized morphology. Hybrids containing particulate inorganic oxides
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are produced under conditions that ensure fast condensatiorthiatefore phase separation takes

place by a nuclg®mn andgrowth mechanismMlascia 200h

Mascia et al. Mlascia 200bthoroughly studied a lot of coupling agents, includkigTS, GPTMS,

and mercaptosilanes. In particyl&&PTS has been frequently used, as extensively studied by
Bakhshandeh et al. and Seraja et [@akhshandeh 2014, Seraj 2014t possesses three
hydrolysable ethoxy groups that, thanks to silanols condensation, can be grafted onto the surface of
soli gel silica. Conversely, the aminopropyl group is not hydrolysable and may react with the epoxy
rings similarly to amine hardeners; this way, it may promote a very good compatibilization effect. It
turns out that the formation of one network can exert a control on the growth of the other, thereby
creating conditions that lead to a wide range of mormhief at the nanometer length scale,

including the cecontinuous morphologyMascia 2005Seraj 2014t

Despite the mechanical properties of these hybrid systems (particularly referring to the epoxy/silica
systems that exploit APTS as coupling agent) haes lkeeply investigated, few studies report on

the thermal as well as fire behavior of these materiglh and without the addition of a
phosphoroudased flameetardantthat often, because of very severe regulations (i.e., in aerospace
engineering), @vents their applicabilityTroitzsch 1988 It is known that the inclusion of silica

into epoxy networks favors the char formation and increases its yield, hence improving the thermal
stability: in fact, the carbonaceous residue layer acts as a thesukdtanr and a barrier to oxygen
diffusion [Phonthammachai 2012, Visakh 2015 Mat D jMaa N¢ tkJarwvdstigaded the
thermal degradation of epoxy/silica nanocomposites owing to their widespread use -as high
performance materials. Thermal analysissufss, coming from several experiments
[Phonthammachai 2012/isakh 201%, confirm that silica, being an inherently stable inorganic
phase, lowers the degradation rates by favoring the formation of more voluminous and
mechanically stronger char; furtherrepiit also affects the pyrolytic degradation of arcneed

epoxy networks that proceeds through several overlapping mechanisms, e.g., dehydration,
intramolecular cyclization, isomerization, or ch#iansfer reactionsRamirez 2007 Singh 2010,

Wu 2010.

The author of this Ph Dgeltsynthesis grocedpreptd a cordmemial-twd i n
component epoxy resin system. The samples were characterized by means of infrared spectroscopy
(FTIR), smaltangle Xxray scattering (SAXS), transmissi electron microscopy (TEM), dynamic
mechanical analysis (DMA), nuclear magnetic resonance (NMR). In this thesis will be shown that
the experimental results support the presence of a very fine distribution of silica nanoparticles (at
nanometer level) wiih a hybrid network structure was obtained for all thesitu prepared
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samples. It will be shown as a n@othermal post curing treatment beyond thgdlgss transition
temperaturepf the neat epoxy affects the thermal and mechanical features oftdeeobhybrid
materials. In vertical flame spread tests, the presence of silica domains, even at very low loadings
( 2 W)t prevented the dripping of incandescent drops. Furthermore, a remarkable reduction
(about 40%) of the heat release rate (HRR)Wwase r ved i n t he 9%gilieasnehece o
samples not subjected to nmothermal post curing treatments (instead of 16% for the fully cured
sample). All these findings were mainly ascribed to the nanopatrticles clustering derived from the

postcuringtreatmentsthe hybrids were subjected to.

4.2.2 Fire retardancy of phosphorousbased insitu generated silica/epoxy
composite materials

Phosphorous compounds are considered as potential replacembatofgen basetbxic flame
retardantslfu 2002, Rakotomalala 2018almeia 2015ab, Wendels 2017]. Among the phosphorus
based FRs, development of 9. dibydro-9-oxa10-phosphaphenanthreri®-oxide (DOPO) and its
derivatives have gained much attention in the research and iatustmmunity due taheir
efficient and versatile flame retardant act{see section 3.4.3They have recently been reported to

be harmless for aquatic organisms and human ¢déiilsgh 2017, Salmeia 201%/aaijers 2013].

DOPO and its derivatiwe

1 3-(6-oxidodibenzo[c,e][1,2]oxaphosphinBiyl)propanamide (DA)
1 6H-dibenz[c,e][1,2]oxaphosphorinr[fl-oxido-2,6, trioxa-1-phosphabicyclo[2.2.2]oet
yl)methoxy}, 6-oxide (DP),

do not induce acute cytotoxicity in human lung epithelial cell as well as hunaanophages
[Gustavsson 201 Hirsch 2017, Salmeia 2018].

Another DOPO derivativel0-(2,5-dihydroxypheny9,10-dihydro-9-xa-10-phosphaphenanthrene
10-oxide (DOPOHQ) has also been evaluated for itsteximity and was found to have toxicity
markedly lowerthan commercially prevalent phosphates [Liu 2018, Salmeia 2018]. These studies
and experimental results confirm that phosphotmased flameetardants can be considered green
flame retardant, especially when their preparation occurs taking into cotisidéhe principles of

green chemistry [Salmeia 2018].

However, the use of additive flamnetardants, such as DOPO and its derivatives, requires high
loadings or the addition of a synergist in order to impart flame retardancy to epoxy resins. It should
be specified that 220 wt. % of phosphorus contents aeguired for DOPGbased additives and
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for reactive DOPO derivatives to reach VO rating according teQWlstandard [Ciesielski 2008,
Levchik 2001]. Recently, the reactive approach has been subject to agr@warg interest from

the academic community. Iedd, the reactive -A bond (contain in DOPO and some DOPO
derivatives) of hydrogen phosphonates or phosphinates enables to covalently bind the flame
retardant to the polymer chain by reaction with the epoxy functionality [Seibold 2008]. This
chemical moditation is able to confer flame retardant characteristics to the epoxy resins and
allows lower phosphorus loadings than the additive approach and also eliminates the risk-of flame
retardant leaching from the polymer during the polymer processing. Theaésbdseen a growing
interest toward phosphorus containing curing agents that would impart flame retardancy while
acting as a crodimker [Hergenrother 2009,evchik 1998 ,Lin 2005, Liu 1997Wang 1999]. Until

now, there has only been a limitednount of industrially relevant reactive phosphorus flame
retardants. Saito et al. [Saito 1981] prepared argmeted DGEBA (bisphenol A diglycidyl ether)

with DOPObyc ur i n g -avaminddiph&énylduione (DDS) and phenolic novolac (PN) [Saito
1981]. UL-94-VO0 rating was reached with bothearomatic hardeners with 1.6 and 2.2 wt. % of P
loading for DDS and PN respectively. Only 1.6 wt. % elio&ding was necessary in modified
novolac epoxy resin cured with DICY/Fenuron (dicyandiamd/dime3ipthenylura@) to reach a
UL-94-VO rating [Doring 2009]. It was recently reported that the addition of the inexpensive
Boehmit (30 wt. %) significantly reduced the required loading of DOPO [Ddring 2009]. The
reactive approach may be a useful method in order to imphevire behavior of epoxy resins but

the reactivity of DOPO, monfunctional phosphinate, results in a decrease of the functionality of
the epoxy resin [Liu 2002]. Such reduction has been shown to have a detrimental impact on the
glass transition tempdrae (Tg) of the cured resin which represent a significant drawfiack

2002]

Regarding a reactive approach, DOPOHQ may be used to prevent the reduction of functionality of
the epoxy resin. Wang et al. [Wang 1998] prepared agaeted DGEBA with DOPO# and 2.1

wt. % of Rloading in order to impart flame retardancy, although the thermal stability of the chain
elongated DGEBA was similar to the unmodified cured resin [Wang 1998, Wai{) Ra@ently,
Salmeia et al. [Salmeia 2018] synthesized, using angahemistry approachhe phosphorous
based flame retardants DA and . and DPadditives weredispersed in polyester films and the

fire behavior of the final products was studied. The polyester films containing the FR additive
passed the vertical fitests and exhibited higher LOI (Limit Oxygen Index) values compared to the
virgin polyester films. TGA (Thermal Gravimetrical Analysis) data and elemental analysis of char
obtained for FR formulations indicated possible condensed phase activity of thediiRes.

Salmeia et al. [Salmeia 2018] identified phosphorus based volatile species in the evolved gas
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analysis performed using DIFS (Direct Insertion Probe Mass Spectrometry). Such phosphorus
species were responsible for the gas phase flame iohilaitid thus improving the flame retardancy
of the polymer.

DA and DPmay be used as green flame retargdot epoxy resin cured with aliphatic amine
Based on the results reported in the literature [Salmeia 20¥8]should guarantee an efficient
flame nhibition mechanism linked to a strong gas phase activityDdhdlame retardantnay be
efficient through a strong condensed phase activity linked to a production of a large amount of
phosphoric acid compound®A shows a primary amino chemical functionality which may allow
this DOPQbased additive to react with the oxirane rings of the epoxy resins. This reactivity should
assurea very good dispersion in the epoxy matrix by improving the fire behavior with lower
phosphorus loadings than an additive approB&hcould increase also the char contetien used

in combination with a chaiorming polymer as epoxy resin.

The addition of DA or DRnto in-situ generated silica/epoxy materigigthetized by following the
methodology of section 4.2ray allow to obtaira product showingno dripping phenomena of

incandescent drops and improved flame retardancy.

The author of this PhD thesis investigated a new methodology to obtaexgefuishingin-situ
silica/epoxymaterials The insitu procedure was applied to a commercial-bmmponent (with a
cycloaliphatic amine as hardener) epoxy resin system. This new methodology was designed with
the collaboration and the experience in the flame retardancy field of the veddiid Chemistry

Group (Empa Research Institute, St. Gallen). The author of this PhD thesis spent six months by
working on this methodology and characterizing the fire behavior of the prepared matémnals.
silica/epoxy materialsvere synthetizedy explating the in-situ sol gel synthesis procedure of
section 4.2.-and DAor DPas phosphoroudsased flameetardars wereadded, even at very low P
loadings (1-2 wt . %) .-retafdane efféct daente the addition of a nitrogen source in the
nanocompos#s was also studied through the dispersion in the batch of a fixed amount of
melamine.In this thesisthe abovementionedmethodology andhe study of thefire behavior of
thesephosphoroubhased irsitu generated silica/epoxy composite matenails be shown. The
samples were characterized by several techniques. The silica structure and the pfebeness

were assessed through-FR. NMR measurements were usedstadythe reactivity between DA

and epoxy resinThe flame retardancy for the compossamples was tested by PCFC, Cone
Calorimeter and U194 vertical burning measurements (profile temperature for the propagation
flame was captured with Infrared Camera during the burning test). Thermal stability and glass
transition data together with a pmeinary study of the fire behavior were performed through TGA
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and DSC. In order to achieve a deep understanding of the decomposition pathway of the FR
additives: DIP-MS and P¥GC-MS data were collected, in addition to SENDX (Microscopy and
EnergyDispessive X-ray Spectroscopy) measurements (elemental analysis) of char obtained. Thus,
in this research activity, detailed analyses of newitin generated silica/epoxy hybrid materials

were carried out and all the findings were mainly ascribed tmttovative material design.

5 Experimental and Methods

5.1 Materials

Sodium metasilicate (N8iOz), hydrochloric acid (37% ACS), ethanol (ACS reagent, anhydrous),
3-aminopropyltrimethoxysilane (APTS98% ACS, tetraethyl orthosilicate (TEOS, >99% ACS),
ninydrin (ACS reagentand Bisphenol A diglycidyl ether (DGEBAyere purchased from Sigma
Aldrich (St. Louis, MO, USA).

A two-component epoxy resin syster8X10), consisting of a modified bisphenol A resin and
modified cycloaliphatic polyamines, and plaimeave hemp fabrics (grammage: 160 ¥/mere
purchased by MATES S.r.Il. (Milan, ItalyAmmonium Polyphosphate (APP) particles (white free

flowing powder) were supplied by Tecnosintesi S.p.A. (Bergamo, Italy).

Atwo-component epoxy resin system, consisting o
modified cycloaliphatic polyamines (Epik e E Cur i ng Agent 943) wer €
Specialty Chemicals GmbH (Duisburg, Germany). The phosphorous based flame retardant

1 3-(6-oxidodibenzo[c,e][1,2]oxapsphinin6-yl)propanamide (DA),
1 6H-dibenz[c,e][1,2]oxaphosphorinr[fl-oxido-2,6, trioxa-1-phosphabicyclo[2.2.2]oet
yl)methoxy}, 6-oxide (DP),

were provided and synthetized by Empa (Swiss Federal Laboratories for Materials Science and
Technology, St. Gallen, Switzerlandjjeir synthesis procedure is described and reported in the
literature [Salmeia 2018 2,4,6 Triamino-1,3,5triazine, symTriaminotriazine (melamine, >99%)

and 1,8Diazabicyclo(5.4.0)undeé-ene (DBU, >98% ACS) werpurchased from SigmaAldrich

(Switzerland).
5.2 Synthesi®f the investigated sampleand solgel methodolaies

5.2.1 Hempfabric silica coating

A waterglass solution 0.1 M, MaiOs, was acidified to pH = 2.5 with hydrochloric acid. Hemp
fabrics were repeatedly soaked into this solution for 10 min and dried in an electric oven at 80 °C
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for 20 min. The treatment was repeated five times. To the best knowledge of the author, this is the
first time that an inexpensive waterglass solution was exploited for obtaining a silica based coating:
indeed, the proposed approach can be considered as an applicatiorgef dw@mistry using a
precursor (Ng5i0s) that does not need hydrolysis anghésformed in water solutions, avoiding the

organic solvents usually required by the alkoxy precursors.

5.2.2Manufacturing of hemp fabric/epoxy composites

The epoxy composite laminates were fabricated by handggpmirkhosravi 2017] positioning,
on the mold, six layers of plain weave hemp fabric impregnated by thedwponent epoxy resin
system(SX10, see section 5.1Jhe hand layup process was adopted in order to avoid the filtration

of the filler in the resin by the reinforcement layers.

After impregnation, in order to increase the volumetric percent of reinforcement and to eliminate
entrapped air, the laminates were enclosed in a vacuum bag, and polymerization was accomplished
through a 48h cure cycle at room temperature. The 3tmuk laminatecontains 25 wt. % of
reinforcing agent; the 22 vol. % was obtained as the ratio of the hemp fiber volume (estimated as
the ratio of fiber weight and density, 1.4 gRyrto the laminate volume. Four different composites
were produced by infiltrating hempldric sheets or treated hemp fabric sheets with epoxy or APP

charged epoxy. The obtained samples are coded as reported id.Table

Table 4: Samples investigated. APP, Ammonium Polyphosphate; H, untreated hemp fabrics;
HT, waterglasstreated hemp fabrics.

Symbol Hemp fabric and Amount of APP
epoxy composite samples added to the

epoxy (wt. %)

H Hemp fabrics 0

HT Hemp fabrics treated with waterglass 0

H/E Hemp fabrics/epoxy composite 0
HT/E Hemp fabrics treated with waterglass/epoxy compd 0
H/E-15APP Hemp fabrics/epoxy composite 15
HT/E-15APP| Hemp fabrics treated with waterglass/epoxy compd 15
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5.2.3Hemp patrticles production

Hemp fabric sheets were submitted to iterated soadiyigg cycles(see section 5.2.1)n each

cycle thehemp fabric sheets were soaked, for 20 min, in a diluted (0.01 M) solution of waterglass
(Na:SiO») acidified up to pH= 2.5 with hydrochloric acid. After 5 min excess water dripping, the
Ssheets wer e | ef°€C. Theconcdntrationfofdi01 M i§ the oaly diffédhce with the

procedure describes din section 5.2.1.

After 30 cycles the dry sheets could be easily teared and then reduced to powders with the aid of a
low power (350 W) mixer. When the aspect was similar to wadvater was added (20 g of hemp

in 100 ml of water) to successfully complete the grinding. The obtained pulp was dispersed in a
waterglass solution 0.1 M acidified up to pH= 2.5 with hydrochloric acid and stirred for 24h (20 g

of hemp in 500 ml of solutih). The suspension was left to settle and the surnatargulattuted

with distilled water in stirring condition. This operation was repeated three times. The hemp pulp
was washed three times in centrifuge with water/ethanol mixtures (50% in volurtez)dAfing at

80°C, the hemp was reduced,tire 350 W mixer, to a powderThe powders were dispersed in

water and ultrasonicated (20 kHz, 90 0 0 W, 3006) . The final pr odt
with a solution of EtOH/Water (50/50, vol/vol) incentt uge (10000 r p m, 1006)
40°C.

5.2.4Patrticles functionalization

The functionalization with silica waterglass solution makes the hemp fibers, with a well distributed
presence of silanol groups on the surface, suitable for a chemictbnewith a coupling agent
molecule, for example APTS {@ninopropyltrimethoxysilane). APTS provides amino primary
functional groups on the hemp surface. The reaction with the coupling agent has been performed by
adding silica coated hemp fibers (Hemp_3gi@to a solution of EtOH/Water (80/20, vol/vol),
containing APTS (10 %ol.), acidified up to pH= 5 with acetic acid. The functionalization occurs
after only one soaking/drying cycle (soaking
product, it ha been washed with a solution of EtOH/Water (50/50, vol/vol) through three
centrifugation cycl es (10000 rpm, 1006) . I
(Hemp_SiQ_APTS) has been dried for 24h at 80°C.

5.2.5Synthesis ofepoxy composites epoxy/APTS fwtionalized hemp fibers

The synthesis was performed in one pot involving the following two steps:
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1 Mixtures of epoxy(DGEBA, SX10)and amino functionalized microfibers, with weight
percentages of hemp particles equal to 1, 2, 5 wt. %, were stirred vigoroaslt 8 0 AC f
in a closed system to get the reaction between the primary amino groups and oxirane rings.

1 The amount of hardener needed for the curing (26 wt. % of the epoxy resin) was then added
to the mixture at room temperature and mixedsfor mi n. The resul ti ng m
into a TeflonE mold. The curing process wa

was compl eted by treating the samples at 8

5.2.6Preparation of the epoxy/silica hybrid nanocomposites

APTS aml TEOS were used as silica precursors and added to the commeretainbwonent epoxy
resin system, h e nc e igelrsgnthesis priorgto tlaenaddifian rof the iegoxyo s
hardener. Samples from batches containing different TEOS loadings weparegate The
TEOS/epoxy weight ratio was changed in the rang® @5 at constant TEOS/APTS weight ratio
(equal to 3). The synthesis route is inspired to one already reported in the literature [Jiao 2013].
However, in the present research activity, the TEP&y weight ratio was remarkably increased

(0.12 instead of 0.04) and acetone was avoided; this required substantial changes of the synthesis
procedure. So as indicated in the second step reported below, silica formation required a higher
temperature (8 instead of room temperature) and reflux conditions. The synthesis was

performed in one pot involving the following three steps:

1 Mixtures of epoxy (DGEBA SX10 and APTS with weight ratios epoxy/APTS changing
from 100/3 to 100/5 were stirred vigorousty8® °C for 2h to get a silanized epoxy.

1 TEOS, distilled water and ethanol (EtOH) were added to the silanized epoxy and stirred
vigorously at 80 AC wunder reflux for 90 mi
at 80AC for 30 eemthanolamiwaier.der to r emov

1 The amount of hardener needed for the curing was then added to the mixture at room
temperature and mixed for 5 min. The resul
poured into a Teflon® mold. The curing process was carried @&it0at AC f or 24 h;

curing was completed by treating the sampl

The silica contents estimated from the stoic
batches are reported in Table 5 together with their acronyms that wilkdx throughout the

sections.
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Table 5: Typical formulations of the investigated systems.

Sample | Epoxy (g) | Coupling agent (g)| Hardener (g) | TEOS (g) | EtOH (g) | Water (g)
EPO 15 0 3.9 0 0 0
EPO_2%Si 15 0.457 3.9 1.060 0.117 0.478
EPO_4%Si 15 0.602 3.9 1.397 0.154 0.629
EPO_6%Si 15 0.752 3.9 1.745 0.193 0.786

A post cure treatment was also performed by thermally treating the samples in a tube furnace, at
3 AC/min from 25 to 100 AC, i . eransitionltémpekafure.ni g h
These samples wil/ be codedanbeyamped EPERQ is e 0 t ¢
acronym for the commercial twoomponent epoxy resin system taning 0 wt.% of

silica) 2%Sit i1 s the post cured .%opflsiica.d system cont ai

5.2.7 Preparation of the insitu silica/epoxy composites added by phosphorous
based flame retardants

Il n order t o -sp rt awgal syathéssn pridt tonthe addition of the cycloaliphatic
hardener, APTS (fAminopropyltriethoxysdne) and TEOS (tetraethyl orthosilicate) were used as
silica precursors and added to the commercial-damponent epoxy resin system. The
TEOS/epoxy weight ratio was kept fixed in the at constant TEOS/APTS weight ratio (equal to 2).

For the synthesis roatwere followed the same operative conditions which are indicated in the
section 5.2.6with the intention likely to obtain silica domains in a orgamorganic network
[Mat Nj9R8&aMat NI9R% Ma t NPOROK for this reason acetone was avoided and a

temperature of 80C under reflux was used as required by the silica formation process.
The synthesis was performed in one pot involving the following four steps:

f Mixtures of epoxy, DGEBAl Epi kot e E ,RuedsAPTS wah2fixed weight ratio
epoxy/APTS were stirred at 80°C for 2h, hence obtaining a silanized epoxy.

1 TEOS, distilled water and ethanol (EtOH) were added to the silanized epoxy and stirred
vigorously at 80 AC wunder reflux for 90 mi
at 80 OAGnifnori n3 order to remove ethanol and

1 After 30 min the temperature was increased up to 100°C and®4see Figure J4was
added together with melamine (one third in amount respect to the phosphsadsflame

retardant mass) and stirredi gor ousl y under /DPevasladded téd ther 6 0
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mixture in order to have a stoichiometric amount, in terms of P loading, equal to 1 and 2 wt.

%.

The amount of hardenérEp i k ur e E Cu rnieaded foAtgeecuring wsdti®en added to the

mixtur e at

vacuum and poured into a steaabld and taken for curing (40°C/3h) followed by posting

(150°C/2h).

room

temperature

and

mi x ed

for

5

The synthesis route is the same as the one reported previogsigtion 5.2.6ut for the third step

where the flame retardants are added. Samples devoid of silica were also prepared through, directly,

steps 3 and 4.

The silica content estimated from the stoichiometry were 2 wt. %. The typical rebatithes are

repated in Tables 6 and tbgether with their acronyms that will be used throughouttigsis In
order to obtain a more precise estimation of tHeddings percentages, the elemental analysis with
ICP-OES (Inductively Coupled Plasn@ptical Emission Speaimetry, see section 5.3.1lwas
performed for EPO2%Si_DA2%P_MeEPO2%Si_DA1%P_Mel EPO2%Si_DP2%P_Mel and

EPO2%Si_DP1%P_Meapoxy samples (sée@ables 7 and)3

(@)

0.0
—
G 0.0

(b)

Figure 24: Chemical structure of (a) 3-(6-oxidodibenzo[c,e][1,2]oxaphosphinir6-

yl)propanamide (DA) and (b) Xoxo-4-hydroxymethyl-2,6,%trioxa-l-phosphabicyclo

[2.2.2]octane (DP) flame retardants.

Table 6: Typical formulations of the investigated systems with DAadditive.

Sample Epoxy | TEOS | APTS | EtOH | Water | Hardener | DA | Mel
[a] [d] [d] [a] [a] [a] [a] | [dl]
EPO 107.75 / / / / 25.86 / /
EPO_DA2%P 107.75 / / / / 2586 |41.1| /
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EPO_Mel 107.75| / / / / 25.86 [ | 13.7
EPO_DA2%P_Mel | 107.75| [/ / / / 2586 |41.1|13.7
EPO2%Si 107.75| 6.92 | 3.61 | 0.85 | 2.75 25.86 / /
EPO2%Si_DA2%P | 107.75| 6.92 | 3.61 | 0.85 | 2.75 25.86 |41.1] /
EPO2%Si_Mel 107.75| 6.92 | 3.61 | 0.85 | 2.75 25.86 /| 13.7
EPO2%Si_DA2%P_Me 107.75| 6.92 | 3.61 | 0.85 | 2.75 25.86 |41.1]|13.7
EPO2%Si_DA1%P_Me 107.75| 6.92 | 3.61 | 0.85 | 2.75 2586 |27.4]|9.13

Table 7: Typical formulations of the investigated systems with DP additive.

Sample Epoxy | TEOS | APTS | EtOH | Water | Hardener | DA | Mel
[¢] [9] [o] | [d] [q] [9] [o] | [d]
EPO 107.75 / / / / 25.86 / /
EPO_DP2%P 107.75 / / / / 25.86 |27.3| [/
EPO_Mel 107.75 / / / / 25.86 / 19.10
EPO_DP2%P_Mel | 107.75 / / / / 25.86 |27.3]/9.10
EPO2%Si 107.75] 6.92 | 3.61 | 0.85 | 2.75 25.86 / /
EPO2%Si_DP2%P | 107.75| 6.92 | 3.61 | 0.85 | 2.75 25.86 |27.3| |/
EPO2%Si_Mel 107.75] 6.92 | 3.61 | 0.85 | 2.75 25.86 /19.10
EPO2%Si_DP2%P_Mq 107.75| 6.92 | 3.61 | 0.85 | 2.75 25.86 |27.3]/9.10
EPO2%Si_DP1%P_Mq 107.75| 6.92 | 3.61 | 0.85 | 2.75 25.86 |18.2|6.10
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Table 8: %Phosphorus (%P) analyses of EPO2%Si_DA1%P_Mel and

EPO2%Si_DA2%P_Mel.

AveraggStandard deviationRoot square deviation
Sample [%0] [%0] [%0]
EPO2%Si_DA1%P_M( 1.58 0.03 1.6
EPO2%Si_DA2%P_M( 2.23 0.24 10.6

Table 9: %P analyses of EPO2%Si_DP1%P_Mel and EPO2%Si_DP2%P_Mel.

AveraggStandard deviationRoot square deviation
Sample [%] [%] [%0]
EPO2%Si DP1%P M 1. 6 0.06 3.5
EPO2%Si_DP2%P_ M 2 . 4 0.27 11.1
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5.3 Analytical techniques for chemical analysis and testing

5.3.1Scanning electron microscope (SEMEDX) and inductively coupled plasma
optical emissionspectroscopy (ICROES)

A SEM is a type of electron microscope that produces images of a sample by scanning the surface
with a focused beam of electrons (see FidiBe The electrons interact with atoms in the sample,
producing various signals that contain information about the surface topography and composition of
the sample.

Figure 25 Photo of the SEM apparatus.

The electron beam is scanned in a raster patiern, and the position of the beam is combined with

the intensity of the detected signal to produce an image. In the most common SEM mode, secondary
electrons emitted by atoms excited by the electron beam are detected using an-Ekerhbay

detector The number of secondary electrons that can be detected, and thus the signal intensity,
depends, among other things, on specimen topography. SEM can achieve resolution better than 1
nanometefStokes 2008]

SEM images oHT and HT samplesT@ble 4 were obtained on a Leica Stereoscan 440 Microscope
(20 kV) (Leica Microsystems Cambridge Ltd., Cambridge, UK), equipped with an energy
Dispersive Analytical System (EDS) from Inca Energy 200, by using AZtecEnergy EDS Software
(v2.1, Oxford Istruments, Abigdon, UK, 2006)A digital Optical Microscope (OM), HIROX
(Hirox Co., Ltd., Tokyo, Japan), was employed to observe the morphology of the ddactur
compositegTable 4)in bending testsThe observations were carried out at room temperature and
by using KH8700 Software (v1.40, Hirox Co., Ltd., Tokyo, Japan, 2013).
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Energy dispersive Xay spectroscopy (EDX) dflemp_SiQ_APTS was applied in combination

with a scanning electron microscope (SEM) using an Insigit device from Oxford Instruments

(EDX) and aS-4800 microscope from Hitachi (SEM). An area of about 100 mm x 100 mm was
scanned for the EDX measurements using an acceleration voltage of the electron beam of 20 kV, an
emission current of 15 mA and a working distance of 15 mm. Under these expericoaditibns,

the information depth is in the order of a couple of microns.

EDX spectra of all the prepared samples in Tables 6 and 7 after burned (UL94 test, see section
5.3.10) were recorded on a on a Hitachd@0 Scanning Electron Microscope (SEM) @med

with Oxford INCA Energy 250 energgispersive Xray spectroscopy system. EDX spectra were
recorded at accelerating voltages of 20kV and with different magnifications to check the uniformity

within one sample. Composite samples were coated with 5 MRdAarior to analysis.

Inductively coupled plasma optical emission spectroscopy-QEB)is a tracdevel, elemental
analysis technique that uses the emission spectra of a sample to identdyaatity the elements
present.Samples are introduced inthe plasma in a process that des@satonises, and excites
them. The constituent elements can be identified by their characteristic emission lines, and
guantified by the intensity of the same lingBassel 1974] %Phosphorus analyses of
EPO2%Si_DA2%PMel, EPO2%Si_DA1%P_Mel, EPO2%Si_DP2%P_Mel and
EPO2%Si_DP1%P_Mel (see Tables 8 and/®)e carried out using the inductively coupled plasma
optical emission spectrometry method (YOES), on an Optima 3000 (PerkinElmer AG, Rotkreuz,
Switzerland) instrumentSample preparation for IGBES consists of mixing of samples (300 mg)
with H202 (1 mL) and HNQ (3 mL) followed by digestion using a microwave.

5.3.2Transmission electron microscope (TEM)

TEM operates in the same basic principle as ligitroscope, where a beam of high voltage
electrons is employed as a light source. Owing to the low de Broglie wavelength of high voltage
electrons, it is possible to get a resolution thousands of times better than the light microscope.
Modern gadgets haveowers of resolution that range from 0.1 nm and the magnification up to
2,000,000 timesNlatura 2012 TEM is composed of an evacuated cylinder of about 2 meters
height. A heated tungsten filament at the top of the cylinder (the cathode) will emit edegtren

it is heated. The emitted electrons are accelerated to the anode by applying a high accelerating
voltage from 100 keV to 1 MeV rangeBderton 201]L Some of the accelerated electrons passed

through tiny holes in the anode to form an energeticreledieam which passes down the column.
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Electromagnets are placed at intervals down the column to focus the accelerated electron beam
[Pulokas 1999

The double condenser lenses focus the electron beam onto the sample specimen which is clamped
into a remowable specimen stage. As the electron beam passes through the sample specimen, some
of the electrons are scattered, whilst the remaining are focused by the objective lenses either onto a
fluorescent screen or photographic film to get a shadwage of thenanoparticlesThe unfocused
electrons are blocked out by the objective aperture resulting in an enhancement of the image

contrast [Krkland 201Q. Figure 26s a schematic diagram of the TEM.
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Figure 26: Schematic diagram of TEM instrument.

Bright field TEM analyses oEPO_2%Si, EPO_4%Si and EPO_6%Si (see section S5i&6)
performed using a FEI TECNAI G12 Spifivin (LaB6 source) equipped with a FEI Eadle

CCD camer a, operating with Hgh magoifcaionepotastfar on v
EPO_6%Si were recorded in a TEM/STEM JEOL JEM 2200fs microscope operating at 200 kV.
For TEM analysis, all the above mentioned samples were prepared by putting a drop of composite
dispersion in ethanol (0.5 mg/ml) on a Lacey Carbon film coppé&t gids. Prior to preparation of
composite dispersion, the composites were -omlted and fine powders were collected for

dispersion.
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5.3.3 Nuclear magnetic resonance (NMR)

NMR is a physical observation in which nuclei in a strong constant magnédiafeeperturbed by

a weak oscillating magnetic field (in the near field and therefore not involving electromagnetic
waves [Hoult 1997] and respond by producing an electromagnetic signal with a frequency
characteristic of the magnetic field at thecleus. This process occurs near resonance, when the
oscillation frequency matches the intrinsic frequency of the nuclei, which depends on the strength
of the static magnetic field, the chemical environment, and the magnetic properties of the isotope
involved; in practical applications with static magnetic fields up to ca. 20 tesla, the frequency is
similar to VHF and UHF television broadcasts i(6000 MHz). NMR results from specific
magnetic properties of certain atomic nuclei. Nuclear magnetic resospacgoscopy is widely

used to determine the structure of organic molecules in solution and study molecular physics,
crystals as well as necrystalline materials. NMR is also routinely used in advanced medical

imaging techniques, such as in magnetic raroa imaging (MRI).

All isotopes that contain an odd number of protons and/or neutrons have an intrinsic nuclear
magnetic moment and angular momentum, in other words azeronnuclear spin, while all
nuclides with even numbers of both have a total spirecd. The most commonly used nuclei are

4 and 3C, although isotopes of many other elements can be studied byfiddiyiNMR

spectroscopy as well.

A key feature of NMR is that the resonance frequency of a particular simple substance is usually
directly proportional to the strength of the applied magnetic field. It is this feature that is exploited
in imaging techniques; if a sample is placed in a-moifiorm magnetic field then the resonance
frequencies of the sample's nuclei depend on where in the thield are located. Since the
resolution of the imaging technique depends on the magnitude of the magnetic field gradient, many
efforts are made to develop increased gradient field strength.

NMR spectra oH, HT, EPO_2%Si and EPO_2%Si t (see Tables 4 ade®® acquired with a
300MHz (7.0 Tesla) Bruker Avance magnet (Bruker Bio Spin GmbH, Rheinstetten, Germany),
composed of a widbore system and equipped with a CPMAS (Gieskarization MagieAngle-
Spinning) probe, working at®Si and °C frequencies of 582 and 75.47 MHz, respectively.
Samples of hemp and treated hemp fibers (80 £ 1 mg) were loaded-nmto Zirconia rotors,
closed with KelF caps and spun at a rate of 10,000 + 1 #2.NMR spectra were acquired by
applying a cross polarization technigaed consisted of 1814 time domain points, a spectral width
of 300 ppm (22,727.3 Hz), a recycle delay of 2 s, 4000 scans and 1 ms of contact tifi€ The
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CPMAS pulse sequence was conducted by usingd eRamp pulse to account for the ron
homogeneity of thédartmanaHahn condition?°Si NMR spectra were acquired by using a direct
polarization and consisted of 2048 time domain points, a spectral width of 500 ppm (29,762 Hz), 40
s of recycle delay and 2730 scans. Free Induction Decays (FIDs) were proceBsekibyopSpin

(v2.1, Bruker, Billerica, MA, USA, 2006) and MestreNOVA (v9.0, Nanalysis Corp., Mestrelab
Research, Calgary, AB, Canada, 2014) Software. Prior to be phase and baseline céf@icsiod,

13C spectra were Fourier transformed by applying @ amd fourfold zerofilling and adopting an

exponential filter function with a line broadening of 350 and 50 Hz, respectively.

H, 3P{*H} and C{*H} NMR spectra of (i) EPO (EpikotekE
EPO (EpikoteE Resi ndD82wee caletwdal ambignt t@nberature using
Bruker AV-11l 400 spectrometer (Bruker Biospin AG, Fallanden, Switzerlaitiand**C chemical
shifts (U) in ppm wer e c al?3Phemitabstiftstwere referended u a |
to an exernal sample with neatsRQ; at 0.0 ppm. Highresolution mass spectrometry (HIRS)

was performed by the MService of the Laboratory for Organic Chemistry at the ETH Zurich on a

Waters Micromass AutoSpaditima spectrometer (El).

5.3.4Fourier transform infra -red (FTIR)

FTIR technique is a powerful tool to verify the nanoparticle chemical stru(teeeFigure 27 It

can be employed for qualitative and quantitative anal\Benfer 200} In this technique,the
tested sample is mounted in a transparent IR compartment argttedbjo IR beam [@eman

1993. IR absorption can be ascribed to transitions of molecular vibrational or rotational energy to
another stateGoleman 199
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Figure 27: Schematic diagram of FTIR instrument.

FTIR transmittance spectra of hemp fibers were recorded with a Nikolet 5700 FTIR spectrometer
(Thermo Fisher, Waltham, MA, USA) using a single reflection Attenuated Total Reflectance (ATR)
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accessory with a resolution of 4 €nand 32 scans and Thermo Stienf i c E OMNI CE So
Suite (v7.2, Thermo Fisher, Waltham, MA, USA, 2005).

ATR-FTIR (FourierTransform Infrared Spectroscopy and Attenuated Total Reflectance)
transmittance spectra ¢f, HT, EPO_WH (not cured epoxy resin, SX10) aibthe prepared

sampes in Tables, Hemp_SiQ@ and Hemp_Si@ APTSwere recorded with a Nicolet 5700 FTIR
spectrometer (Thermo Fisher, Waltham, MA, USA), using a single reflection Attenuated total
refl ectance (ATR) acces'sand 32 soans tatd Thermoi 8esnot | i uftiicoE
OMNI CE Software Suite (v7.2, Thermo Fisher,
spectra were normalized to the S&trelaedtgtha@®€or pt
bonds of the benzene rings present in the epoxy resin strutiatrare not expected to change after

the curing reaction.

ATR-FTIR transmittance spectra &P O_ WH (not cured epoxy resin,
EPO_2%Si, EPO2%Si_DA2%Rel, EPO2%Si_DP2%P_Mébee Tables 6 and 7) and the burned
material from UL94 tst, see section 5.3.10, of EPO, EPO2%Si DA2%P_Mel,
EPO2%Si_DP2%P_Melere recorded with a Bruker Tensor 27 FTIR spectrometer (Thermo
Fisher, Waltham, MA, USA), using a single reflection Attenuated total reflectance (ATR) accessory
with a resothondi 82 eta#ascmnd Thermo Scientific
Thermo Fisher, Waltham, MA, USA, 2005).

5.3.5Thermogravemetric analysis (TGA)

TGA technique is an essential tool to investigate the thermal stability of nanoparticles and
nanocomposites, and to evaluate the surfactant loading level of organic modified nanoparticles. In
this techniquethe mass of the tested sample was recordedwasxaon of temperature or time as it

is heated at a controlled heating rate in a controlled atmosphere. Modern commercial TGA
instrument consists mainly of: (1) sensitive analytical balance, (2) furnace, (3) purge gas system to
control the atmosphere, (4icroprocessor for instrument control, ang (@ta acquisition (see
Figure 3B).
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Figure 28: Schematic diagram of TGA instrument.

TGA of all the prepared samples in Tablewgre performed using a Netzsch TG209 (Selb,
Germany) apparatus, from roademperature up to 80TC, at a heating rate of 10 °C/min under a
nitrogen atmosphere (experimental error: £0.5 wt. %, +1°C) and by using Proteus Software (v4.0,
Labcenter Electronics Ltd., Yorkshire, UK, 2000).

TGA of all the samples in Tables 6 andvéreperformed on a NETZSCH TG 209 F1 instrument.
Tests were conducted oni 5 mg sample under nitrogen and air atmosphere (flow of 50 mL/min)
at a heating rate of 10 °C/min from 25 to 800 °C.

5.3.6 Differential scanning calorimetry (DSC) and dynamic mechanial analysis
(DMA)

DSC is a thermoanalytical technique in which the difference in the amount of heat required to
increase the temperature of a sample and reference is measured as a function of tempehature. Bo
the sample and reference anaintained at nely the same temperature throughout the experiment.
Generally, the temperature program for a DSC analysis is designed such that the sample holder
temperature increases linearly as a function of {isee Figure 29 The reference sample should

have a weldefined heat capacity over the range of temperatures to be scanned.

Reference Sample Heat Sink

: o | S e————| HeatDriver || CPU |
g T ~Thermocoupe
G - Tamp. Control
Heat Resistor,
Amplifier Recarding
— Temp. Differance
Thermocoupe (Heat Flux}
Recording

Figure 29: Schematic diagram of DSC apparatus.
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The technique was developed by E. S. Watson and M. J. O'Neill in Y88&dn 196f and
introduced commercially at the 19638ttsburgh Conference on Analytical Chemistry and Applied
Spectroscopy. The term DSC was coined to describe this instrument, which measures energy

directly and allows precise measurements of heat cap&eitikfinen 200p Types of DSC:

1. Powercompensate®SC in which power supply remains constant.

2. Heatflux DSC in which heat flux remains constant.

The result of a DSC experiment is a curve of heat flux versus temperature or versus time. There are
two different conventions: exothermic reactions in the sarsptevn with a positive or negative

peak, depending on the type of technology used in the measurement. This curve can be used to
calculate enthalpies of transactions. This is done by integrating the peak corresponding to a given
transition. It can be showthat the enthalpy of transition can be expressed using the following

equation:
pH K*A (5.2)

where oH is the enthalpy of transition, K i's
curve. The calorimetric constant will vary from instrument to instrument, and can be detergnined b

analyzing a well characterized sample with known enthalpies of transactionsZ0Egjy

Differential scanning calorimetry (DSC) analyse€oP O, EPO2 %Si , EPO_DA2 %P,
EPO2%Si _DA2 %P _Mel , EPO2 %Si _DP2 %P _ Mel ,
EPO2%Si DPl1leé&® Mabl ¢ serebperimrmed o7 @ DSC 214 Polyma instrument
(NETZSCHGeratebau GmbH, Germany). All DSC experiments were conducted at a controlled
heating rate of 10 °C/min under a nitrogen flonb6fmL/min by running two repeating cycles from

20 °C to 300 °C and back 0 °C againThe glass transition temperatures were taken as the onset
values of the second heating up curve, therefore a first heating up cycle was run in order to verify

the completeness of the curing reaction through the absence of any residuahezqibak.

One of the most fundamental measurements made on polymeric materials is the measurement of the
glass transition, T¢see Figure 30 In general, transitions in materials are associated with different
localized or mediunto longrange cooperativeotions of molecular segments. The glass transition

is associated with cooperative motion among a large number of chain segments, including those
from neighboring polymer chains. Although there are several thermal techniques available to make
Tg measuremds, by far the most sensitive technique is DMPedrce 1997 DMA measures the
viscoelastic moduli, storage and loss modulus, damping properties, and tan delta, of materials as

they are deformed under a period (sinusoidal) deformation (stress or strain).
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Figure 30: Thermal techniques available to make Tg measurements.

After scanning the sample under test, any of these three viscoelastic parameters can be used to
define the Tg. Thé-igure 30above shows a scan of a pressure sensitive adhesive run in tension
clamps, at a frequency of 1 Hz, an amplitude of 10 microns,aaraimprate of 5°C/min. This

Figure 30shows the Tg labeled for sample using the following parameters:

M E6 Onset: Occurs at the | owest
T E66 Peak: t he mildrdlated totthe mpipyscalat ur

property changes attributed to the glass transition in plastics. It reflects molecular processes

[PemnceplB97]at ur e

Occur s at

and agrees with the idea of Tg as the temperature at the onset of segmenta]Reatics
1997]
1 Tan Delta Peak: Occurs at the heghtemperature and is used historically in literature. It is
a good mealatherei lboé 0 t mied pioi nt bet ween the gl
polymer. The height and shape of the tan delta peak change systematically with amorphous

conten{Pearcel997}

The parameter used to detect the glass transition should be reported along with the frequency of

oscillation, the temperature ramp rate, the clamp type used, and the sample dimensions.

DMA of EPO, EPO_t, EPO_2%Si, EPO_2%Si t, EPO_4%Si, EPO_4%&P0 6%Si
EPO_6%Si_t (see Table 5) aedoxy (SX10) composites with 1, 2, 5 W&, of Hemp_Si@ APTS
(see section 5.2.5)ere carried out on a DMA3300 (TA Instruments). The tests were run in a three
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point bending mode wfirtenquae rscpyano fofl 4Hz ;mnt haen dwia

10 mm and the temperature was ramped from 25

5.3.7Small-angle xray scattering (SAXS)

SAXS is a smathngle scattering technique by which nanoscale density difflesen a sample can

be quantified. This means that it can determine nanopatrticle size distributions, resolve the size and
shape of (monodisperse) macromolecules, determine pore sizes, characteristic distances of partially
ordered materials, and much moféis is achieved by analyzing the elastic scattering behavior of
X-rays when travelling through the material, recording their scattering at small angles (typically
0.1-10°, hence the "Smadingle" in its name). It belongs to the family of sraalgle sca#ring

(SAS) technigues along with smalhgle neutron scattering, and is typically done using haralyX

with a wavelength of 0.070.2 nm [Glatter 1982]. Depending on the angular range in which a clear
scattering signal can be recorded, SAXS is capabledelivering structural information of
dimensions between 1 and 100 nm and of repeat distances in partially ordered systems of up to 150
nm [Glatter 1982]

SAXS belongs to a family of Xay scattering techniques that are used in the characterization of
materials. In the case of biological macromolecules such as proteins, the advantage of SAXS over
crystallography is that a crystalline sample is not needed. Furthermore, the properties of SAXS

allow investigation of conformational diversity in polymer metisr[Burger 2016

In an SAXS instrument a monochromatic beam afi(s is brought to a sample from which some

of the X-rays scatter, while most simply go through the sample without interacting with it. The
scattered Xays form a scatteringattern, whth is then detected at a detector which is typically a
2-dimensional flat Xray detector situated behind the sample perpendicular to the direction of the
primary beam that initially hit the sample. The scattering pattern contains the information on the
structure of the sample. The major problem that must be overcome in SAXS instrumentation is the
separation of the weak scattered intensity from the strong main beam. The smaller the desired angle,
the more difficult this becomes. The problem is comparablent® encountered when trying to
observe a weakly radiant object close to the sun, like the sun's corona. Only if the moon blocks out
the main light source does the corona become visible. Likewise, in SAXS theraibered beam

that merely travels throughhée sample must be blocked, without blocking the closely adjacent
scattered radiation. Most availablerXy sources produce divergent beams, and this compounds the
problem. In principle the problem could be overcome by focusing the beam, but this isynot eas
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when dealing with Xays and was previously not done except on synchrotrons where large bent

mirrors can be used@hereforemost laboratory small angle devices rely on collimation instead.

Simultaneous smalingle and widangle Xray scattering analysd SAXSWAXD) of EPO_2%Si,
EPO_2%Si_t, EPO_4%Si, EPO_4%Si_t, EPO_6%Si and EPO_6%Si _t (see Talele Tarried

out wusing an Anton Paar SAXSpace camera-equi f
Rays with 1.5418 | wa v e leedn gtt thb ewes ceu rgceen e(r 4G eldV
collimated. All scattering data were corrected for background and normalized for the primary beam
intensity. In order to remove the inelastic scattering from the data, SAXS profiles were corrected for

both Porod conant and desmearing effect.

5.3.8 Three-point bending test

The threepoint bending flexural test provides values for the modulus of elasticity in bengling &

f 1 ex ur alnd the fleruialnstrekbtrain response of the material. The main advantage of a
threepoint flexural test is the ease of the specimen preparation and testing. However, this method
has also some disadvantages: the results of the testing method areesensfiecimen and loading

geometry and strain rate.

The test method for conducting the test usually involves a specified test fixture on a universal
testing machine. Details of the test preparation, conditioning, and conduct affect the test results. The

sample is placed on two supporting pins a set distance apatrt.

Calculation of the flexural stress

= 3*F*L/2* b* d? (5.2
(= 3*F*L/2* b* o (5.3
for a rectangular cross section and a circular cross seB@jopadhyay 2013respectively.
Calculation of the flexural straid:

U= 6*D*d*/L2 (5.4)
Calculation of flexural moduluB:

Ei= L¥*m/4*b*d® (5.5
In theseformulas the following parameters are used:

U = Stress in outer fibers at midpoint, (MPa)
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U = Strain in the outer surface, (mm/mm)

Er = flexural Modulus of elasticity, (MPa)

F = load at a given point on the load deflection curve, (N)

L = Support span, (m)

b = Width of test beam, (mm)

d = Depth or thickness of tested beam, (mm)

D = maximum deflection of the center of the beam, (mm)

m= The gradient (i.e., slope) of the initial straidihne portion of the load deflection curve, (N/mm)
R = The radius of theeam, (mm)

Threepoint bending testsf all the prepared samples Trable 4were carried out in MTS (MTS
Systems Corporation, Eden Prairie, MN, USA) Alliance RT/50 universal testing machine in stroke
control, setting the crosshead speed at 1 mm/mindardance with the ASTM 790M standard and

by using MTS TestWorks Software (v4, MTS Systems Corporation, Eden Prairie, MN, USA,
2006). The tests were performed on specimens of B®x 3 mn?; the sample spato-depth ratio

was 16:1.

5.3.9Standard test method for £nsile properties of gastics

The epoxy mechanical properties were evaluated by mechanical compressive testing according to
the ASTMD638 standard in order to obtain the tensile stségsn curves, the ultimate tensile
strengh andtensile modulus of elasticitylhe test speed value was chosen in the recommended
range between 5 to 500 mm/min (0.2 to 20 in/ min) by using the lowest speed that ruptures the
specimen within % to 5 minutes. The epoxy samples were left over nigbonaitioning

temperature (room temperature in a dry airborne).

Epoxy nanocomposites samples were prepared in the standard shape andodenernsch is

shown in Figure 31
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Test Type Test Specimen Specification Standardization
i Code

- -
+

—~—-— e 4
B 20 mm
_ I S v ASTM - D638
1. Tensile - It |_

e
20 mm L—I min

Figure 31 Standard shape and dimensions of epoxy composites accordin§TM-D638

| 60 mum' |

standard.

EPO, EPO_2%Si, EPO2%Si_DA2%P_MEIP O2 %S i _ D P 3pgdmeMsek Tables 6 and
7) were tested by WickiLine for FlexibleLow-Force Testing (see Figure)3Zhe head speed was

1 mm/minute. The tensile stress of the tested spea@masmeasured as function of its strain.

P

Figure 32 Photo of the Flexible LowForce Testing apparatus.

5.3.10 UL94 VB - vertical burning test

There is a set of standard UL94 tests for the flammability of plastic parts in appliances and devices
[Laoutid 2009. The most commonly employed test is 494 VB for measuring the flame spread
and ignitability (ease of ignition) of a vertical sample exposed to a small flame. A blue flame with a

power of 50 W, and 20 mm height is applied to the bottom of the sdorpl® seconds, and then
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removed(see Figure 33 The afterflame time (the time required for the flame to extinguish) is
noted. The flame is then applied again for another 10 seconds. Then, the afterflameéstimoget],

and the afterglow time ts noted (the time required for the fire glow to disappear). According to the
standards, five samples must be testddrfan 2007. Figure 33shows theexperimental set up for
the UL94 flammability test.

6.35

27

— specimen

Figure 33 UL94 VB — Vertical Burning Test experimental set upof the apparatus during the
flammability test.

The polymer sample is then classified as VO, V1, or V2 according to the value®,ofnd t (see
Table 10.

Table 10: Flammability classes accordingad the UL94 standard test (IEC 60695.1-10).

Fire Classification

UL-94 VO 1 tiand tless than 10 s for each specim
tt + t2 less than 50 s for the fiv
specimens
t> + s less than 30 s for each specime
No after flame or afterglow up to th
holding clamp

1 No burning drops

UL-94 V1 T t1 and t less than 30 s for eaq

specimen
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1 t1 + to less than 250 s for the fiy
specimens
t> + t3less than 60 s for each specime
No after flame or afterglow up to th
holding clamp

1 No burning drops

UL-94 V2 T t. and t less than 30 s for eaq
specimen

1 t1 + t2 less than 250 s for the fiy
specimens
t> + t3less than 60 s for each specime
No afterflame or afterglow up to th
holding clamp

1 Burning drops allowed

UL94 testsof all the prepared samples Trables 5 (also the thermal treated ones), 6 angre

performedaccording to IEC 6069%1-10 (sample size of 13 x 125 x approx. 3 Him

5.3.11 Cone calorimeter

Cone calorimeter is one of the most efficient polymer fire behavior tests. In this test,la samp
dimensions 10& 100 x 4 mn? is placed on a load cell and subjected to a given heat flux generally
from 10 to 100 kW/rh The sample is uniformly irradiated from above. The measurements of
oxygen concentration in the combustion gases are employaghtify the heat released per unit

time and surface area. The basic principle is Huggett's observation that the released heat from most
organic materials is proportional to the quantity of oxygen consumed during burrabrp{Bkas

1984. The peak/maximunheat released rate (pbKHRR), which is the key point in polymer flame
retardancy, can be measured. The average heat released rate (HRR) and the total heat release
(THR) can be measured as well. Furthermore, the cone calorimeter test enables the measurements
of time to ignition (TTI), time to flam®ut (TTF), mass loss rate (MLR), and time of combustion
(TOC). During combustion, the quantities of carbon monoxide (CO), carbon dioxidg €0 the

released swke can be quantified. Figure 38ows the experimental set up for the cone calorimeter

testing.
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Figure 34: Schematic diagram of Cone Calorimeter apparatus.

To investigate the combustion behavioratif the investigated materiala Tables 4, 5, 6 and 7
subjected to a constaheat flux, cone calorimeter tests (Fire Testing Technology, East Grinstead,
London, UK) were performed following the 1ISO 5660 stadday using squared samplesx(5 x

0.3 cnt and 100x 100 x 4 mn?), with a heat flux of 35 kW/R) in horizontalconfiguration. Time to
ignition (TTI), total heat release (THR), peak of the heat release rate (pkHRR) were measured.
Total smoke release (TSR), CO yield, £&eld and specific extinction area (SE) were evaluated,

as well. For each sample, the experimemése repeated at least three times in order to ensure
reproducible and significant data.

5.3.12 Pyrolysis combustion flow calorimeter (PCFC)

The pyrolysis combustion flow calorimeter (also known as microscale combustion calorimeter,
MCC) is a powerful insument to evaluate the fire behavior of milligram scale-guale) samples

[Lyon 2004]. It seems evident that rsgale analysis will not depict the physical effects occurring at
larger mass scale (e.g., dripping or intumescence). Therefore, this ashlysid not be used as a

tool to describe the fire behavior of a material in-s&lle conditions [Lyo2007]. However, mg

scale analysis can provide valuable information about fire properties of a material [Schartel 2007].
During this measurement, a magle sample is heated up at a constant rate under an inert
atmosphere, leading to possible formation of char [L087]. The produced volatiles are swept
from the pyrolizer by an inert gas, combined with oxygen, and combuskeghatemperature (see
Figure ¥). The heat release rate is calculated from the measured flow rate and oxygen
concentration. Useful parameters can be obtained from this measurement, such as the total heat

release per unit initial mass (HR), the heat release capacity (HRC) (HRGdlafirthe maximum
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heat release rate divided by the constant heating rate), and the temperature at the maximum heat
release rate (fax) [Lyon 2004].

Scrubbers

Flow- 02
meter || Analyzar

= Exhaust

Pyrolysis Zone

Combustible
Solid

Flaming Combustion Pyrolysis-Combustion Flow Calorimeater

Sample

Figure 35: Schematic diagram of Pyrolysis combustion flow calorimeter.

Heat release rates (HRR) afi the samples in Tables 6 andwére determined using pyrolysis
combustion flow calorimeter (PCFC) (Fire Testing Technology Instrument UK) following ASTM
D7309. Each sampldDf mg) was exposed to a heating rate of 1 °C/s fi&to 750 °C in the

pyrolysis zone.

5.3.13 Pyrolysis-gas chromatographymass spectrometry (PyGC-MS) and
Direct inlet probe mass spectroscopy (DIRMS)

Pyrolysi§ gas chromatograpliynass spectrometry is a method of chemical analysis in which the
sample is heated to decomposition to produce smaller molecules that are separated by gas
chromatography and detected using mass spectrometry [Schartel 2010].

Pyrolysis is the thermal decomposition of materials in an inert atmosphere or a vacuum. The sample
is put into direct contact with a platinum wire, or placed in a quartz sample tube, and rapieltly heat

to 600 1000 °C (see Figure 36Depending on the application even higher temperatures are used.
Three different heating techniques are used in actuallipgrs: isothermal furnace, inductive
heating (Curie Point filament), and resistive heating using platinum filaments. Large molecules
cleave at their weakest bonds, producing smaller, more volatile fragments. These fragments can be
separated by gas chratography. Pyrolysis GC chromatograms are typically complex because a
wide range of different decomposition products is formed. The data can either be used as fingerprint
to prove material identity or the GC/MS data is useddemtify individual fragment$o obtain
structural information.

To increase the volatility of polar fragments, various methylating reagents can be added to a sample

before pyrolysis [BeacR009].
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Figure 36. Schematic diagram of Pyrolysisgas chromatography-massspectrometry.

Besides the usage of dedicated pyrolizers, pyrolysis GC of solid and liquid samples can be
performed directly inside programmable temperature vaporizer (PTV) injectors that provide quick
heating (up to 60 °C/s) and high maximum temperaturé&@ 650 °C. This is enough for many
pyrolysis applications. The main advantage is that no dedicated instrument has to be purchased and
pyrolysis can be performed as part of routine GC analysis. In this case quartz GC inlet liners can be
used. Quantitatir data can be acquired, and good results of derivatization inside the PTV injector

are published as well [Ben&014].

Pyrolysis gas chromatography is useful for the identification of volatile compounds [B&hih
These materials include polymeric maés, such as acrylics or alkyds [Dumitras2dil2]. The

way in which the polymer fragments, before it is separated in the GC, can help in identification.

PyrolysisGas Chromatography Mass Spectrometry @& MS) measurementsf all the prepared
samples inTables 6 and Were performed by placing BD 0 0  ssgecineefin a quartz tube (1

mm internal diameter x 25 mm length). T$gecimerwas then loaded in the pyrolysis probe (5200
(CDS Analytical, Inc., Oxford, PA)) and placed in the special inlet at tlesface. Thespecimen

was pyrolyzed at 800 °C under helium atmosphere for 30 s. The volatiles were separated by a
HewlettPackard 5890 Series Il gas chromatograph and analyzed by a Headk#trd 5989 Series

mass spectrometer.

Together with PYGC-MS, Direct inlet probe mass spectroscopy (ENFS) [Hacaloglu 2011] was

used to detect possible volatile products from the combustiail thfe samples in Tables 6 and 7

The technique is based on the direct insertion of the sample in the ionization chambethehere
sample is exposed to heating and ionized by electronic impact. The measurement was performed on
a Finnigan/Thermoquest GCQ ion trap mass spectrometer equipped with a DIP module. The sample

(about 1 mg) is introduced in a quartz cup situated on tha thpe probe, which is inserted into the
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ionization chamber through an inlet. The measurement was performed with an ionization voltage of
70 eV, temperature of the ionic source of 200 °C and pressure bel@vnilfar. A probe

temperature ramp was run fr@f °C to 450 °C at a rate of 50 °C/min.

6 Results and discussion

6.1 Development of a sebel method for the improvement of the flame
retardancy of hemp fabric/epoxy composites

6.1.1Characterization of the silica @ating

Figure37 shows the typicahTR-FTIR spectra of hemp fabrics before and after the treatment (two
and five soaking/drying cycles) with the acidic waterglass solutipriollowing the procedure
described in section 5.2.Eirst of all, it is noteworthy that spectradifications are consistent with
the formation of a silicdbased coating. In particular, the bands around 1200 and 113%nay be
assigned to the stretching of th8ii O-cellulose and Sii Oi Sii bonds, respectively [Abdelmouleh
2004,Britcher1995].

% Trasmittance

-Si-O-Si-
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Figure 37 ATR-FTIR spectra of (a) untreated (black line); (b) after two (red) and (c) five
(blue) soaking/drying cycles.

Therefore, a silicdbased coating probably anchored to the hemp substrate through the formation of
covalent bonds should have beemifed. This finding may be ascribed to the low pH value (pH =
2.5) of the acidified waterglass solution: indeed, it is well known that when silicates are dissolved in
acidic solutions, the formation of silicic acid would be expected, according to the fadlowi

equation:

N&a:SiOs + H20 + 2HCI = Si(OH) + 2N + 2Cf (6.1)
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However, as soon as the reaction proceeds, the molecular units becomsliandgggiving rise to
thickening phenomena that finally lead to the formation of a Behker 2013,Freundlich1926,
Reddy 2011 This behavior was explained by lldlef 1979 through a polymerization mechanism

according to the following steps:
(1) formation of the particles from the precursors;
(2) subsequent growth of the particles;

(3) creation of links among the particles, which give rise to chains and networks extending

throughout the liquid medium.

Harris and coworkergHarris 19873 hypothesizedhe formation of very small silica nanopatrticles,
comprising 37 silicon atoms linked throughSii Oi Sii  siloxane bonds: this hypothesis was
confirmed through NMR spectroscopy in the case of potassium silicate solutions with the K:Si

atomic ratio equal to @n

The pH = 2.5 of the acidified waterglass solution, which is slightly higher than the silica isoelectric
point (2.02.5), but lower than that reported for hemp (>3.Bjirfker 2013 Islam 2017, is
expected to ensure that the silica and hemp surfacenematively and positively charged,
respectively(see section 1.2.1)This should: (i) favor silica nanoparticles to approach the fiber
surface; and (ii) as long as the condensation reactions have a nucleophilic substitution mechanism,
make the condensatioreaction at the hemp surface preferential with respect to the reaction

between silanol groups ({SDH) in the solution.

Therefore, the formation of a silidesed coating anchored to the hemp surface through covalent
bonds is reasonably supported. A massease of 5 wt% was observed after the hemp fabric
treatment described in tlsection 5.2.1 (see chapter B) order to further confirm this hypothesis,
washing fastness tests have been performed according to the procedure described eGearigere [
2014: the silica coating turned out to be resistant to the washing process and to be insoluble in the

washing medium.

Figure 8 shows some typical SEM pictures of the hemp fabrics, before and after the treatment with
waterglass in acidic condition: it roteworthy that, after the formation of the waterglass coating,

the surface of the fibers becomes smoother.
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Figure 38: SEMi mages of: (a) untreated hemp fabric

afterthe waterglas s tr eat ment (scale bar: 3 |\

6.1.2Solid-state NMR spectroscopy of the hemp fibers

Hemp is commonly composed of cellulose, hemicellulose and lignin!*thepectrum of the H
sample(Figure 3®) showed no evidence of lignin, since no signal was detected in the ar@natic

spectral region.

—— 74.6568
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Figure 39: Solid-stateNMR spectrum of untreated hemp fabric.

Conversely, olige and polysaccharidic compounds deriving from cellulose and hemicellulose
biopolymers were revealed by the intense peaks resonating in the spectral rédibh pgm. In
particular, the two peaks at 62.45 and 65.07 ppm were ascribedhyplene carbons belonging to
different saccharidic structures. The relativelyfigd resonances of these carbons were ascribed to

the closeness to oxygen nuclei in the carbohydrate molecule. The peaks at 88.81 and 104.85 ppm
were attributed to anomeri@aad bons, either i n U o ffieldfrequanciems . T
were explained by the scalar bonding of anomeric carbons to two deshielding oxygen atoms

exerting an electrewithdrawing effect. Finally, the peaks resonating in the range 68646ppm
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were assigned to the remaining hydreatigyl carbons composing oligaand polysaccharidic

structures.

The superimposition of the H and HIT NMR spectra is shown in Figure 4fevealing that all
abovementioned carbohydrate signals were identifist @n the HT sample. However, significant
differences between the two carbon spectra are evidenced. In particular, the HT sample showed
several shoulders rising slightly figld and resonating at 104.1, 81.43 and 59.83 ppm,
respectively. Moreover, the gks ranging within 67 and 78 ppm resulted in being more intense in

the HT sample than in the H sample, whereas the peak at 62.15 ppm decreased in intensity and was
accompanied by a slightly tfpeld shoulder at 59.9 ppm. These results suggest that pane of

treated hemp material reacted with the applied silicate reagent. In fact, the appearance of these
newly-formed resonances may be attributed to the formatiéiCoOi Sii covalent bonds, such an

up-field shift being due to the presence of strong eleateteasing silicon nuclei.
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Figure 40: Solid-state NMR spectra of untreated hemp fabric (blue) and hemp fabric aftethe

waterglass treatment (red).

The superimposition of th&Si spectra of H antHT samples is shown in Figure .4l is well

known, infact, that plants do uptake from the soil solution some soluble silicates and salts, aiming
at strengthening the robustness of their aerial parts. In plants, silica can be up to 10% of the total
plant weight [Savva®015]. When omparing the curves of Figal 41 significant changes are
appreciated as a consequence of the surface treatment. In both samples, two intense and broadene:
signals were detected at 93.04 and 109.6 ppm and attributed to silicon nuclei forming polysiloxane
chains in Q3 and Q4 formsespectively [Apeloigl989]. Despite Q3 and Q4 Si nuclei being
detected in both the H and HT samples, the intensity of both peaks was significantly higher in the
case of the reaction product. In addition, the finding that each of these peaks appeavety relati
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broadened is indicative of the coexistence of amorphous and crystalline forms of the polysiloxane
network. As shown ifrigure 41 the H sample exhibited an intense signal centered at 92 ppm, thus
suggesting a relatively large abundance of Q3 Si, wikigliesumably bound to a single hydroxyl.

This resonance almost totally disappeared in the HT sample, whereas a pronounced shoulder
emerged ugield at 102.97 ppm. In line with the findings described for carbon spectra, this change
can be due to the pres= of Q3 Si nuclei, whereby thei 8H group reacted to formiaCi Oi Sii

bond.

-50 -100 -150
) (ppm)
2, ©P

Figure 41 2°Si NMR spectra of hemp (H, blue) and treated hemp (HT, red) samples agined
at a spin rate 10,000 Hz.

6.1.3Thermogravimetric Analysis of hempfabric/epoxy composites

Figure 42shows the thermogravimetry (TG) curves in an inert atmosphere of hemp, before and
after the treatment with watergk in acidic conditions. Table Xbllects the corresponding TG

data: &%, T10%and Tsoy are the temperates at which 5%, 10% and 50% weight loss are recorded;

the residues at 80 and at the temperature at which the weight loss rate reaches the maximum are
also reported. The thermal behavior of hemp can be interpreted on the basis of the scheme of the
thermal degradation mechanism reported in the literature [Al28gb], which involves two stages:

(1) Stage | (between 300 and 400 °C): this involves two competing pathways that yield aliphatic
char and volatiles.

(2) Staye Il (between 400 and 800 °Gpme ofthe aliphatic char converts into an aromatic form.
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Figure 42 TG (a) and dTG (b) curves in an inert atmosphere for hemp, before (black line)

and after (red line) the waterglass treatment.

Table 11: TG data obtained in an inert atmosphere.

Sample Ts% Ti0% | Tsow | Tpeak Residue Residue
(°C) °C) | (°C) (°C) at at 800 °C
Tpeak (%) (%)
H 274 | 296 338 367 36 22
HT 264 | 283 324 342 43 30
H/E 221 274 342 357 41 9.9
HT/E 248 289 349 357 40 23
H/E-15APP | 203 251 364 328 57 35
HT/E-15APP| 264 383 344 319 60 32

According to the reported scheme, the TG curves recordad inert atmosphere (Figure)4how
one main degradation step in the temperature ranget80C0C; furthermore, a slight mass loss is
observed in between 80 and 150 °C for both fabrics anld d@ ascribed to humidity loss.

It is worthy to note that the waterglass treatment, because of the acidic characteristics of the
deposited coating, anticipates the thermal degradation of the cellulosic fibers (seg dine Tio%

values of Table 1)1 but at higher temperatures exerts a protective effect on the substrate,
significantly increasing the residue at high temperatures (30.4% vs. 22.1%, for wateegitess

and pristine hemp, respectively).
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When hemp is embedded in thpoxy resin, the waterglass treatment increases the overall thermal
stability of the composites, giving rise to a significant increase of the residues at high temperatures
(23% vs. 9.9% for HT/E and H/Ebmposites, respectively; Table)1The TG and dTGuwves of

the conposites are plotted in Figure 48s far as the composites reinforced with untreated hemp
fabrics (i.e., H/EL5APP) are concerned, the presence of 15% of APP in the epoxy matrix
determines an anticipation of the degradation phenomena, resipect to H/E counterparts,
notwithstanding a significant increase of the final residue at high temperatures. This behavior could
be ascribed to the presence of the flaietardant additivgsee section 3.4.3.,13s already reported

in the literature [Leghik 1992] Conversely, the waterglass treatment in combination with the
presence of APP turns out to remarkably increase the thermal stability of the obtained composites
(compare the last two rows of Table Y11his finding could be ascribed to a joinfesft occurring

between waterglass and APP during the heating up of the composite material.
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Figure 43 TG (a) and dTG (b) curves in an inert atmosphere for the investigated composite.

6.1.4Cone Calorimetry Tests of hemp fabric/epoxy composites

Table 11 and Table 12ollect the cone calorimetry data: TTI (s); time to Flame Out (s) (FO);
(HRR) (average) (kW/R); pkHRR (kW/nf); THR (MJ/n?f); TSR (nf/m?); mass residue at the end

of the cone calorimeter test; SEA{ky); carbon monoxide and dioxidesyds (kg/kg).The first two

lines refer to untreated (H) and waterglaesated (HT) fabrics. It is worthy to note that the
waterglass coating, despite an anticipation of the ignition of the fabric, is responsible for a slight
decrease of HRR, pkHRR and THfRd for a limited increase of the final residue, as well, hence

further showing its protective effect exerted on the underlying fabric.

Table 12. Results from cone calorimetry tests performed on hemp and on the different

composites before and after the warglass treatment. TTI, Time to Ignition; FO, time to
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Flame Out; HRR, Heat Release RateTHR, Total Heat Released; pkHRR, peak of the Heat
Release Rate.

Sample TTI FO HRR pkHRR THR | Residuemass
(s) (s) | (kW/m?) | (kW/m?) | (MI/m?) (%)
H 28 56 13.2 57.8 1.80 1

+70| £25| £0.951 | +9.77 | £0.264 +0.6

HT 21 45 12.3 51.8 1.60 4

+26| £45| +£148 +10.4 | +£0.252 +0.6

E 78 166 507 1937 95.8 3
+6.9|+14.2, +120 | £119.3| +8.03 +0.6
H/E 55 178 402 754 61.3 3
+40|+11.9 +226 | £857 | £1.73 +0.6
HT/E 39 187 260 642 64.2 6.71
+40|+6.42| +133 | £726 | £4.65 +0.577
H/E-15APP | 46 336 90 259 34.4 28.7
+8.1|+49.1] +£12 +16.5 | £1.47 +0.577
HT/E-15APP| 44 557 68 232 40.1 30.3
+42|+£971 £21 +451 | +7.59 +0.577

Table 13. Smoke results from cone calorimetry tests performed on hemp and on the different
composites before and after the waterglass treatment. TSR, total smoke release; SEA, specific

extinction area; ND, not detectable.

Sample TSR SEA COyield CO2yield
(m?/m?) (m?/kg) (kg/kg) (ka/kg)
H ND ND ND ND
HT ND ND ND ND
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E 3,276 + 449| 849 + 55.4/ 5.85 x 102+ 4.91 x 10° | 1.96 + 4.27 x 1¢

H/E 2,254 +77.3 735+ 22.7/ 3.28 x 102+ 1.08 x 16° | 1.69 + 1.01 x 1¢

HT/E 2,094 + 229| 667 +43.7 4x10%+1x10° 1.47 £ 7.37 x 1¢

H/E-15APP | 938 +68.2394+33.3 5x102+3x103 0.87+2.6 x 10

HT/E-15APP| 1,230 + 52.6/ 413 +16.3 5x 102+ 2 x 103 1.02 +1.94 x 1¢

Conversely, the hemp fabric surface treatment seems t@tyeeffective in improving the fire
behavior of the prepared composites. Indeed, the presence of the waterglass coating significantly
reduces the HRR by 35%, namely from 402 down to 260 KAf4ee the values for H/E and HT/E,
respectively). A similar trend is observed as far as pkHRR is considered: its decrease is as much as
T14.9% (from 70542 far 6l and HUE, espettivédy)VOmthe other hand, THR
does not seem to be affectieg the treatment of the fabrics with the waterglass coating, while the

latter shows a detrimental effect on TTI, which is reduced from 55 down to 39 s.

A significant role is played by APP: indeed, this flame retardant additive, despite a reduction of
TTILf avors a further remarkabl e decihaPParelHOE HRR
15APP, respectivelvy), p k HRR -15ARP6 &nhd 6HR/ELSARP T 6
respectively) and THR -{5ARPANdHTELBARR, regp&clive, ¥t f or
respect to the unfilled composite counterparts (i.e., H'E and HT/E samples).

In addition, the waterglass coating, also in combination with APP, seems to limit the smoke
formation of the epoxy composites: in particular, APP turns out to significantlgatecboth TSR

and SEA parameters. It is noteworthy that the phosphorus additive seems to be more effective when
added to the composites where hemp fabrics have not been subjected to the treatment with
waterglass. As an example, TSR is decreased by 58.d%BA by 46.4%, as well, when 15% of

APP is added to the composite (compare the H/E andlBAPP samples).

The very high residues after cone calorimetry tests for¥EPP and HT/EL5APP (some pictures

are shown in Figurd4 and Figure45) seem to indida that the acidic character of the waterglass
coating, in combination with the presence of APP, could favor the dehydration reactions of the
fabric and of the epoxy resin, hence giving rise to the formation of a very stablgsebaection
3.4.3.1)
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Figure 44: Residue of H/E15APP after cone calorimetry tests.

=

Figure 45 Residue of HT/E15APP after cone calorimetry tests

6.1.5Three-Point Bending Tests of hemp fabric/epoxy composites

The hydrophilic behavior of natural fibers has a loempatibility with the hydrophobic polymer
matrix; in addition, waxes and other noellulosic substances, which determine poor adhesion

between matrix and fibers, cover the surface of the latter, as pointed out in the scientific literature

[Bismarck2002,Hautala 2004].

In order to evaluate the effect of the presence of APP in the epoxy matrix and of the waterglass
treatment of the hemp fabrics on the mechanical behavior of the obtained compositgmittiree
bending tests were carried out in accordantb e ASTM 790M standard. Figure 4fots the
stressstrain curves fothe different laminates. Table béllects the average values of the flexural

modulus, flexural strength and maximum strain for the different laminates.
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Figure 46: Stressstrain curves for the four types of composites: H/E sample, HEE5APP
sample,HT/E sample, HT/E-15APP sample.
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Table 14: Results from the threepoint bending tests.

Sample Flexural modulus | Flexural strength | Maximum strain
(MPa) (MPa) (%)

H/E 4550 + 260.1 109 +5.61 7.1+6.7 x 10

H/E-15APP 4590 + 324.3 110+6.12 6.9+ 7.7 x 10

HT/E 4340 +194.1 92+4.8 8.5+8.8 x 10

HT/E-15APP| 4460 + 258.2 94 +5.2 8.2+9.1 x10

For all of the testedspecimens, an evident pullout, showing a poor fiber/matrix adhesion,
characterized the breakage for tensile stress. The photographs of the fracture on the tensile site, in
section (140x) and in plane (100x) view, arevgh in Figure 43,b, respectively.

Figure 47: Images of the fracture for the tensile stress in the section (a) (140x) and in the
plane (b) (100x) view.

As shown in Figure 46all of the types of composites show the same initial slope, but, as the strain
increases, the behaviord#ferent, according to the treatment the fabrics have been subjected to: in
particular, the waterglass treatment of the fibers could give rise to a worse adhesion at the interface
fiber-matrix, hence decreasing the maximum stress and increasing ofrigateda at break.

Furthermore, the presence of APP in the epoxy matrix does not seem to affect the overall
mechanical behavior of the obtained composites.
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6.2 A new solgel method for the production of hemp fibers through a waterglass
based green process

6.2.1 Solgel preparation and characterization of hemp fibers
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Figure 48: Mass percent change as a function of the number of soakiuyying cycles.

Hemp fabrics were iteratively soaked into acidified waterglass solutions following the procedure
described in theection 5.2.3Figure48 shows how their mass changes (as wt. %) with the number
of soakingdrying cycles.The treatment makes the fabricsldse progressively softness. After 30
cycles they ardrittle enough to be easily teared dphey may then be easily reduced to powders

with the aid of a low power (350 W) mixer so as previously described.

Figure 49shows the SEM micrographs of the powders obtained with increasing magnification. As
can be seen the fibers obtained have diameter fropmilfd 10nm; this result may be explained if

we remember the hierarchical structure of plant fibers [Thomas 2014y. ddnsist of elementary
fibers corresponding to single cells of50 mm length and 60 pum diameter. The cell has a
central lumen, allowing water uptake, surrounded by several cell walls consisting of cellulose
microfibrils, 1630 nm in diameter, embeddién hemicellulose lignin matrix (see Figure 50)The

cell walls differ for the composition of the matrix and the orientation of the microfibrils. Each

microfibril consists of 3AL00 cellulose molecules in extended chain conformation.
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Figure 49: SEM micrographs of the fibers at different magnifications: general overview at 300 um (a)

and increasing details at 40 um (b) and 3 um (c).
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Figure 50: Structure of the hemp elementary fiber [Nykter 2006].
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Figure 51: SEM micrograph of hemp fiber after APTS functionalization and EDX spectrum.

In section 6.1, the author showtdit the exposition of hemp fabrics to inexpensive and ecofriendly

0.1 Mwaterglass solutions allowed the formation of a well anchored-fiisad coating, resistant

to washing.The formation ofi Ci Oi Sii covalent bonds between the coating and the cellulosic
substrate was demonstrated through Fourier Transform Infrared (FmtR¥ydidstate Nuclear
Magnetic Resonace (NMR) analysisTherefore, the above described results may be explained if
we admit that, when reducing the concentration and prolonging the exposure (so as in the present
research activify the waterglass solutioddeeply penetrates the hierarchical structure of hemp fibers
(see section 1.2 he formation of the silicate layer could be responsible of the observed brittleness

102



and easy reduction, in a low power mixer, to fibers of diameter from microns to tensoaiatars.
The hemp fibers were easily functionalized with APTS so as descrilsedtion 5.2.4

Observing hemp fibers again with electron microscopy after APTS functionalization (Bigure
we can see that they look like those shown in Figt@e Moreove, the microanalysis EDX
confirms the presence of nitrogen on the surface of the fibers.

The presence of amino groups on the surface of the functionalized fibers is well supported also by
the ninhydrin tesfRuhemann 19104nd FTIR spectra. In fact, whensmall quantity of the treated
microfibers was added to a ninhydrin EtOH/Water (80/20, vol/vol) solution the charactelust
violet-color appeared.
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Figure 52: FTIR spectra of a) hemp fabric after functionalization with waterglass
(Hemp_SiOG: sample); b) the spectrum recorded after the functionalization with APTS
(Hemp_SiO:_ APTS sample).

The functionalization is, finally, further confirmed by the FTIR spectra reported in Figure
showing the spectra of hemp fibers (Hemp_sS8@mple) beforea) and after (b) functionalization
with APTS (Hemp_Si@ APTS sample). Spectrum a) proves that the hemp fibers are produced
with a silica coating. In fact spectrum a) is similar to the one previously reported and differing from
the hemp one for the presenaf three band&ee Figure 37 in section 6.1,.1yo of them are due to
the well known stretching vibration of silicate structure, the third one is due to the condensation

reaction between OH of hemp and silanols of silica and the consequent pres€roeSotbonds
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[Abdelmouleh 2004, Britcher 1995As can be seen after exposition to APTS solution a band

ascribable to Nkistretching vibration appears on the FTIR spectrum.

6.2.2Scanning Electron Microscopy observations of epoxy/APT$&inctionalized
hemp fibers composites

SEM morphologies of the composites epoxy/APTS functionalized hemp fiberb@se sn Figure

53 (a-c) at different magnifications. FiguB8a suggests that the interface with epoxy matrix is very
good; this may be theonsequence of fibers functionalization with APTS and the consequent
presence on their surface of amino groups able to react with epoxy in the same manner as the ones
present in the curing agent. The compatibility appears to be very high as sh68m adetail of
micrographb3a. It is so good, in fact, to allow the finer fibers linked to the greater ones to extend in
the matrix instead of piling on the surface of the bigger ones. Thanks toettasior,a weblike

structure formed by fibrils and microfils 53c continuously interconnected from which we can

expect particularly good mechanical properfidakagaito 200p

()

Figure 53: SEM micrographs of the composites epoxy/APTS functionalized hemp fibers at 50
pm scale (a and c) with and a detail ofa) region at 10um (b).
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6.2.3 Dynamic Mechanical Analysis of epoxy/APTS functionalized hemp fibers
composites
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Figure 54: Glass transformation temperature of the composites epoxy/APTS functionalized

hemp fibers as a function of composition.

Figure54 shows the plot of glass transformation temperature, Tg, as a function of composition. The
Tg were taken, from DMA results, ash e maxi mum of T an Ulsee Fgure e mp e r
As can be seen the addition the functionalized hemp fibers strongly affects the Tg making it to
increase. This is indicative of a good interaction at the interface of fibers with epoxy, consistent

with the appearance of SEM micrographs.
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Figure 55: Comparison between the experimental valuesd@fand (cal cul ated as

loss modulus ratig for different volumetric percentage.
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The values of the storage modu[@hang 2007] measured by DMAests, clearly depict that the
incorporation of microfibers for the resin generates an increase of the modulus.

In order to evaluate the influence of hemp microfibers on the storage modulus of composite, two
formulae wee consideredthe analytical formula f Arul e [prfagasea 2018y Fuleudao
1981,Sideridis 2018hdopted for long unidirectional fibres:

E= WEf+ Vm*Em (6.2)
andtheé r mulian voefr sbe rul e of mi xtureso adopted in
1/E= WEs + 1/(Vi/Em) (6.3

Where:
1 E is composite modulus.
1 E:is fibre or filler modulus.
1 Emis the matrix modulus.
1 Viand \in are the volumetric percent of fibers and matrix respectively.
In Figure56 the medium values of storage modulus at environmental temperature is reported for the
different values of volumetric content of fibers. In this diagram a comparison with thesretult

analytical formulae of role of mixture and inverse role of mixture is reported.

For composites reinforced by hemp microfibers, the increase in modulus calculated by the formula
of Ainverse rule of mixtur e-@%YVob)is ndglmible[Fvagassae o f
2018, Fukuda 1981, Sideridis 2018]

From experimental datat is possible to note that the increase in modulus starts immediately for
low values of volumetric percentage of hemp microfibers and is higher than the values calculated
by the formula of inverse rule of mixture (adopted in the case of short fibres).
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Figure 56: Comparison between the experimental and theoretical values of moduli for
different volumetric percentage.

For 1% in weight of microfibers the modulus increases about of 10%. This may be ascribed to the
fact that the microfibersffectively could be bonded to macromolecules influencing the rigidity of

the resin. Moreover, it is worth reminding that the role of mixture is valid in the case of continuous
fibers reinforced composites; the inverse model is, instead, valid for shers freinforced
composites. The two models might to be both inadequate if, so as SEM micrographs do suggest, a
web-like structurelNakagaito 2005formed by fibrils and microfibrils continuously interconnected

does form.

6.3 Fire behavior study ofin-situ generated silica/epoxy hybrids

6.3.1Characterization of the epoxy/silica hybrid nanocomposites

Figure ¥ shows theATR-FTIR spectra of the different samplested in Table 5In the presence of
silica, a remarkable evolution of the IR absorpto@mds in the frequency range between 1050 and
115 0!isanserved. The absorption in this frequency range keeps on increasing in the hybrid
samples (see the FTIR spectra BPO_2%Si, EPO_4%Si and EPO_6%Si): this finding can be
ascribed to the presence of a progressively highiea phaseamount, thus proving its formation

from the APTS and TEOS&dded to the batch througtell-known reactiongsee Eqs. (1.3), (1.4)

and (1.5in section 1.2.1
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Figure 57: FTIR spectra of the uncured resin (a) and of all the hybrid systems @), either
non-thermally treated (red) or subjected to a norisothermal post curing (dark gray) (color
figure online).

It is known, in fact, tha&iOs stretching vibration modes of fused silica give rise to a sharp band at
1100'[Gimmon 1953 WheN alkalihéd® @arthlkaline oxides are added, this band
gradually shifts towards lower wavenumbers and broadens. This finding is due taldhepbof
SiOy tetrahedral units bearing a progressively higher number ebridging oxygens and therefore
to a lack of network connectiviff@Gi mo n 1 9 5 BIn thercase af Silk®gel produced through
the sol gel process, this lack of connectivitgay be due to incomplete condensation of silanol
groups. Accordingly, t he b dhndag beaagcpbedato partiglly a t
uncondensed and condensed silica phases, respectadgif 2005Torrens 200B The band at
1 0 7 0! ntaynbe ingrpreted also on the basis of the formation eddsitinuous nanocomposites
consisting of particles in a hybrid siliegpoxy network(see section 2.1thus associated with the

exi stence of a 0 dMakcia2@0g idis wosth noticiogatlat thes dhavazteristic [
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bands of the epoxy gr oup/!ark mtense amdiwelbdefineg indthe 9 1
uncured system and disappear in all the other samples. Taking into account that the cure involves
the reaction of the oxirane ring withettamine present in the hardener, the disappearance of these

bands confirms the completeness of the polymer curing reacli@osZ013

6.3.2Morphology of the epoxy/silica hybrid systems

The hybrid systems, before and after the thetnegtment, are transparent, as shown in Fi§8re

for EPO_2%Si. TEM micrographs, displayed in U#ig59, show a very fine and even distribution

of particles. In all samples, some particles tend to aggregate into clusters or bigger panigles.
phenomeno can be very well observed in Figure 60 where a high resolution TEM (HRTEM) of

EPO_6%Si sample is shown.

Figure58: Photograph of an epoxy/ si Peisilica hybrid

(@) (b)

Figure 59: TEM micrographs of EPO_2%Si (a), EPO_6%Si (b)EPO_4%Si (c), and
EPO_4%Si at high magnification (d).
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(©) (d)
Figure 60: HRTEM micrographs of EPO_6%Si at higher magnifications general overview at

50nm (a) and increasing details at 10 nm (b), 5 nm (c) and 2 nm (d)

This clustering effec{see Figure 60) s very | imited f or %shieabuhy br i
increases with increasing the filler loading, as observed when comparing TiEMgraphs

reported in Figures 59a an@ls

The higher mgnification micrograph (Figures98 and 6Q further supports the presence of a hybrid
cocontinuous structure. Thi s m1209] tobhe firsa step ofithe u t e «
synthesis procedui@ee also section 2.3yvhen epoxy resin and APTS are left to react to form the
silanized epoxy through the reaction of the APTS amino group withptxeyeoxirane ring (see

Figure 6).

oH oH
HO-Si-OH HO-§i-OH
QH © OH O OH
HO-§i-0-8i-0-§i-0-8i-0-§i-OH
OH O OH O OH
HO-8i-OH HO-Si-OH
OH oH

Figure 61 Schema of the synthesis route for the epgisilica hybrid nanocomposites.

110



6.3.3 Small Angle X-ray diffraction analysis of the epoxy/silica hybrid
nanocomposites

The WAXD and SAS results are displayed in FiguB2. In particular, Figuré2a shows for the
composi t e% afsilitatthe 6picaiepoxyefat ur es at g vecthovhichequal
are assigned to local fluctuations of the epoxy network. This confirms that the epoxy network of
hybrids is not affected by the functionalization reaction of epoxy resins macromolecules with APTS
and silicaadducts produced by the 5gkl method. Different results were obtained by some of the
authors when -glycidyloxypropy)trimethoxysilane (GPMS) was used as coupling aggsee

section 2.1)In this case, the presence of 3:1 GOTMS:TEOS brought almghificant structural

modi fication of the epoxy network with tthe di
[Piscitelli 2015.

I n the SAXS regi on, "lahe spgctrarod theuddferdntdybeds depehdaon the2 n
silica content ad the thermal treatment the samples underwent. klsgleas can be seen from
Figure 62, the EPO_4%Si and EPO_6%Si SAXS spectra show, before the thermal treatment, a
typical Guinier knee feature, which is ascribed to the presence of discrete silicdepart
homogeneously dispersed in epoxy matrix. After the post cureisotmermal treatment, this
diffraction feature disappears and the diffracted intensity becomes linear with the scattering vector

for all samples.

—EPO_6%Si
e e Epoxy features
£PO_6%%Si_t Xy \ ——EPO_t

5 TR,
.\"’% Gva_9Si0,
g wauase

] dvr_3%sSi0,

Ran
(@) (b) M 2v2_%Si0,
1

-—EPO

Intensity (a.u.)

: 10 0.1 %

q{nm) q{nm’)
Figure 62 (a) WAXD scattering profle s of epoxy/ silica nanr®o ompo s
silica before and after post cure thermal tre

of epoxy/silica nanocomposites before and &it post cure thermal treatment.

This evidence may be assigned to the formation of an inorganic fractal structure: its density, which

is measured as slope of the diffracted intensity in the logd{ny graph, does not depend on the

silica content and seems to be approximately similaali hybrids. The EPO_2%Si shows a SAXS

spectrum characterized by a linear diffracted intensity, also before the thermal treatment. This is

likely due to the presence of smaller silica particles homogeneously dispersed throughout the
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sample, giving riseo a homogeneous amntinuous hybrid morphology. This latter does not
change upon the ther mal treatment from 25 to
estimate the size of silica particles and the results confirm what is seen from the iCigraphs:

the samples consist of very small particles. In particular, the silica size increases by increasing the
silica conten®, flreoirtn 2 % hheo ¢g6e ombet r i c al radi us e
1.25 nm for EPO_6 %S ii sampReethesSiosize istgo srhatito e méasutedsr S

The SAXS data indicate that the final morphology of the hybrids depends on the silica content and
on the effect of post curing thermal treatment. Before this latter, all samples consist of
nanostructuredoarticles, whose size increases with TEOS content, which are homogeneously
dispersed in an orgaiiinorganic network made by epoxy resin and diffused epoxy APTS
functionalized/siloxane moieties (i.e., not fully condensed). The morphology of the samibles wi
higher silica loadings significantly shifts towards a fractal structure. The silica particles aggregate
during the post cure thermal treatment forming @@atinuous hybrid morphology, which appears

as a fractal structure in the SAXS analy§iao 2010.

6.3.4Dynamic Mechanical Analysis of the epoxy/silica hybrid nanocomposites

All the prepared samples were subjected to DMA; each test was repeated twice on the same sample.
Tanld vs. temperature cur v ®NA runs &re showin md-igurecc63 t h e
Furthermore, the Tg values, cal cul ated nafs t he
the composition in Figure 64t is worthy to note that, as the DMA analyses were carried out from

room temperatureto 10C at a heating rate of 3 AC/ min, t
mimic the noAl s ot her mal Apost C sactom 5.2t6 Thes dst te @eadon, fbre f | n
which in the legend of Figure 3 some <curves are codedonymst h A

defined insection 5.2.6
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(b—d) at different silica content derived from the first (red) and second (dark gray) DMA run.
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Figure 64: Glasstransition temperatures as a function of silica content, for cured epoxy and

epoxy/silica hybrid materials: first (squares) and second DMA (triangles) run.
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As can be seen, only the cured epoxy curve shows a sharp peak that does not change in the secont
DMA run, hence indicating that the polymer network is fully cured in the adopted experimental
conditions. Conversely, the Tanu peaks for t
shoulders; the modifications observed in the successive heating cyeles andication of the
occurrence of structural changes during the second DMA run. This finding can be ascribed to the
presence of two ecoontinuous phases, one consisting of more flexible and the other of more rigid
segments Jiao 2013,Mascia 2005Mascia 200§ as supported by TEM images of the hybrid
system (see Figuse® and 60, where very fine silica nanoparticles are embedded in a hybrid co
continuous network. According to ti IR results reported in Figuk, in all samples the oxirane

ring absorption bands almost disappear. This means that the changes should not be related to

pol ymer cure reactions completion. However, 1
peaks changes observed in t he takangnéo accduntthatthe at e
final temperature of the thermal treatment at

glass transition temperature of the neat polymer network. The mobility that, in the glass
transformation range, allthe hythri s egment s are expected tol acqu
OH) or sil anol s 71@itCgHs gwupk to det cddser and derdats according to
reactions (1.4) or (1)5. This could wel!/l explain the che
concernig the greater size of silica in the post cured samples may find a similar explanation: taking
into account the very |l ow particles diameter
acquire enough mobility, nanoparticles clustering may easily occur. How#wesestructural
rearrangements mag,y t hemsel ves, explain the Tanu peak:

way, found.

Finally, the trends of Tg curves reported in U¥igy 64 can be justified as well: in fact, both
completion of condensationaetion and/or particles clustering may well justify the Tg increases of

the post cure treated samples.

Figure 65 plots the room temperature storage modulus of the samples before and after the post cure
norrisothermal treatment. A remarkable increase (+30%4he modulus is observed, particularly

for EPO_6%Si after post curing.
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Figure 65 Room temperature storage modulus of untreagd and thermal treated samples.

This finding is likely to be ascribed to the nanoparticles clustering occurring sathples, after
the thermal treatment: the clustering may act as a reinforcement for the resin, increasing the
mechanical properties with respect to the untreated sample.

6.3.5Solid-state NMR spectroscopy of the epoxy/silica hybrid systems

The above discs®d hypothesis about the occurrence of silicate condensation reactions during the
post curing thermal treatment was checked in the case EPO_2%Si by means of solid state NMR
spectroscopy. Th&Si NMR and*C CPMAS NMR spectra are shown in Figures 66 and 67

(b)

(a)

-50 100 150

S
¢ MSi{ppm)

Figure 66. 2°Si NMR spectra of hybrid polymer before (a, blue) and after (b, red) the thermal

treatment acquired at a spin rate 10,00

(b) ; y v

(a)

150 100 50 0

hnc(pprn)

Figure 67: 13C CPMAS NMR spectra of hybrid polymer before (a, blue) and after (bred) the

thermal treatment acquired ataspinrate D, 000 Hz (col or figure
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The 2°Si NMR spectrum of sidied hybrid material (Figure &p shows a relatively broad and

i ntense signal ranging within 4sikcén naleidThehifh2 5 pp
field resonance of this peak is due to the strong shielefifegt resulting for the involvement of
observed silicon nuclei in fourSii Oi Sii linkages. Remarkably, the fact any peak was detected in

the spectral regions of 2@ T d@n)and @( 1 95 ppm) forms suggests t|
composing the added TEOS were converted inido@ns during the gel formation. Additionally,

the lack of Si peaks in forms different than &so suggests to exclude a relevant presence of
residual APTS, which, depending on the extent of siloxane formation, may polymerize to produce
Qs forms. However, the comparison with tA¥Si NMR spectrum of thermally treated material
(EPO_2%Si_t) did not reveal any significant change attributabteetthermal treatment (Figure

66b). The same result was observed when a replicate was analyzed for both sample types. This
confirms that the origin of the peculiar properties of studied hybrid material, revealed by other
analytical techniques, cannot be expéal by a different arrangement of the siloxane network, since
most of silicon atoms appear to have been fully involved in the condensation reactions (1.4) and
(1.5).

Most signals detected in thEC CPMAS NMR spectrum of EPO_2%Si (Figure #&7are
attributable to the DGEBAstructure. In detail, the alkyl region appears dominated by two peaks
corresponding to both the twmagnetically equivalenme t hy |l s ( at 32 ppm) a
car bon, which the methyls are bouagedlol &5 (ppm 4
correspond to the aromatic carbons of phenol
due to the two aromatic quaternary carbons which are bound to the oxygen involved in an ether
bond and an alkyl quaternary carbon, respectivy . The signals at 128 al
protonated aromatic carbons positioned in ortho and meta, in respect of the quaternary afomatic C
O at 158 ppm. The peak at 70 ppm corresponds
oxygen. Finally,t he signal s at 58, and 44 ppm rise f
composing the DGEBA epoxy group, respectively. The peaks dominating the spectral région 40
60 ppm appear relatively broadened sincBA the
resonate at very similar frequencies as compared to the corresponding carbons, which resulting
from the opening of thepexy ring and coupling with APS orcuring agent amino group (Figure

67a). The comparison with théC NMR spectrum of EPO_2%Si _t ditbt reveal any significant
difference depeding on therral treatment (Figure 67Remarkably, the fact that intense ethoxy
peaks were not detected in the most shielded -&lkgggion, suggests an approximately complete

hydrolyss of ethoxy groups in botAPTS and TEOS reagents. This is in agreement with the results
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achieved by°Si spectra about the fully involvement of silicon atoms in thedensation reactions
(Figure 66.

Therefore, taking into account the NMR results, the structural changes evidendkd DMA
curves and the Tg changes during the post cure thermal treatment must be, mainly, attributed to the
clustering of silica nanparticles evidenced by SAXS analyses.

6.3.6Fire behavior of the epoxy/silica hybrid systems

The fire behavior of aflame retarded system is usually investigated by performing either
flammability (according to UL94 standard, in vertical or horizontal configuration) or ferced
combustion (i.e., cone calorimetry) tests: in fact, their combination allows assessing thidioyvera
performance of the considered system, hence evaluating the reaction of the material towards the
application of a flame or a heat flfgee sections 5.3.10 and 5.3.1lh)this context, vertical flame

spread and cone calorimetry tests were exploitksl far as vertical flame spread tests are
concerned, all the samples investigated mainbe classified, as they do not achieve-sgtinction

before the flame reaches the top of the sample. However, the presence of the silica domains in the
hybrid strictures allows preventing melt dripping phenom@vatzen 2015) which, at variance,

occur in the neat epoxy network. Undoubtedly, melt flow and dripping of the pyrolyzing polymer
can be detrimental during a fire, as they often provide an additional igsitiorce, an additional

flame spread process and even favor the starting of a pool fire independent from the original
burning item. As clearly reported in the scientific literat@eompton 201 the addition of micre

to naneparticles to thermoplastior thermosetting polymer matrices can prevent these undesired
phenomena, because of the increase of the melt viscosity of the burning system: unlike the systems
described in the literature, the high homogeneity of distribution of the silica nanopanidhes i

epoxy network allows limiting the nanofiller loading to a very small extent that is capable of
inhibiting the formation of incandescent drops. Furthermore, it is noteworthy that the flammability
behavior of all the samples investigated is not aftedig the norisothermal treatment they
possibly underwent. The pictures of the residues after vertical flpneadstests are shown in
Figure 68 once again, they demonstrate the high -¢baning character of the in situ synthesized

silica nanoparticlesyhich allow achieving a high residue after flammability test.
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EPO EPO_2%Si EPO_6%Si

(b)

Figure 68 Residues of the different hybrid systems after vertical flame spread tests,
before (a) and after (b) the postcure nonrisothermal treatment.

As far as forcegcombustbn tests areonsidered, Table 1&ollects the cone parameters in terms of

TTI, HRR, pkHRR, THR and final residue. First of all, it is noteworthy that all the hybrid systems,
irrespective of the possible nasothermal post curing treatment, anticipate the ignition as
compared to the neat cured EPO. Conversely, the presence of the silica domains well distributed in
the polymer matrix promotes a remarkable decrease of HRR and THR as well: this finding can be
explained in terms of formation of a ceramic silica layer, Wracts as a thermal shield, hence
protecting the underlying materials, slowing down both the diffusion of the volatile flammable
degradation products towards the gas phase and the oxygen diffusion towards the degrading
material Malucelli 201§.
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Table 15: Results from cone calorimetry tests performed on cured epoxy and epoxy/silica
nanocomposites at different silica content before and after thermal treatment.TI time to
ignition, HRR heat release rate, pkHRR peak of the heat release rate, THR total &e

released.
Sample TTI HRR pkHRR THR | Residue mass
(s) | (kW/m?) | (kW/m?) | (MJI/m?) (%)

EPO 54 |504 (1971 84 N 2 N O
EPO 2%Si (37 [311 991 N 67 N 6 N O
EPO 4%Si (37 [308 929 N 74 N 7 N O
EPO 6%Si|{32 |290 (1231 57 N 10 K

EPOt |51 |423 |1682 77 N 2 N 0
EPO 2%Si {43 |421 |1791 79 N 5 N O
EPO 4%Si t145 |[358 837 N107 7 N O
EPO 6%Si {30 |[351 1003 89 N 10 K

The higher

isothermal post curing could be the result of two different phenomena taking place during the

reduction of HRR and THR observed for the samples that did not undergo the non

thermal treatment: more specifically, this latter can favor further contiiemsaactions of partially
condensed hybrid structures, hence consuming the condensatmodugts, which provide an

endothermic effect that lowers the heglated cone parameters.

In addition, the nosisothermal post curing treatment can promote smagangements in the silica
domains (i.e., silica clustering phenomena, as revealed by SAXS analyses), which, upon the
exposure to the heat flux of the cone, give rise to the formation of a less protective ceramic layer
that should slow down the heat tséer from the material to the surroundings and -vieesa.
Therefore, as a consequence of the silica clustering, the efficiency of the ceramic layer decreases,
hence increasing THR and HRR values of the samples subjected to tlthenmal post curing
treatment.It is worth underlining that this effect appears to be particularly strong in the case of
EPO_2%Si sample. In fact, for the not post cured sample, the HRR reduction is 40%, whereas it
approaches 16% only for the post cured counterpart. NMR sesudigest that the second effect is
predominant. In addition, the formation of an inorganic phase within the hybrid material is

responsible for the increase of the final residue at the end of the tests.
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Finally, as far as the smoke parameters (see Ta6Jeare concerned, the hybrid structure,
regardless of the possible n@othermal post curing treatments, is responsible for an overall slight
decrease of the TSR, SEA, CO, and.@f@lds.

Table 16: Smoke results from cone calorimetry testgerformed on cured epoxy and
epoxy/silica nanocomposites at different silica content before and after thermal treatment.

TSR total smoke release, SEA specific extinction area.

Sample TSR SEA CO yield CO.yield

(m?m?) | (m?kg) | (kglkg) (kg/kg)

EPO 3066 |940 0.061 |2.08

EPO_2%Si |26 04 |941 0.060 |1.94

EPO_4%Si 2851 928 |0. 057 |1.091

EPO_6%Si|2087 [|895 0.063 |1.95

EPO_t 2883 |937 |(0.066 |(1.97

EPO_2%Si {2733 |839 |0. 057 1.89

EPO 4%Si {4124 |607 |0.034 |1.109

EPO 6%Si {3181 |472 |0.029 |1.01

6.4 Phosphorousbased insitu generatedsilica/epoxy materials

6.4.1Chemical, thermal and mechanical characterization of the irsitu
silica/epoxy composites

6.4.1.1Infrared Spectrophotometry of the in-situ silica/epoxy composites

Figure69 and Figure70 show the FTIR spectra of the different samples. In this analysis, in order

to explain the main differences, only the flame retarded samplgaining melamine and DAr

DP with a Rloading equal to 2 wt. % @&ve taken into account and compared to thenblanes.
Additionally, the sample of uncured pristine epoxy (with EPO_WH as acronym) was also
considered. It is worth noticing that the characteristics bands of the epoxy group located at 970, 913
and 870 cnt are intense and well defined in EPO_WH andhpligared in all the other samples.

The disappearance of these bands confirms the completeness of the polymer curing reactions, this

because the cure involves the reaction of the oxirane ring with the amine present in the hardener
120



[Jiao 2013, Torrens 2008EPO2%Si shows a slight evolution of the IR absorption bands in the
frequency range between 1050 and 1150.c8o as previously reported section 6.3.1his may

be attributed to formation of the silica phase from APTS and TEOS through theneelh sotgel
reactionq1.3), (1.4) and1.5).

The addition of the flameetardant molecuteto the insitu silica/epoxy system, changes several
peaks intensities and introduces new characteristic bémdise case of EPO2%Si_DA2%Ryo
characteristic strong bands due to the stretching-6f &d to the presence of amide (amide llI
frequency remn) groups at 1090 ctand 1260 cm are observed. The shoulder at 966 amay

be attributed to the existence of & C bonds [Chen 2018h both phosphorous based flame
retardants (see Figure 24)he strong intensity of the band near 1020" ¢ndicates the presence of
ortho-disubstituted benzene derivatives [Randle 1956, Tewari 1976]. The band around*&incm
be attributed to the-E stretching; the 920 cfone is reported to be due to the torsional vibration
of the acetaldehyde structurethe DA molecule[Beg 1962,Belov 1994,Zhou 2008]. The bands
located in the range between 2860%camd 2970 cm may be due to the stretching vibration of the
Ci H bond, and the band around at 800%cmould be to the bending vibration of thé B bond,
both present in the molecuseof the DA flame retardant and melamine added to the epoxy sample

[Mahapatra 2007, Salmeia 2019, Singh 3015

The ATRFTIR spectra are, therefore, consistent with the composition of the epoxy samples and

show that, in all cases, thesin is well cured.
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Figure 69: ATR-FTIR spectra of the uncured resin (EPO_WH), cured resin (EPO) and of the
in-situ silica/epoxy systeracontaining 2 wt. % of P-loading and melamine
(EPO2%Si_DA2%P and EPO2%Si_DP2%P.
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Figure 70: ATR-FTIR spectra (from 2600 to 3600 cm) of the uncured resin (EPO_WH),
cured resin (EPO) and of the insitu silica/epoxy systeracontaining 2 wt. % of P-loading and
melamine EPO2%Si_DA2%P and EPO2%Si_DP2%B.

6.4.1.2Nuclear Magnetic Resonance analysis of the-situ silica/epoxy
composites

3-(6-oxidodibenzolc,e][1,2]oxaphosphinBiyl)propanamide (DA) flame retardamt o e s cont a
ami no gr oup2st (ssoe ea sF itQhuer elr #raceneri ty bet ween t h.
the epoxy resin wafNMRyHNMR,g 2PMEIR b g n alley gtidsi. s

scope DA and the pristine egpmkyl efetsiinn wmehree hra:
samemdéddaions of the curing pacwrciesg (1HOACH Bh)))

A second sampl e wa sdiparzeapbairceydc FBay[n5a d4d.DA]gY nld,d8n a
equal to 5 wt. % (®A)t heofgeamer ret ahd®At and t
obtained system was mixed for 2h at 80AC and

curing process. The reason of this seconnd sanmn
fact , t hat the reaction bet ween an epoxy re
crosslinking reaction and to the synthesis o

formation of secondary amino tgromupbetcwadéemrd, DA

pristine epoxy resin. DBU is a chemical compo
It is used in organic synthesis as a catalyst
nomucl eophilicdibas2e01[8BBur clkthsa addi ti on, i n t he

compl etely exclude a r eactBootnh bseatnmpeleens eweorxey ¢
DMSO at room temperature wiTheut wanyampldes i

anal yzehd ntuhcrloelagg magneti ¢ resonance spectrosca
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l1&NMR analysis substantially showed the same
7represents the spectrum for the epoxy sampl
2003] attributed to the carbon atoms of DGEBA
ppm (C1), 49.9 ppm (C2) and 6Bi ghlpipgnht( C3h ¢ a
chemical shifts of carbon atoms | inked to OH
DA.

fred)

1664718
1275184
1143584
603786
50.2153
44.2370
41,6803
HAT

1432674

8 | [
' 2

— —— T 7T
160 140 120 100 a0 60 a0 20 [ppm)

Fi gud'e€-NMR analysis for the sample composed b\

'H.NMR analysis also showed the same redaltthd ol
H.NMR spectrum for the epoxy sample containincg

been assigned to the protons present in the b
al so reported in the sameebfpguosebl @héobi sphhei
and 6.8 ppm (aromatic protons) and 1.6 ppm (nm
group is characteri zed=Dbig.pbpmm e( ppecaakkss ¢ ,n d,hee,r
2003] .

The présemceact ee@NMBEBANIMR spectra confirms t
direct and catalyzed reaction between DA and
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Fi gde®l-NMR analysis for the sample composed b

Figu®ddhowsSPNMR*A{H} NMR (162. Gdg)MHez ,( pDoMHQ 37 . 2)
the epoxy sample containing DBU, r epPrNeVsRe n't a t
spectrum shows the characteristic peaks of t|
Sal mei ai at 2807, []STahlemepirae s2etnic8e o FP-NMRosip & ¢ terdu D,/
the investigated epoxy sampl es, additionally

reaction between DA and polymer resin.
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Fi gUB®¥-NMR analysis for the saanpd eprciosmnpiorses de o

Based on the results discussed so far, for bo
spectra show that there is not reaction betw
exclude any pdasviebialpptry agfh 290 0Peader genr ot her
1981, Seibold]]2008,erWwWdmg el DA8 f|l ame retardant

addi ti ve.
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6.4.13 Differential Scanning Calorimetry of the in-situ silica/epoxy composites

Thglass transition temperatur die @©XGStCr achteerdnoa:
curves of EPO, EPO2 %SPiO,_ DPR B® ORAXSY%P , DAL %P _ M
EPO2%Si _DA2 %EPMEPSi _DP1%P_Mel andarkEP G2hvesSthn_& P2
17

TablZhows that the a-ehitet tiinenl otaDApoxy networ k
on the Tg of, twer kciunrgedasreai pl asticizer. Con\
i ncorporation of ®BPt@2swti takRygmpdeyr smethvenrTkg iol
resins. The stiffness effect of DP on the pol
bonds between the oxygen of DP structdriekdamdg
process TaBle®hawshat the furt hteag etdida rt i vadnd éosf D An

not appear toeomatglre oT her effect

DA could be able to react through its primar
reqisree Fi,guwsmudtrzedaxcttiidvienkirmgssi tes to the cycl
Il n this case the excesasbficicnr nggeNaMRe arte spbl utusd
exclude this hypothesis. Alternativelny, gwe umpas
of DA are characterized by a strong chemical

although they are not able to react in any sp

Tabl é©Ons#®t values of the glass transition temp
EPO2%Si _DA1%P_Mel , EPOER®_DPR2ZMRBP_HEIO2 %Si _DP1c¢
and EPO2%Si _DP2%P_ Mel

Sampl e Tg [
EPO 127
EPO_DA2 %H 85K
EPO_DP2%i13
EPO2%Si |112
EPO2%Si DAZ 91 I
EPO2%Si DA1 90 |
EPO2%Si DPZ413{3
EPO2 %Si DP]113 W4
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6.4.14 Tensile properties of the insitu silica/epoxy composites

Tensile properties forsithe splli€eakbppayy reempo
according -D638hset &AM Mowdsitghueresitm edisagr ams o
resisni,t unsilical epexy usysdgtl dtrohased makdsdi imtei wdimt ho f me |

or (D2P wt .-l da dbifng) | oaded i n tension.

The tensile modulus of EPO, aBEHOZEX®I2,%SEP OP % S3nil

materials was measured from the slope in the
The el astic modul us, tensile strength and f
determined amrMdB |isted in Tabl e
1200_
1000 } o7
-
4 /”
800 + -
‘r? g ”
s 2
= J -~
© 600 T ,”
7 ] 2
Q
& 1 — =EPO
400 T
1 7, EPO2%Si
] // .
200 // — =EPO2%Si_DP2%P_Mel
——EPO2%Si_DA2%P_Mel
0 F———r————t———t
0 0.5 1 1.5 2 2.5 3 35

Strain, € (%)

FigudRtr-essain diagrams o$i purei eipoakhkepesynsy
situ silicalresin with toheDZddit t-li @andiord )mell @and

tensi on.

|t can be seen tshiattu tshiel i prae sheansc ea orfe giasttirvad ne

behavior o f the epoxy polymer. EPO_2%Si e X hi
fracture strength, wi t h rleBspme cats taol rperaidsyt irneep
2007]. The presence of silica has a detri ment

area undesrt rtahien scturrevses.

The addition oformiBEamiame aduddt DAn al d et rsit meemtge
and toughness. On the contrary ®@whe 3@pduyngumod
topol ogi cal constrain effects (e.g., steric

retardant and epoxy resin (see section 6.4.1.
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Tabl:&lB&tic modulus, tensile strengtshi tand f ¢

silicalepoxy systemi hhdat hesin with the addit
wt . % oddiPng) .
Sampl e Ec[MP & | ou,[MP & & [t %]
EPO 7545441105 1| 3.\ 0.
EPO2 %Si 71255y 841 N| 2.8 0
EPO2%Si DPZ 91060y 68146N 1.8 0.
EPO2%Si DAZ 99053y 60151N 1.R8 0

6.4.2Fire behavior of the in-situ generated silica/epoxy materials

The fire kédkhawicorrwaed through the UL test al
fl ame retardancy mechanism was performed throc
Combustion Flow CaloiGamet @€hr  RCECY GGHRABY obpdi
Drect | nseMatsisonS pRrca brdSme tarnyd TAMRIRAR Nd EDX anal ys
produced in the UL test.

UL 94, the Standard for Safety of Flammability of Plastic Materials for Parts in Devices and
Appliances testing [UL 94 2013], is a plastidanimability standard released by Underwriters
Laboratories of the United States. The stani

extinguish or spread the flame once the specimen has been ignited.
From lowest (least flameetardant) to highest (ost flameretardant):

1 HB: slow burning on a horizontal specimen; burning rate si#@min for thickness <
3 mm or burning stops before 16m

1 V-2: burning stops within 30 seconds on a vertical specimen; drips of flaming patrticles are
allowed.

1 V-1 burning stops within 30 seconds on a vertical specimen; drips of particles allowed as
long as they are not inflamed.

1 V-0: burning stops within 10 seconds on a vertical specimen; drips of particles allowed as
long as they are not inflamed.

1 5VB: burning stop within 60 seconds on a vertical specimen; no drips allowed; plaque
specimens may develop a hole.

1 5VA: burning stops within 60 seconds on a vertical specimen; no drips allowed; plaque

specimens may not develop a hole.
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A cone calorimeter is a modern devieged to study the fire behavior of small samples of various
materials in condensed phase. It is widely used in the field of Fire Safety Engineering. It gathers
data regarding the ignition time, mass loss, combustion products, heat release rate and other
parameters associated with the sample's burning properties. The principle for the measurement of
the heat release rate is based on the Huggett's principle [Hugget 1980] that the gross heat of
combustion of any organic material is directly related to theuamof oxygen required for
combustion. Oxygen consumption calorimetry has made the measurement of heat release rate of a
fire a routine part of fire testing for both research and for regulatory compliance. Heat release rate is
a primary metric of fire sizevhich is foundational in modern fire protection engineering. The
device allows a sample to be exposed to different heat fluxes ogerfiédse. ltsname comes from

the conical shape of the radiant heater that produces a nearly uniform heat flux cuefabe of

the sample under study [Beyler 2017].

6.4.21 Vertical burning test (UL -94) of the insitu silica/epoxy composites

The fire behavior of a flame retarded system
(accor di9g sttoa nUWlar d, in vertical or horizont a
cone <calorimetry) tests: theioveroaibli nBitrenpa
considered system, hence evaluating the react
or a heat f1l ux. Il n this c8Ada)ewtas e«xmptliocdledf |
reportedl9%ndTdhbé®ehe20sampl es EPO, EPO2 %Si , E
EPO2 %Si _ ERPBPASI _ DP %M _ Meol t be classified-, as
extinction bef drhee tthoep folfa nmeY &aessadcdgebsay. t Fhieg urees i
EPO sample ahegreaepbesemrtsati ve also of sampl e
flame has reached the clamp and the coherence
(samples EPO2%Si , EPIORé&ScoMel nigi ebar aafquer

Fi gsurrbeand f706rb EPO2 %Si . Mor eover, thangr &Pemdt ¢
preventing pnheelnto memiappumiger i sniwodg hehafagre affl|l Dt
studied ctoompopriéeésemse of si loi cnaotd oheasv ea pdpreiaprp in

19. Undoubtedl vy, me | t fl ow and dripping of ¢t

fire, as they often provide an aadi procalssi gm
favor the starting of a pool fire independent
the scientific | iNawcelh 200G,Matzeh 201 mptt loen 2ddEiBt i on

nanoparticles tomolset mo mlga sptoilcy mer mlae ri ces C

phenomena, because of the increase of the m
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underl ining that the dri @9 ¢ agc,ls uopcpcrueress i aptn ,v eirn
content SO0 saesctri ofidinbise3dn&iyn be due to formati on
[Cr o mpt o Malugedi 2036,Matzen2015. The present synthedgis r
section Mdr 2.o06neprl,e st haed dseed €Pd h MBPA ( mel ami ne) 3
have a similar silica particloegsdadPdsMel botrcans
third step of the synthkeer sampdn bnaettdhua des 3 sedpgote id ce
particles are formed and | uAsnty whaef, o raeg tshhes wankedbi

|l i sted i,n tThaebluwsel9of DA, in the epoxy resin,
classificasi worth undeel iofi DP,t hatr, alh the c:
presence of silica or DP appear necessary to
the use of DP, in the epoxy resin, is fundame

Tabl &JL-29: VB (vertical burning test) classific

of all the investigated epoxy sampl es
Sampl e UL94 Dri pp
Cl a

EPO NC Yes
EPO_DA2 %R VO Yes
EPO_Mel NC Yes
EPO_DA2%P | VO Yes
EPO2 %Si NC No
EPO2 %Si _DA VO No
EPO2%Si M NC N o
EPO2 %Si _DA2 VO No
EPO2%Si DAl V1 N o
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Table -20: VBL(vertical burning test) classific

of all the iIinveswitglat2R efelpoomegns ampl es

Sampl e UL94 C[Dripp
EPO NC Yes
EPO_DP2 %H Vi No
EPO_Mel NC Yes
EPO_DP2 %P | V1 No
EPO2 %Si NC No
EPO2 %Si _ DA NC No
EPO2 %Si _ M NC No
EPO2 %Si _DP2 VO No
EPO2%Si _DP1 NC N o

Figurcerlsc¢78&8presentative of sampl es, HEPFPG [DAPR%BP
EPO_DP2%P_ Mednd d76d5( EPO2 %Si _DA2 %P EW&I2 %Si _DP2
EPO2%Si _DPR%wel ®alrly show that the sampl es b

coherent char.

Il n concl usi onDA heensdpreec@npbha®é appears to be
EPO2%Si DA2%P and EPO2%Si DA2%P_Mel) to have

Conversely, the use of DP makes neelnrae g dsyo pacss siin
EPO_DP2 %P) , nevertheless the addition of me |
necessary in order to achieve VO classificati
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Figurgl9745 VB residues after the burning te:
EPO_DA2%P_ Mel (c) and EPO2%Si DA2%P_M

S
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Figures gHMoseompeh ¥t8os taken with the aid of an
burned in the same -@4nbppgparatusen Thedf FameUbf
applied to the spec9mestacdardi nFotoeabk Ean
recolde@dalang the whole burning up process. Th
removed from the sample and was stopped when

sampl e cl amp.

The burning process of EPOeamhi bBP @h%Siescan be

f During the burner fl ame contact phase, the
on the surface starts rapidly to increase,

T During t he mi ddl e fl ame phaswemest hteh ef rmatt

temperature further i ncreases and vol ati |l e
phase.
f During the end flame phase, flashover occu
Contact Flame Middle Flame End Flame
EPO Flame
Profile
Time [sec] 2 22 L]
T[°C] 164 35 385 £52 475 +31
Flame
EPO2955i Profile
Time [sec] 0 36
T[°C] 104 +23 366 £ 70
Flame
EPO2%5i_DA2%P_Mel Profile
Time [sec] 3 15 27
T[°C] 63 +34 1g7 £50 125 £33
Fige:ITR Camera results: temperature values an
and “end” flame phases for EPO (first rov

EPO2%Si DA2 %P _Mel (third row).

I n the case of EPO and EPO2 %Si t hee Hwemper at U

contact phase, when the fl ame reaches the mid
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can be seen t he addi tion of 2 wt . % silica

temperatures are | owebe Bmetdattdedeffects appea
EPO2%Si _DA2 %P _ Mel and EPO2 %Si _DP2 %P _ Mel show
compared with EPO and EPO2 %Si . When the burn
' imited and rapidly extinguisbessheaspéei dlulrwne
newly applied. The first and second temperat
removed. The third one is the temperature at

|l ower temperature thawe rEtPOelaemsd BMh@2 %Sfif,ect s
compared with DA.

Contact Flame Middle Flame End Flame

EPC Flame
Profile
Time [sec] 2 22 42
TI°Cl 164 +35 395+ 52 479+ 31
Flame
EPO2%Si Profile
Time [sec] [} 36 73
TI°Cl 104 +23 366 70 471 + 86

Flame
EPO2%5i_DP2%P_Mel Profile

Time [sec] 1 44 60

TI[C] 102 £37 183+ 29 168 £22
FigurleR 7amera results: temperature values an
and “end” flame phases for EPO (first rov

EPO2 %SR2 %P _Meéehird row).

The overall greater ther mal stability caused
of a shield effect exerted by the silica part
epogxyso as pr eviionustlhye ocbasse& wWwiels meamnison héat 3.t .e
would be due to a condensed phase actoobot ihe
condensed amlaass ep htals&in 2017tSiadmei g 2015ab, Sal mei
2018s. regards DP, its flame retardpnédamitnan
condensed fliBbad enea at i2Wilt8y Schart el 2010]
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6.4.2.2Cone Calorimeter Tests of the irsitu silica/epoxy composite

To investigate the combusti onsibtelh agiiloirc a/fe pg dixe
subjected to a constant heat f | ux, cone <calo
standard. Acormlaus taisoofo otrses setesr2ehdr,a nTda bdladb l ec 2 2t h e
parameters in terms of TTI (Time to lgnition)
HRR (Heat Rel ease Rate), pkHRR (peak of Heat
(Smoke ExtensiTtHHR AMet al Heat RebkZ2@s&fdsathmoevf ir
HRR curves vs time for al | t he anal yzesd tsamg
silicalepoxy system EPO2%Si does notcuartdi EiP®a
This means that the silica domains do not i nt
Conversely, t he Ipgaedsentce afr earmaer ksaldliecadecr eas
wel | altogether with a®. i icreatendifnd heamele
formation of a ceramic silica | ayer, which ac
materials, slowing down both the diffusion of

t he gsaes apnhda t he oxygen diffusion towarsdistwotirhteh ¢
underlining that this barrier effect ¢$e&actoibdmi
6.3.6 for a simihias ®wmapyxlpe sgigleiedmw d to Cunarmip ofoinmo
2 0 1Malucelli 2016,Matzen 2015b . The present synthesis rout e
sampl es addoerd @wHdien abDarnee expected to have a
di stributiadditlinof agdifdeDAahmeccer s i n the third s
procedure rexppeartiameditmadt heds secti on, when sil
just before the addition of curing agent.

The HRR, MLR and THR heev ecna sneo roef rseadnoipcl eeDsPtnb o ot a
wit hmedtami ne. | n tthhee csatsreo nogf iDnAc r e(asseee @BaEYE bhee r
ben agreement with a gas phase acti ial memacQRk
Wendel]sOmR@G&70t her side,at ki gbef n@@/BE2es eTaahd ets
and 24DAotnlean malyidhhee t o a predominant condens
2015ab, Salmeia 2018].

Tle fl ame retardanmagcinogonsvef dDAfeandnbDPphenonmn
t hermal degradati on:

1)the presence ofscobhled fpgpeamopkbaae dapteicviat y vy
case omn ©OWe bwasl se o fiodt dhe@B®ia@O® f ol | ows di
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the inhibition of the free radical ©OEacti
ones [HS8&l m@nasg82015aNenSiaell Meszdel128]Jelc8t,i on 3. 4.
2)the use of DA or DP coul & ooamibnagi doat er t of st
resin through a condensed phase activity |
3)t hendot hermi c decompd®iwteiregn MR BAedatdet da
parameters [ Salmeia 2015ab, Sal mei a tzhCl18] .
t wo phosphorous basedsfbwmaowat d&rmaanhtesat t
materi al, because ofhédbkeompdsest heomi cnhat ph
product s.
4) mel ami ne degr agtahtatonl epardo dtucc eas BNi el tutte robna uoefr
Sal mei a .2015ahb
| n Fd8dluraetdhe8dhotos of the residues are report
reported234 aekBl a@he residue mass increases ||
DAor a@nPd meadmeni alehdce du.se of DP all owsrtasacloif e v
maswi th respect(1l166 EBO2%WI% f or EPO_DP2%P and

respectively; see Table 24).

More than all, howe®& 2r amsthho82 ghatros nitnu mEeisgene
and oDAaxPe bot h pncdasteenst .t hTahti sBA s@n et eld B aabaenrtt e f
the condehsed pbdbatsieon 3.4.3.1 for more det ai
[Salmeia 2015ab, Salmeia 208ngh200p. Thi s i ntumescencéopmanomea
of acid phosphorous compounamrsd.dDPh engge tahcei d exho
c 0 mp o [Balrdeta 2015ab, Salmeia 2Q18ingh 2009 accelerate the decomposition of epoxy

resin (according tehe results in Tables 286 and 2728); furthermore, the acid character of these

acidic phosphorous compounds and of silica altogether with blowing agent behavior of melamine
may well produce a swollen multicellulaaronaceous layer (see Figures @hd 829 [Bourbigot

2007, Morgan 2013]. Figur@lc and 82c(EPO_DA2%Pand EPO_DP2%IP shows that the use of

DA or DP without melamine and silica, already allows to obtain a quite bigger amount of char
residue(3% and 16% for EPO_DA2%P and EPO_DP2%P composites, respectively; see Tables 23
and 24) as compared with the EPO one (1%, see Tablel@8)acid phosphorus compounds, in

fact, are able to promote the dehydration of the epoxy resin producing a carbsnageouwhich

acts as thermal shield and oxygen diffusion barrier [Bourbigot 2007, Liu 2017, Visakh Rasadgl

on the results discussed so far, they supperhypothesis that D&xertsa flame retardant activity

mainly linked to a condensed phase naggbm, contrary to what appears for DA.
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Tabl Rezslull ts from cone calorimetry tests pe
EPO_DA2%P_Mel, EPO2%Si, EPO2%Si DA2%HA IlagndiHERO
To Il gnition; TTF, Time To Flame out; THR, Tot

pkHR peak of the; Heasti Rekbemass Rat e
Sample |[TTITT| THR| MLR| HRR pkHR'Resi
[ s| [ s MIN[ 9/ k wh|[ kK wi| mas
[ %]
3811| 96 77 532 255 1
EPO N [N N 3 N 3 N 2|R 38N 0O
3420 43 30 160 647 3
EPO DA2 %N [N N3 N 2 N 2N 81N 0
5618 61 35 249 823 3
EPO DA2 %P|N [N N d N 3 N 1/l N 1(N ©
4013 79 42 412 196 4
EPO2%Si |N [N N 1l N 4 N 1IN 72N 0
2615| 64 32 2761 773 5
EPO2%Si D|N |N N 72 N 3 K 1/ N 1(N o0
5618 59 35 249 823 4

EPO2%Si DA|N |N N 72 8N 2N 1{N 1¢(N o0

Table 22: Results from cone calorimetry te
EPO_DP2%P_Mel, EPO2%Si, EPO2%Si _DP2%P and EPC
To Il gnition;FIlTalne ofutme TR, Tot al Heat Rel eas

pkHRR, peak of t hye
Sampl e |ITTITT| THR| MLR| HRR pkHR'Resi
(S(S[MJ?][g/Z}S(ka)(ka) ma s
[ %]
3811 96| 77| 532 255 1
EPO N | N N 34 8N 3 N 2 N384N 0
3134 61.| 18.| 135/ 744 16
EPO_DP2y%N [N N § 8 3 N 1/ N 7| N O
5040/ 61.|] 17.| 158/ 730 13
EPO_DP2%P|/N |KN N 72 N 2N 12| 1]N o0
4013 79| 42| 412 196]| 4
EPO2%Si|[N [N | N 1] N 4 N 1| N 7[N O
2851 67.| 13.| 106/ 516/ 12
EPO2%Si _D|N |N N g N 3 N 8 RN 1{R o
4217 57| 33| 247/ 909| 10
EPO2%Si DP|N [N N §3 8 2N 1/N 1{N o0
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Tabl embXkXe results from cone cal ori
EPO_DA2%P_Mel, EPO2%Si, EPO2%Si _ DA2%RBRagndoERD
Smoke Release; SEA, Specific
Sampl e TSR| SEA CcO CG |[CO/ G
[ A mq[ At Kk yviell yiell []
[ kg/ [ [ kg/
184| 131|2. 857 0. 49
EPO N 2¢ N 3N 3.43N 6.03 0.0
423{ 525(6.21°7? 0. 386
EPO_DA2% N 271 N 3N 3.1 5.59 0.1
4251 528(7. 467 0.54
EPO_DA2%P| N 24 N 2N 3.4W 4.03 0.1
198] 241|3. 3172 0.74
EPO2%Si | N 2¢ N 3N 4.0 2.53 0.0
462( 577|8.18°7? 0.53
EPO2%Si D| N 3¢ N 7N 7.3 1.9% 0.1
410{ 508({7. 147 0. 51
EPO2%Si DA N 27 N 3N 2.8 1.73 0.1
Tabl e 24: Smoke results from cone cal
EPO_DP2%P_Mel, EPO2%Si, EPO2%Si _DP2%P
Smoke Release; SEA, Speairfbiom BbotnignkdQaiegbno @Or kiag, »
Sample | TSR| SEA co CQ |[CO/ @
[ A @[ d k yi el yi el [-]
[ kg/ § [ kg/ |
184 131/2. 85-2 0. 49
EPO ROl R 4R 2.6%0 7.0% 0.0
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EPO_DP2%Y N 2 N 3N 4. 34N6. 447 0.0

EPO_DP2%PI N 2| N 2N 2. 58N 3.1 0.0

EPO2%Si| N 2N 3[N 3.739N 1.69 0.0

EPO2%Si D/ R 3| R 8N 4. 4%82. 04 0. 1

EPO2%Si DP|N 2| N 48 2.39N 1.84 0.0

(©) (d)
Figur@omBel cal ori meter residues after the bur
EPO_DA2%P (c) and EPO2%Si _DA2 %P _ Mel
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(c) (d)

Figure 82 Cone calorimeter residues after the burning test of EPO (a), EPO2%Sb},
EPO_DP2%P (c) and EPO2%Si_DR%P_Mel (d).

6.4.3 Thermogravimetric Analysis (TGA), Pyrolisis Combustion Flow
Caloremeter (PCFC), PyrolysisGas Chromatography-Mass (PY-GC-MS) and
Direct Insertion Probe-Mass Spectrometry (DIRMS) and analysis of the char
produced in the UL test

6.4.31 Thermal analysis of the insitu silica/epoxy composites

In Figures 8384 and 8836 the thermogravimetric curves recorded, in air, for EPO, EPO_DA2%P,
EPO_DP2%P, EPO_Mel, EPO_DA2%P_MEPO_DP2%P_Mel, EPO2%Si, EPO2%Si_DA2%P,
EPO2%Si_DP2%P, EPO2%Si_Mel, EP®3i_DA2%P_Mel, EPO02%Si_DA1%P_Mel,
EPO2%Si_[P2%P_Mel and EPO2%Si B1%P_Mel are reported.

The thermal behavior of epoxy resin cured with a cycloaliphatic afsee section 3.1¢an be
interpreted on the basis of the scheme of the thermal degradation mechanism reported in the
literature [Grassie 198Fudorachi 2017Yan 2014,Zhang 2018]. It is reported that, in nitrogen
atmosphere, some principal volatile products, acroleiatoae and allyl alcohol, are formed at
280°C, although the main decomposition step of the dnolesd resin occurs above 34C when
phenolic compounds appear together with more complex products with higher molecular weights
[Grassie 1985]. In inert atmpkere, in the temperature range between 400 and 600 °C no weight

changes are observed because a very stable char is present, which is mainly composed by aromatic
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compounds. This is commonly observed for the degradation, in inert atmpsphere -fofroinagy

polymers (e.g., epoxy resin) [Wang 2016].

In air atmosphere, the oxygen attack causes the formation of several oxygenated species, among
which aromatic and/or aliphatic aldehydes and ketones, amide groups have been, also, clearly
identified [Grassie 1985Musto 2001, Musto 2003] that are almost completely oxidized at higher
temperatures (40600 °C)

In the presenthesisthe typical thermogravimetric curves, in the presence of nitrogen or oxygen,
reported in the literature for pristine epoxy resins wemrded Grassie 1985, Tudorachi 2017,
Yan 2014, Zhang 2018

Figures 83, 84, 85 and 8s8how the results recorded in air. The typical two previously described
steps degradation appear. The presence ofpkiosphorous baseflame retardants affects the
curves: the ratio of the mass loss recorded in the second step@a0®) and first step (below 400

°C) increases when the flame retardants are present. This would suggest that the preserare of DA
DP increases the overall thermal stability of the compssigiving rise to a significant increase of

the residues at high temperaturepbymotng the aromatic char formation [Liu 2017].

100 -
EPO
80 EPO_DA2%P
EPO_Mel
_ 0 \ EPO_DA2%P_Mel
X
=
S 40
L1
2
20
0
0 200 400 600 800
Temperature [°C]
Fig8Bkher mogravi metry (TG) curves in air atn

EPO_Mel and EPO_DA2%P_Mel
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Figure 85: Thermogravimetry (TG) curves in air atmosphere for EPO, EPO_DP2%P,
EPO_Mel and EPO_DP2%P_Mel.
Tables 2526 andTable 2728 show the thermogravimetric (TG) results in inert and air atmospheres
of the different samples.s&, Tio% and Teox are the temperatures at which 5%, 10% and 50%
weight loss are recorded; the residues at 800°C and at the temperature at which the weight loss rate
reaches the maximum (I are also reported. The thermal behavior of the epoxy samples is
strongly relatedo the presence of the flamnetardants and the silica phase. EPO2%Si shows a
significant increase with respect to EPO (12.1% vs 8.37%) of the residues at high temperatures (at
800 °C); this supports the hypothesis that silica may play a condensed phatgevéth formation

of a shield exerting a protective effect on the polymer chains so as already reported in section 6.3.6
(for more details, see chapter 3 and section 4.2.1).
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Figure 86: Thermogravimetry (TG) curves in air atmosphere for EPO2%Si,
EPO2%Si_DP2%P, EPO2%Si_Mel, EPO2%Si_DP2%P_Mel and EPO2%Si_DP1%P_Mel.

The addition ofDA or DP involves an anticipation of the degradation phenomena and, in air
atmosphere, a significant increase of the residues at high temperespesally in the case of DP

with respect to EPO and EPO2%Si counterpafte anticipation may be attributed to (i) the
formation of acidic phosphorus species during the degradation of the phosphorous based flame
retardants (DA and DP), (ii) the acidic characteristics of tha&tinsolgel silica] Mal uc el | i 2
and (iii) the production of not flammable volatiles;JfiCo st a 1 9 8 §, whighhaacelera?e0 1 4
the decomposition of the epoxy resibij 2017, Singh 2009 DP significantly increases the
thermal stability of thepoxy composites, in fact, EPO_DP2%P shows a mass residue at 800 °C, in
air atmosphere, around four times higher than EPO_DA2%P (12.8% vs. 3.16% for EPO_DP2%P
and EPO_DA2%P composites, respectively; see Tables 27 anth2&ffect of DP on the thermal
stability of the epoxy resin additionally supports the hypothesis of a stamdenseghase activity
[Salmeia 2015ab, Salmeia 2018f this flame retardant.
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Tabl ahz25 mogravimetry (TG) data calltllreet ed i

l nvestigated samples containing L

ResiResi

Sampl e TS%TIO"/TSOOTmaxatma-at

[°‘[°‘[°‘[°‘[%]°c

EPO 33/34/36[35{73.1/8. 8
N 2N 1N 1IN 120 0. 1 0. 1

EPO DA2% 29|/31(36|36|54.|5. K
N oON 2N 2N 2/ 0.4 0.2

EPO_Mel |[25{26|35(36|49.|6. R
N 2N 1N 1N o 0. 8 0. 7

EPO DA2%P|25|29(36|36(49.|6. K
N oN OoN ON 200.80.7

EPO2%Si |33|34|37[35(74. (12N
N 1IN OoN ON o 0. 4 0. 8
EPO2%Si D|28|31{(37|36|57.|9. 8
N 2N 2N 1IN 20 0.2 0. 7

EPO2%Si |25(27{36[35[61.|10N
N 2N 1N oON 10 0. 7 0. 8
EPO2%Si DA|23|26|36(36|51.|8. K
N oN 2N 1N o 0.8 1. 4
EPO2%Si DA|24(29|34(32|66.|12K
N 28 1N ON 1/ 0. 6 1. 2

Table 26: Thermogravimetry (TG) foatal ctolthec

i nvestigated saPmples containing L

T ResilResi
109 500o ma at _lat 8

L7901 100 | [%]
33|34(36|35| 73.|] 8.3
EPO N 2N 2N1 . N 1 0 0
29(30|33(31
EPO DP2%N 1N ON ON 2
25|32|36(35
EPO Mel [N O 1IN 0

T
Sampl e 5 %

2

7 3.

Z
o.

el
o
pral
©
o .
obo

N
N

EPO2 %Si [N 1

o.

EPO2%Si [N 2N 2N ORN o0

e
o
2
o
2
o
Zl\, Z’cn Zz\l Zl\l Zzo., sz )
o

o
ZI(Q ZlH ZlH Zz,_‘ Zz,_,_ Zz\' zzH )
(4]

241293736 4 . 2 .

EPO2%Si [N ON 1N oRN 1 0 0
27|30(|34|32 0. 2 .

EPO2%Si DPIN 2N ON1.|N 1 0 1
25|28|37|36| 56 .2

EPO2%Si DPIN 1N ON ON ON 0 0
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't i s noteworthy remindingsitthuats,i liinc at/heegp oxo/n es
mel amine (with or without the addition of t
significant increase of the ingmitt icaurr etdi nEeP O( Ta
(see Tabl eFhi2d memaln2tthat the early mass | oss
due to formation of not fl ammable volatiles &
[Bretterbauer 2082 meiCost20 1 3BT h Sal m&elbdgd n2iOnled ,
degradation, in fact, is reported to produce
The increase of the residues, in presence of oxygen, would suggest especially in the case of DP that
both flame retardants can promote the formation of a stable Bhare[t t e r b &iw 2017 201 2
Sal meia 2015ab, S3§ Wwhthashauldpraid ®e undérayng pol/idet fdfom the

heat, flames, and oxygen, thus leading to improved flame retardancy.

Tabl aghzFmogravimetry (TG) data collected in ¢
EPO_Mel , EPO_[EAPRORP SMe,Il EPO2 %Si _DA2 %P, EPO2Y
EPO2 %Si _DA2%P_Mel and EPO2%Si DA1l%P_ M

Resi Resi|lResi

Sampl e TSO% T1°O°T500°/TmixatmaITmameaxatmaIat 8
Lo 0 o [ 0 (01| [ %)

EPO 33(34(36[35| 74.|51 0.7

N 28N 2N oN 1N OoN 1 7/ / N 0.

EPO DA2% 27|29|40|35| 63.|52 3.1
N 2N oN oN 1N OoN 1 / / N 1.

EPO _Mel [25({26(36|27| 82.|35|50| 24.| 1.7

N oN 2N 1IN o N OoO/N oN OoON O|N O.

EPO _DA2%P|23|25|{38|27| 82.{36|53| 20.|] 3.3
N 28N 2N oN o N OoON 2N oN Oo| N 1.
EPO2%Si |29|34(36[(36| 60.|55 1. 3

N 1N2. N 1IN 2N OoON 2 / / N 0.

EPO2%Si D|[25|28{41|31| 78.|/53 9.0
N 28 oON ON 1N ON o / / N O.

EPO2%Si |24|26|37|27{ 83.[35|/53| 21.|] 2.0
N oN 2N 1N o N 1N oNo.|N O|N oO.
EPO2%Si DA|23[26|40(29| 78./36(54| 20.| 6.1
N oN OoN 2N oN ON OoN 2yN 1| N 1.
EPO2%Si DA|24|27|40|28| 86.[36|54| 25.| 5.6
N oN oN 1IN o N ON OoON OoN2.3RN O.
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Table 28: Thermogravimetry (TG) data collected in air atmosphere for EPO, EPO_DP2%P,
EPO_Mel, EPO_DP2%P_Mel, EPO2%Si, EPO2%Si_DP2%P, EPO2%Si_Mel,
EPO2%Si_DP2%P_Mel and EPO2%Si_DP1%P_Mel.

Resi ResiRes’i

Sampl e Tso) Tooot TsoogTmax |5y IT"‘“ Tmax |5 ¢ 7l at !
[0([0([oc[oc ma [OC[OC ngaioC

[ %] [ %] [ %]

33341369351 74.[51¢ 0.7

EPO N 28 2N o/N 12/ N oJKN 1| / / N 0,
26(281421304 77./35¢53% 34.| 12,

EPO DP2%0. (N o/N 2/N o/N 2/N 1|N 1/ N 0. KN o0,
2512713749269 92./349¢514 24.| 0.9

EPO Mel N ON ON oOo/N 2/N 2/8 0o/[N O/N 0/N 0.
29({341364367 60.|55: 1.3

EPO2%Si N 1IN 2|[N 1|/N 1| N 0.JN 2| / / N 0.
25/28¢(384187% 97.(1323534 33.| 11.

EPO2%Si N OoN 1/N o/N 2|/N OoJ/N O/N o/ N 2N 1.
23/95,/399269 88.135353¢ 20.| 2.0

EPO2%Si [N 1N 2|[N 1|N o/ N o/No.|N 2| N 1[N 0.
241274413263 92./32(541 33.| 9.6

EPO2%Si DPIN 1N 1/N 1/N 1| N 1 /N 2/N 2/ N 1./N 1.
24127¢3794¢327%7 70.|53¢7471 11.| 7.8

EPO2%Si DPIN oN ON O/N O/N OJ/N 1/NO.| N O, N O,

6.4.32 Pyrolysis combustion flow calorimeter of the in-situ silica/epoxy
composites

As it is known in the the pyrolysis combust
combustion calori meter, MCC) the samples is h
at consgamt@atkeatlhe evolved gases are burnt i1
rate is than plotted as a function of temper
behavior of mi-slclailger)a nms asntpal | ees ([nbgy onn p2r0o0v4i]d.e Tvhail
information about fire properties of a mater.
be obtained from this type of measur ement , S
(THR), the heat rHRG;asdee fcianpeadc iatsy t(hHeRGna x(i mum |
the constant heating rate) [Lyon 2004].

Fi gsl8r7e anadn d8 882ad | ansdumBmar i ze the results corre
measurements that have been psirtfiooamedf-b pbh eod pdhe
fl ame sendsid®wmot generated silical/lepoxy mater.
EPO2 %Si exhibits a smaller heat rel easwithcapac
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respect to EPO counterpact,o n™i ng t he action of the silica
barri er ef f BaucelipB&Maizem 2009/1 4 akh 2015] .

The addi birohbaPofa DAt rong ef f ecitt yonc anhfei rhneiantg rteh
fl ame setaeganty system 904 atgersetd oveey elinwiss.bAm Udh
hi gher reducti on55% vtshel 9HRAG owvalEUPeO_DA2 %P and
respectivel y; sea® OJdampace EEP Oamche30)Thi s sugge
main action Bnetherlgaseph2a@&2] Sal meia 2015ab
As can be seen, according to the2pDPPA doEetselLt s
much theshoeasinuem strong increase of the mass
with respect to the EPO counasergaprtedodriersaentr e
condens fid20p7h aSal mei a 2015ab, Salmeia 2018].

Al so, the addition of melami herdbeshnbdtt améf ece
The increases of the heatmed @alme aadkd eidsap ac iEtPY
combinati oor wWwPnh bBAattributed to the exother
[ Zhan 2014] . I n fact, the decomposition of me
[ Costa 1988] that afterwards enters the rcombu
with the otherl nothei casepobddboed. fl ame reta

increases the time to pHRR through a dilution
Finally, it is worth poarnthDaRsg tdiet dedfdfisencg t tolde a
values and making |l ess8%hang 88e curves of Fi
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Tabl @y2dIl ysis Combustion Flow Calorimeter da
EPO_Mel , EPO_[EAPRORPoMe,I EPO2 %Si _DA2 %P, EPO2Y9
EPO2 %Si _DA2%P_Mel and EPO2%Si DA1l%P_ M

THR: Tot al He at Rel ease, HRC: He at rel ease (

Sample THR [HRC KIJpHRR [Resi dy
EPO 30.6.|539 N|545 N|6.61
EPO_DA2%29.2 | 238 N/{238 N|8. 12
EPO _Mel |29.1 | 634 N/ 554 N[9.03
EPO_DA2%P|[30.8 |271 N|271 N|7.81
EPO2%Si [28.3 |450 N|{44821N/11. 2
EPO2%Si D|28.1 |[259 N|259 N|9. 85
EPO2%Si [25.8 |393 N/ 393 N|9. 62
EPO2%Si _DA27.4 |[306 N|245 N|9.06
EPO2%Si _DA[28. 3 345 N|30215\9. 82
Table 30: Pyrolysis Combustion Flow Cal ori me
EPO_Mel, EPO_DP2%P_Mel, EPO2%Si, EPO2%Si _D

EPO2%Si DP2%P_Mel and EPO2%Si DP1%P_ N

THR: Tot al Heat RelCaapsaec,i tHYRC:p HHReRa:t (rpeel aeka soef

Sampl e THR [JHRC [KJp HRR [[Resi dJ(
EPO 30.5 1539 R[|545 Rl6. 61

0,
EPO_DP2%24. 3 43499 . |37M90./]16. 4

EPO_Mel [34N3.| 6381696301548 . 72.
EPO_DP2 %P|257N 50

33M21.|29N13.|7. 43
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6.4.33 Pyrolysis-Gas Chromatography-Mass and Direct Insertion Probe-Mass
Spectrometry of the insitu silica/epoxy composites

Pyr oilgyasi < hr oifima ogr apda®Y-6GMeeitssr ya (met hod of <che
in which the sample is heated to decompositi
platinum wire, or placed in a qila®drOt0z Aampol epr
smal |l er mol ecubes, sephrnat é@spbythbas chromatogi
S pect r Beach 2008). [

The d esci ot m poon product s of EP @PWS i _ DEARROEPIEM e, |
EPO2%Si DP2v%RP eMedlet e c PEG@C-MB.yTheur®st abgndant products were
recognized as bisenol A, 4,4(cyclopropanel,l-diyl)diphenol, 4 sopr opyl-phenc
i sopr op e phehoh beazene,| naphthalene, toluenemezhylpeni2-en-1-ol, 3-hydroxy-2-
methylpentanal, -@aresol, 2ethylphenol, and -2llyl-4-methylphenol, along with several ten§ o

other aromatic products observed in lower amounts so as reported elsewhere for similar systems
[Grassie 1985Yan 2013, Zhang 2018The presence of dibenzofuran, a decomposition product of
DOPO, was observed for EPO2%Si_DA2%P_iedl EPO2%Si_DP2%P_MpBEooneie 2019].

The presence of the abeweentioned compounds was also confirmed through direct insertion
probdé mass spectrometry (DIRIS). In this case, the sample is introduced in a chamber where it is
heated, in an inert atmosphere, from 30 °C to 45at°€ rate of 50 °C/min. The volatiles products

are addressed to mass spectrometry [Flego 2012]. The apparatus is considered a proper tool to mag
pyrolysis mechanism characteristics [Flego 2012].

Figures 89 and 90show the DIP-MS thermograms for EPOEPO2%$ DA2%P_Mel and
EPO2%Si_DP2%P_Melt is possible to observe that EPO2%Si_DA2%P_Mel has already released

a large amount of species at 3%0, where the volatiles production of EPO is very limited.
Moreover, the epoxy sample containing DA ameélamine starts its decomposition very early
compared to the pristine epoxy, around 200 in agreement with TGA results in inertratsphere

(see section 6.4.3.1). In the case of EPO2%B2%P_Mel, the relative abundance of the released

volatiles followsalong the temperatueetrend similar t&EPO.
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Analysis of DIRMS data for EPO2%Si_DA2%P_Meind EPO2%Si_DP2%P_Meduggests the

formation of some major decomposition products of &#d DR which are shown ifrigures 91
and 92together with the m/z ratio used for their detection. The presence of these species was

already observed by Salmeia et al. [Salmeia 2018]. BfiBeand 94show the thermograms of

each species coming from the decomposition ofdD4 DP
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According to the DIFMS results (see Figuse93 and 9% the covalent bond between DORs2e
Figure 18) and acrylamidé’EPA (see Figures 91 and 9R) the flame retardant molecule breaks,

and a release of phosphorus decomposition products occurs [Salmeia 2018].
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In the literature is reported [Braun 200Zhin 1995, Levchik 19985 ¢ h ar t eShau 2996l O ,
Shirokane 2014Yan 2013, Yan 2014Zhang 2018that the decmposition pathway (see Figure

95), in inert atmosphere and at high temperature, for the epoxylresigi ns wi t h t he e
water from the secondary alcohol group. Thi s
when the epoxy resiChiins 1B86&8t99ie v Bthailun 120M®L, Sh
Yan 201 3,2]0¥Y4d Subsequentl vy, t he resul ting al |

experienced homolytic cleavage. The homol ytic
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4 sopropenyl phenoMS datad y$os ePODOPemortved it
formation of the major decompositi-pbaoyplropuacpa
l1,-dliyl)di-pvepoobpy-idphmreapdnyldgphenol , phenol) cor
Figabe the m/ z ratio used for their detection
above the s ame speci es weaCMS .al Fberdefterca,edt H
experirneesnutlatls are i n good agreement with the
a b oBraun 2001,Chin 1995, Levchik 19985 c h ar t eShau 29961 Bhjrokane 201¥an
2013,Yan 2014, Zhang 2018
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Figa&dows the relative abundance a(coyncgl otphreo pta
1,-dli yl)di-pbepobpy-idpbenobenvl phenol and phenol
worth to underline tIDa&At]| ame rdetcasmepa st & pge daidhae
phosphorous species, i n a range of temperatur

|l ow relative abundance values OfanBlps main vol

A_EPO B_EFO

. | c_EPO
s . | DO | tgro

Figur2l -M$% analysis of EPO and EPO2%Si _DA2 %P _
specified species in Figure 20.
DI-MS analysis of EPaO2d%SE P QrARSIAHP dNPa?If%Pr mie |t he pr
di benzofuran, which 1 s an (isnedei skicgd rie@dao fOedo é
2019, SalmeimlThe204a8 pPphasdefBRmMev seyaodatnedd by t
results may ber adeilcaatlesd ptroo dtuhceedPQ@ uring the py
that , i n aimadti nas pherne, aR® in the a@rad ih as e
fl almeee sect[iJomn3d.240.136.,1)Schart el 2010] . amhde c o
OHf avfolrame exti ngui soxygen attack woulth ;ause thes fermatioh several
oxygenated species with low molecular weiglirgssie 1985Musto 2001, Musto 2003] A's
already observed byOX®DJonfeore a&n otallienr [afGaployerwe reo usy
the oxygen may act by fexemathenguapohydeogmpo
epoxy resingr adidc aflosr rnhHQ h ar e "a@atieve toxangdémr
[Goonei ?NaA® 19,2011, SHeohweervteerl, 2 Ond O |hDeO PpQ ersaedni ccea | s
O ,M, R @Mmd E$9glurandt@?2 active oxygen radicals
vol atile phosphorusPOsgetiD@dasmec hKasibP®BME I, [
2012, Schart el 2010] . This setkhendcPAVeEDYt By (
phase, because of the | arge amount of DPPO
155



produced during dodftheplpysmpHorsh isa b osfesteadr d&gngtur e
The same effect has af IRBB,sewhedarnad edGR ® yr a di c ahl
species of Figure 92) are pr odu(cseede iFn gau rsensa |9z
These sruegsdudhsitts DnPa ihretsi @an i n the condensed phas
Sal mei alhk®1Bypothesis is additionally support
of Figure 92) durio§ ORe Wwbgchdasi ahsprooasss
EPO2%Si _DP2 %P _Mel . Il n fact, Hoang 201%S al engo at €2d) 1
Sal mei,ghay@ons t hat PEPA works in the condensed
which can be responsi bl Boufbigot 20@70Modyann2018T0 h epshea s e
results are in agl €mdrute vaintdh malses datsa du@Q c ¢
t hrough conaendGAl amnidm@iCEIC, (meaaes uTraebneenst s24, 28 al

As regaheéeés fDAmati on of a very | arge amount o]
oxygeami cal s i n( stehee sfelcatmed re @3nledy. 5)ndi cat es t hat

of this fliassmeatr etthaer dlmangi s of the good perforr

analysis. All this is insagokee@®@®hCOwWiIrntdcdrhcked
is used 2AP»,eet HTatb|l @&l so suggest s, as already p
efficiency |inked to gas phase activity [ Scha
|t I's worth reminding that fommatciommmeafsedn i
was recognized in the aase EFRO2EBMS02 PR &IRR MEph r b
and) 82This is possible thanks to the earlier
matrix (&8 eaRdgthe pr es e hlaareg 2@5S atl hnee | RRE P2A0 1ubnai bt
2 0 1ang 2014 't is repamtedrl inerfnadoefc dtr@ed sph o opho

retardant s-fohmnng hpolcyhmer maécessldlregpwkigntalemeae g
char f ommdthieompr esence a [Boudigot 2007 Haangge2dlbMoKgane | a mi
2013Sal meia 2015abhag®DaY mei a 2018,

6.4.3.4Char analysis of the insitu silica/epoxy composites

The <chemical composition oHhHe twer triecsald ulau r ncihna
EPO2 %Si _DA2a%Pd MEPO2 %Si _ P2 ®P gMeall i t ati vvETWYR st U
anal ysi®yY. (Figure

As f arbuammetdatheepoxy polymer, the “baeraek daureo utnod a6r
CH stretching i n met a Gragsia1985, Musta 2001, rMusio 20UBaensgp e c t
2016] . The combustion of DGEBA epoxy -OQeamac p
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[Branda 2016, 14k p2®EIs®Ence is in agreement wit

silica as (regeor&esd&t GBmve

The presence of C=C st tfeotrc hbontgh btatned falrfdmentdh elt5:
2014, Walhg wiRiOdI® shows hi gher i gteasi tay son pt
carbonization process consequent to dehydrat:.
and epoxy r esi e )BoubggotB00M Liu201d, ingh 800 asvhi ch pr omot
formati on. This is in agreement with TGA, i n
an increase of char r eosri cduRer v sarsto las e c@ae gy whes
another polymer sppamem019y ISalimeiwaordth agloi nti ng
band ar ouhwhilc6h6 0i scmusual ly attributed due to |
of | ow mol ecul ar wei g[frasset1d8s,tMustor2@01, Mesp @0 bd t o
band at?![Haingdh2 @m0y be attributed tq dthradt dmi rnd
of IDSP mai nl yohde ntse dt pdhase activity of PEPA t
aci[doang 2015Sal mei a 2015 alZhang2@lfared at ROrle8f, or e of [
and polyphdobphatame retardant action of PEPA
DAhendesser intensitylapfppetals.band at 1140 cm

FTIR results for buramd EbPUO2r%4S i E DA22%Pt VR b r b
consiwdtthnta condens edanpdh B3P e ebwatsieadn onf thAe r esu

so far, itto icotnhpantssshi rbdreg condensed i pmh acsoenbad mtait v
silica phaséeésamad mélamiases of the good perfor
analAlsli sthis is in agreement wivtahuehersiconideid

is used IBeet Tatbl al so suggests a deicrrkeeads et oo f
condensed phase action through the (foeenaTdlne
and Fi ¢guarleme8i28§c B 8 8 ZHang2@A Dhe strong condensed
DP causes the formati on o f[Boarbigote200g]e tahnaotu ntto goeft I
a ther mal shield effect of the silica phase

Table 20).
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EDX spectra of residual char obtained after t
EPO2%Si DP2 %P _Mel are reported in Figures 98
char of both samples clearly d@ nad¢cftciatietsy cfeott a
fl ame retardants. The remarkabl e i mprovement
content i n the char for DP sample (seadiTahbht ec
hi gbemdensed phasoempacteidv ittoyl DoAf f Rt i,cd iiwme.t he ca
the ratio of wei gh®©.muecrhc el notweegre tohfa nSit haen do nR iosf
As r emAarsdasmpl e, the ratio of weight percent age
unburned system (0.5), whirohmgi gasn pagsee mern ti
retardant!| ame oughi i ti on 6medc.hBandi)sm (see sect.i

Te presence of silicon (Si) in the char resid
condensed phase whereas DA and DP in both con

159



Conclusions

The soi gel process has been extensively studied and employed aso#temportant route in
tailoring textile surfaces and in forming new hybrid inorgaaiganic materials. This is because

this process can modify the chemical nature of material surfaces and introduce ceramic phases into
composites through chemistry. Venyild reaction conditions and low reaction temperatures are
particularly useful for incorporating inorganic moieties into organic materials or organic materials
into inorganic matrices. This thesis has shown some applications that exptyet seéthodologgs

and its advantages to solve industrial and technological problems inherent the use of polymer based
bio-composites. These composites can show severe limitations due to the easy flammability of the
polymer matrix: this behavior can significantly redtribe application fields of these materials,
especially when the possibility of the use of the composites is strictly related to specific regulatory
fire tests that have to be passed, hence ensuring public safety (e.g., in the aerospace industry).
Additional limitations descend from the mechanical properties of the abwmioned bie
composites, which may be due to a low interfacial adhesion between the filler (e.g., natural fibers)
and the polymer matrix. Sglel methodologies can improve the fisehavior and the mechanical
properties of biecomposites through the -gitu synthesis of ceramic domains in the polymer

network or the tailoring of the interphase between filler and matrix.

In this thesis, hemp fabrics have been treated with a new, imgxpe simple and eefbiendly
silica-based coating, able to protect the fabrics from heat sources, hence improving their fire
behavior when utilized as reinforcing agent fillers in epbaged composites. To the best
knowledge of the author, this was first time that inexpensive waterglass solutions were exploited

for this purpose: indeed, the proposed approach can be considered as an applicatiayelof sol
chemistry using a precursor that does not need hydrolysis and is performed in water solutions,
awoiding the organic solvents usually required by the alkoxy precursors. FTIR andtatdldNMR
spectroscopies have confirmed the formatiori ©f Oi Sii covalent bonds in between the silica
coating and the underlying fabrics. The coating, resistant to mgsailows the fire behavior of

hemp fabric/epoxy composites to be improved. In particular, the concurrent presence of hemp
surface treatment and APP significantly improves cone parameters HRR, THR, TSR and SEA,
which turn out to decrease respectively 878 35%, 45% and 44% as compared to untreated
hemp/epoxy composites. At the same time, the formation of a very stable char is promoted, as also
assessed by TG analysis performed in an inert atmosphere. Conversely, the low interfacial adhesion
between theilbers and the epoxy matrix promotes a brittle behavior of the composites, which show

a slightly lower stiffness as compared to the theoretical one. However, the fracture energy absorbed
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by the material reinforced by the silica coating is higher. Findlly presence of APP in the epoxy

matrix does not affect the mechanical behavior of the obtained composites.

In this thesis, it has been shown that when properly treated with the-@ailgow®ned waterglass
solution, hemp fabric easily gives silibased coa&d fibers of diameters from tens of microns to

tens of nanometers with the aid of a low power mixer. The slas®d coated fibers can be easily
functionalized with APTS and then dispersed in epoxy resin. SEM micrographs of the composites
show a tendencyo give weblike structure formed by fibrils and microfibrils continuously
interconnected, from which particularly good mechanical properties may be expected to descend.
DMA analysis shows that the functionalized fibers, till a concentration of 5%, strpogltively

affect the glass transformation temperature (10 °C increases) and the storage modulus of the pristine

resin.

In this thesis, new hybrid silica/epoxy composites cured with a cycloaliphatic amine have been
prepared by using an-gitu sof gel pocess. A deep study of the obtained hybrid composites has
been performed by means of FTIR, SAXS, TEM, DMA, NMR. The experimental results suggest
that the new hybrid structures consist of very fine silica nanoparticles, homogeneously dispersed in
an epoxy/gica hybrid network; their size increases with increasing TEOS content (approaching a
maxi mum size of about 1.25 nm). A significan
hybrids, subjected to a nésothermal post curing treatment up to end tempgeu r es (100 AC
than the Tg range temperature of the neat e |
suggest the following explanation: when entering the glass transformation range, the mobility that
all the hybrid segments are expected to aequiay well allow clustering of the very small silica
particles, as well evidenced by SAXS; otherwise the clustering may well stiffen the network, hence
promoting the Tg increase. The presence of the silica domains in the hybrid drgag&nic
networks pevents melt dripping phenomena in vertical flame spread tests. In addition, as assessed
by forcedcombustion tests, the inorganic domains act as a thermal protective layer, hence
improving the heat and smokelated parameters. Finally, because of thetehing, the efficiency

of the protective ceramic layer decreases after thasuthermal post curing treatment.

The procedure has been, afterwards, modified by adding DA or DP (two phospbhasedsflame
retardants) and eventually melamine just befbee @ddition of the hardener. Melamine has been
added as a source of nitrogen that could play a role of blowing ageri4 Wertical burning,
equipped with an IR Camera, PCFC, TGA and Cone Calorimeter show that the addition of DA or
DP with or without melaine strongly improve the fire behavior of the studied epoxy system. UL
94 vertical burning and IR Camera measurements reveal that DA allows to achieve self
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extinguishing capacity for the studied epoxy system, when only 2 wt. %lag#dihg is present.
Additionally, the presence of only 2% silica guarantees the absence of dripping phenomena during
the burning of the epoxy resin. Conversely, DP guarantees absence of dripping phenomena with or
without silica but the sekéxtinguishing is possible only in comnlation with silica and melamine,

and when 2 wt. % of #ading is present. PCFC, TGA and Cone Calorimeter results show that DA
and DP lead to a strong reduction of the HHR values and an increase of the residues in air
atmosphere. Cone calorimeter residgeew the formation of an intumescent char when the two
phosphoroudased flame retardants are used in combination with melamineMBIBnd P¥GC-

MS support a gas phase activity BfA and DP linked to a flame inhibition mechanism and a
simultaneous conderd phase activity. Finally, AFRTIR and EDX spectra of the char and the
visual analysis of the residual masses of TGA and Cone Calorimeter prove that DA plays a role also
in the condensed phase and that the effect of DP on the fire behavior of thesygtery is mainly

due to a condensed phase action through the formation of a very protective and abundant char.

As a future prospective, the above-gel functionalized hemp fibers may be used as reinforcement
in in-situ silica/polymer biecomposites addedith green phosphorotizased flame retardants. This
may allow to combine excellent performances in terms of fire behavior with improved mechanical

properties.
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