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RESUMO

DIAS, Guilherme. Talcos sintéticos aplicados como carga em nanocompdsitos
de poliuretano. Porto Alegre. 2018. Tese. Programa de PO4s-Graduacdo em
Engenharia e Tecnologia de Materiais, PONTIFICIA UNIVERSIDADE CATOLICA
DO RIO GRANDE DO SUL.

Os poliuretanos abrangem diversos segmentos industriais. Suas propriedades
podem ser adaptadas a sua aplicacdo apenas modificando seu processo de sintese
e reagentes. A adicdo de talco natural e/ou sintético como carga na producdo de
nanocompositos resulta na obtencdo de materiais com propriedades térmicas e
mecanicas superiores. Neste trabalho foram estudadas a interacdo e incorporagao
de talcos sintéticos com diferentes tratamentos hidrotérmicos em dispersfes
aguosas de poliuretano e poliuretanos base solvente. Foram obtidos
nanocompositos com talcos sintéticos por meio de mistura fisica e por meio da
polimerizacdo in situ. Os materiais obtidos foram caracterizados por DRX, TEM,
BET, FTIR, DSC, TGA, GPC, DMA, AFM e MEV-FEG. Por meio de mistura fisica
foram obtidos nanocompdsitos de dispersdo aquosa de poliuretano, utilizando trés
talcos sintéticos obtidos por meio de diferentes tratamentos hidrotérmicos.
Nanocompdsitos fluorescentes de poliuretano base solvente foram obtidos através
mistura fisica, utilizando talcos sintético e talco natural funcionalizados com cloreto
de berberina (agente fluorescente). Nanocompasitos ternarios de poliuretano foram
obtidos por meio da polimerizacdo in situ com uma mistura de talcos sintéticos e
uma argila comercial. Talco sintético em gel e em p6 foi utilizado como catalisador e
carga na obtencdo de nanocompdsitos de poliuretano base aquosa pela
polimerizacdo in situ. De um modo geral, foi possivel observar que os talcos
sintéticos foram bem dispersos dentro das matrizes de poliuretano. As propriedades
térmicas e mecanicas tendem a aumentar com a introdug&o dos talcos sintéticos na
matriz polimérica, em relacdo ao polimero puro. A utilizacdo dos talcos sintéticos
como carga, agente fluorescente e catalisador amplia a gama de aplicagcbes deste

material para produgéo de nanocompdsitos com multifuncionalidades.

Palavras-Chaves: Poliuretano, talco sintético, nanocompdsitos, propriedades

mecéanicas
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ABSTRACT

DIAS, Guilherme. Synthetic talcs applied as filler for polyurethane
nanocomposites. Porto Alegre. 2018. PhD Thesis. Graduation Program in Materials
Engineering and Technology, PONTIFICAL CATHOLIC UNIVERSITY OF RIO
GRANDE DO SUL.

Polyurethanes encompass several industrial segments. Its properties can be
adapted to its application only by modifying its synthesis process and reagents. The
addition of natural and/ or synthetic talc as a filler in the production of
nanocomposites results in materials with superior thermal and mechanical
properties. In this work the interaction and incorporation of synthetic talcs with
different hydrothermal treatments in aqueous dispersions of polyurethane and
solvent based polyurethanes were studied. Nanocomposites with synthetic talcs
were obtained by physical mixing and by in situ polymerization. The obtained
materials were characterized by DRX, TEM, BET, FTIR, DSC, TGA, GPC, DMA,
AFM and MEV-FEG. By means of physical mixing, aqueous dispersion
nanocomposites of polyurethane were obtained, using three synthetic talcs obtained
by means of different hydrothermal treatments. Fluorescent nanocomposites of
solvent-based polyurethane were obtained by physical mixing using synthetic talc
and natural talc functionalized with berberine chloride (fluorescent agent).
Polyurethane ternary nanocomposites were obtained by in situ polymerization with a
mixture of synthetic talcs and a commercial clay. Synthetic gel and powder talc was
used as catalyst and filler to obtain aqueous base polyurethane nanocomposites by
in situ polymerization. In general, it was possible to observe that the synthetic talcs
were well dispersed within the polyurethane matrices. The thermal and mechanical
properties tend to increase with the introduction of the synthetic talcs into the
polymer matrix, in relation to the neat polymer. The use of synthetic talcs as a filler,
fluorescent agent and catalyst extends the range of applications of this material for

the production of multifunctional nanocomposites.

Keywords: Polyurethane, synthetic talc, nanocomposites, mechanical properties.
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RESUME

DIAS, Guilherme. Utilisation des talcs synthtétiqgues comme charges pour la
préparation de nanocomposites a base de polyurethane. Porto Alegre. 2018.
Thése. Programme d'études supérieures en ingénierie des matériaux et technologie,
UNIVERSITE PONTIFICALE CATOLICA RIO GRANDE DO SUL.

Les polyuréthanes englobent plusieurs segments industriels et sont uttilisés
dans les revétements, les adhésifs, les mousses, les fibres, les thermoplastiques.
Leurs propriétés ne peuvent étre adaptées a leurs application qu'en modifiant leurs
processus de synthése et les réactifs utilisés. Dans ce contexte, les nanocomposites
polymeres se distinguent, car avec de petites quantités de charges, des
changements dans les propriétés des polymeres sont observés. L'ajout de talc
naturel et / ou synthétique comme charge dans la production de nanocomposites
permet d'obtenir des matériaux présentant des propriétés thermiques et mécaniques
supérieures a ceux chargés avec d’autres charges.

Dans ce travail, été étudiée l'interaction et l'incorporation de trois poudres
synthétiques de talc préparées par différents traitements hydrothermaux dans des
dispersions aqueuses de polyuréthane. Les matériaux composites obtenus ont été
caractérisés par DRX, TEM, BET, FTIR, DSC, TGA, GPC, DMTA, AFM et MEB-
FEG. Ces nanocomposites issus des dispersions aqueuses de polyuréthane ont
montré une bonne dispersion de la charge méme en présence de grandes quantités
de talc synthétique. Les propriétés mécaniques ont ainsi été améliorées. De plus,
des nanocomposites de polyuréthane ont été obtenus par utilisation de talc naturel
et de talcs synthétigues fonctionnalisés par du chlorure de berbiérine (agent
fluorescent) par mélange physique. Ces nanocomposites de polyuréthane
fluorescents ont montré une bonne dispersion de la charge au sein de la matrice
polymére. Les nanocomposites produits avec les talcs synthétiques fluorescents,
comparés au talc fluorescent naturel, indiquent une meilleure émission de
fluorescence. L'utilisation de talcs synthétiques fluorescents a ainsi permis de
fabriquer des matériaux aux propriétés thermiques et mécaniques améliorées.

Une autre étude réalisée avec des talcs synthétiques a présenté la synthése
de nanocomposites ternaires a l'aide de deux talcs synthétiques obtenus par

différents procédés de traitement hydrothermal et une argile commerciale, en faisant
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varier les proportions de talc synthétique/argile commerciale. Les résultats ont été
comparés aux nanocomposites binaires. Les charges ont montré une bonne
dispersion (exfoliation) et les propriétés mécaniques et thermiques sont meilleures
gue celle des nanocomposites binaires. Les deux charges influencent I'augmentation
significative du module de Young par rapport au polymere pur.

Enfin, des talcs synthétiques ont été produits dans le but d'utiliser les talcs
synthétiqgues non seulement comme charge mais aussi comme catalyseur pour la
réaction de polymérisation. Le talc synthétique a été utilisé comme i) comme
catalyseur lors de la réaction de polymérisation (dont l'activité catalytique sera
comparée a un catalyseur commercial comme les sels d’étain tel que le DBTDL), et
i) comme agent de renforcement des nanocomposites formés. Les dispersions
agueuses ont été préparées en utlisant 0.5%, 1% et 3% en masse de talc
synthétiqgue en comparaison avec une dispersion aqueuse de polyuréthane pure. La
structure des matériaux analysés par FTIR a montré qu'il est possible de synthétiser
une dispersion aqueuse de polyuréthane en utilisant du talc synthétique comme
catalyseur et qu’il existe des liaisons hydrogénes entre la matrice de polyuréthane et
le talc synthétique qui apparait bien dispersé dans la matrice. Les propriétés
thermiques et mécaniques des nanocomposites ont ainsi été améliorées avec l'ajout
des talcs synthétiques. Les talcs synthétiques utilisés comme catalyseur / charge ont
donné naissance a des nanocomposites dotés de propriétés thermiques et
mécaniques supérieures, qui constituent un nouveau moyen d’utiliser les talcs

synthétiques pour obtenir des matériaux multifonctionnels.

Mots clés: Polyuréthane, talc synthétigue, nanocomposites, propriétés

mécaniques
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1. INTRODUCAO

Poliuretanos (PU) s&@o amplamente utilizados na producdo de
revestimentos, adesivos, espumas, fibras, termoplésticos, etc. Suas propriedades
podem ser ajustadas modificando seus componentes (segmento rigido e flexivel) ou
as condicoes de processamento (Jin, 2010). As propriedades dos diferentes tipos de
poliuretano dependem das massas molares, das forcas intermoleculares, da rigidez
das cadeias e da cristalinidade. Devido as muitas variaveis envolvidas na producéo
destes polimeros, os poliuretanos sédo considerados polimeros multifuncionais.
(Kaushik, 2011).

No entanto, os poliuretanos apresentam algumas desvantagens, tais
como baixa estabilidade térmica e baixa propriedade de barreira. Para melhorar
ainda mais suas propriedades, usualmente se adicionam particulas inorganicas na
estrutura do poliuretano. E relatado que o desempenho final do compdsito esta
conectado a forma, tamanho e area superficial das cargas (Saha, 2013; Zhang,
2003). Quando as particulas sdo dispersas no polimero, as propriedades fisicas do
polimero séo fortemente influenciadas por vérios fatores, como a forma e tamanho
das particulas da carga, o processo de fabricacdo, as interacdes carga-matriz, a

guantidade de carga, area superficial e grau de dispersao (Bajsic, 2012).

O talco € um filossilicato mineral com uma estrutura em lamelas 2:1, que
tem como célula unitaria: Mgs(Si4O10) - (OH)2 (Dumas, 2013). A estrutura em lamelas
é composta por uma folha octaédrica central contendo o metal (Mg, Ni, etc.)
intercalada entre duas folhas de silica tetraédricas. O talco € um mineral versatil,
encontrado em uma ampla gama de processos industriais, € comumente
empregado como carga em compositos para reduzir seus custos de producdo,

melhorar suas propriedades fisicas e fornecer novas funcionalidades. Também
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aplicado em diferentes segmentos industriais (papéis, tintas, ceramicas, cosmeéticos
e polimeros). (Dumas, 2013; Zhao 2012; Song, 2003).

Porém, o talco natural apresenta algumas limitagcées. A estrutura do talco
apresenta impurezas na forma de substituicdes catidnicas, diferentes elementos
(Mg?*, Fe?*, Mn?* e Ni%*) podem aparecer na estrutura cristalina por meio de
substituicbes isomorficas, fazendo com que o0 mineral apresente uma nhao
homogeneidade na estrutura quimica, na fase cristalina e na distribuicdo de
tamanho das particulas (Dumas, 2013). A sintese de nanoparticulas de talco é uma
metodologia refinada para se produzir materiais com caracteristicas distintas,
podendo-se controlar sua cristalinidade, composicdo, tamanho das particulas e das
lamelas. Por exemplo, variando-se em alguns graus a temperatura da reacao
hidrotérmica, o tamanho médio das particulas pode variar em varias centenas de

nandmetros (Yousfi, 2013).

Alguns trabalhos demonstraram que o uso de talco natural e/ou sintético
como carga promoveu um aumento nas propriedades térmicas, mecéanicas e de
barreira do polimero utilizado como matriz (Yousfi, 2013, Yousfi, 2014; Bajsic, 2012;
Wang, 2013; Castillo, 2013).

by

Pesquisas referentes a producdo de nanocompdsitos de poliuretanos
(base aquosa ou base solvente) utilizando talcos sintéticos como carga
demostraram que ¢é possivel desenvolver materiais multifuncionais com
propriedades superiores (térmicas, mecanicas e magnéticas). (Dias, 2015; Dias,
2016; Dos Santos, 2015; Dos Santos, 2017; Prado 2015).

Neste trabalho foram desenvolvidos nanocompdésitos de poliuretano base
solvente e aquosa, produzidos por meio de misturas fisicas entre os talcos sintéticos
e as matrizes de PU. Diferentes tipos de talcos sintéticos foram utilizados como
cargas. Talcos sintéticos com Mg na sua estrutura em forma de gel com diferentes
tempos de sintese foram misturados com PUs base aquosa, foram avaliadas as
propriedades térmicas, mecéanicas e morfoldgicas dos nanocompdsitos. Talcos
sintéticos em p6 com cloreto de berberina (agente fluorescente) em sua estrutura
foram misturados com PUs base solvente, foram avaliadas as propriedades

térmicas, mecanicas, morfologicas e fluorescentes dos nanocompdsitos. Também
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foram produzidos nanocompdsitos de poliuretano base solvente feitos com uma
mistura de cargas (argila comercial SPR; talcos sintéticos 7h e 24h) por meio de
polimerizacdo in situ. Por ultimo, nanocompdsitos de poliuretano base aquosa
utilizando talcos sintético (300°C; 6h) em forma de gel e em forma de pd foram

obtidos através da polimerizacéo in situ, como mostra o fluxograma (Fig 1.1).

Pl base FU base
aquosa sohvente
Nanocompdsitos Nanocompasitos Nanocompadsitos Nanocompdsitos
Talcos sintéticos em gel ||Talco sintético (pd e gel) Talcos sintéticos e Talzcos sintéticos +
PT, 043001 e D43006 043006 natural fluorescentes argila comercial
Mlistura Fisica Folimerizagao in sity (Bh e 3d) SohMP 7Y heZd b
histura Fisica Palimerizacao i sty

Figura 1.1. Fluxograma dos trabalhos desenvolvidos.

INTRODUCTION

Les polyuréthannes (PU) sont largement utilisés dans la production de revétements,
d'adhésifs, de mousses, de fibres, de thermoplastiques, etc... Leurs propriétés
peuvent étre ajustées en modifiant leurs composants (segment rigide et flexible) ou
leurs conditions de traitement (Jin, 2010). Les propriétés des différents types de
polyuréthane dépendent des masses molaires, des forces intermoléculaires, de la
rigidité des chaines et de la cristallinitt. En raison des nombreuses variables
impliquées dans la production de ces polyméres, les polyuréthannes sont considérés

comme des polymeres multifonctionnels. (Kaushik, 2011).

Cependant, les polyuréthannes présentent certains inconvénients, tels qu'une faible
stabilité thermique et une faible propriété de barriere. Pour améliorer encore leurs
propriétés, des particules inorganiques sont généralement ajoutées au squelette des

polyuréthanes. Il a été rapporté que la performance finale du composite est liée a la
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forme, a la taille et & la surface des charges (Saha, 2013; Zhang, 2003). Lorsque les
particules sont dispersées dans le polymere, les propriétés physiques du polymere
sont fortement influencées par plusieurs facteurs, tels que la forme et la taille des
particules de la charge, le processus de fabrication, les interactions charge-matrice,

la quantité de charge, la surface et le degré de dispersion (Bajsic, 2012).

Le talc est un phyllosilicate minéral ayant une structure lamellaire 2:1, de formule
structurale SiaMgsO10(OH)2. La structure lamellaire est composée d’une couche
octaédriqgue contenant le métal (Ni, etc...) sandwiché entre deux couches de
tétraédres de Si. Le talc est un minéral polyvalent, utilisé dans une large gamme de
procédés industriels comme les papiers, les peintures, les céramiques, les
cosmétiques et les polyméres (Song, 2003 et Dumas 2013). Il est utilisé comme
charge minérale pour réduire les colts de production, améliorer les propriétés

physiqgues et fournir de nouvelles fonctionnalités.

Cependant, le talc naturel présente certaines limites. En effet comme toute
substance naturelle, il est extrait de carrieres et l'existence d’'une phase
minéralogique unigue est tres exceptionnelle méme pour les talcs les plus purs. Il est
donc fréquemment associé avec d’autres phases minérales voisines et
phyllosilicatées comme la chlorite dans des proportions définissant les classes
commerciales, les plus pures en tant pouvant colter 1000 euros la tonne, les moins
pures avec 60% de chlorite 100 euros la tonne. Cette chlorite n’apporte aucun
bénéfice pour les propriétés mais peut nuire si sa quantité est trop grande par
rapport au talc dans certaines applications. Mais frequemment les gisements de talc
présente des associations avec d’autres minréaux comme les calcites et les
dolomites (ce qui peut luire a la qualité du produit dans certaines applications) mais
aussi avec d’autres minéraux qui eux sont interdits en application (pyrite, oxyde de
fer) ou interdisant l'utilisation du talc (amiantes comme du chrysotile, ou de la
tréemolite). De plus, la structure du talc présente systématiquement des impuretés
sous la forme de substitutions cationiques (Mg?* substitué par Fe?*, Mn?*, Ni?*, Co?*,
Fe3*, AP*Y) et anioniques(OH  par F), ce qui peut induire des variations
cristallochimiques et modifier par exemple la distribution granulométrique (Dumas,
2013). La synthese de nanoparticules de talc est une méthodologie raffinée

permettant de produire des matériaux dotés de caractéristiques distinctes,
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minéralogiquement purs et cristallochimiguement purs. Leur cristallinité, leur
composition, leur taille et leurs formes peuvent étre contrlées. Par exemple, en
modifiant de quelques degrés la température de la réaction hydrothermale, la taille
moyenne des particules peut varier de plusieurs centaines de nanometres (Yousfi,
2013, Dumas, 2013).

De récentes études ont montré que I'utilisation de talc naturel et / ou synthétique en
tant que charge favorisait 'augmentation des propriétés thermiques, mécaniques et
des effets barrieres du polymeére utilisé comme matrice (Bajsic, 2012, Castillo, 2013,
Wang, 2013, Yousfi, 2013, Yousfi, 2014).

Les recherches sur la production de nanocomposites de polyuréthane (a base
aqueuse ou a base de solvant) utilisant du talc synthétique comme charge ont
montré qu'il est possible de développer des matériaux multifonctionnels dotés de
propriétés supérieures a ceux utilisant des charges minérales commerciales
(thermique, mécanique et magnétique) (Dias, 2015, Dos Santos, 2015, Prado 2015,
Dos Santos, 2017).

Dans ce travail, des nanocomposites de polyuréthane (PU) aqueux et a base de
solvant, produits par des mélanges physiques entre des talcs synthétiques et des

matrices en PU, seront développés.

Différents types de talcs synthétiques ont été utilisés comme charges. 1) des
poudres de talcs synthétiques avec du Mg dans la structure et des gels de talcs
synthétigues de méme composition obtenus avec différents temps de synthése ont
ainsi été mélangées avec des PU aqueux, les propriétés thermiques, mécaniques et
morphologiques des nanocomposites ayant été ensuite évaluées ; 2) des poudres de
talcs synthétiques avec du chlorure de berbiérine (agent fluorescent) dans leur
structure ont été meélangées avec des PU a base de solvant, les propriétés
thermiques, mécaniques, morphologiques et de fluorescence des nanocomposites
ont été ensuite évaluées ; 3) des nanocomposites a base de solvant de polyuréthane
constitués d'un mélange de charges (argile SPR commerciale, talcs synthétiques 7h
et 24h) ont été frabriqués par polymérisation in situ ; 4) et enfin, des nanocomposites
de polyuréthane a base aqueuse utilisant du talc synthétiqgue (300 ° C, 6h) sous

forme de gel et sous forme de poudre ont été obtenus par polymérisation in situ.
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Le but de ces expériences sont de montrer l'intérét de développer des charges
nanomeétriques qui quand la dispersion dans la matrice est maitrisée permettent
d’obtenir des matériaux composites avec des propriétés renforcées et permettant
d’étendre les domaines d’application, MAIS aussi de créer de nouveaux métariaux
multicomposites non présents sur les marchés, et qui peuvent conquérir des
domaines d’applications nouveaux et dans lesquels ces matériaux ne sont pas
présents actuellement. Le corollaire de ceci est d’aussi comprendre les effets des
charges nanométriques sur les propriétés physiques et chimiques des polyméres
créés en comparaison des autres charges micronigues utilisées, les charges
nanomeétriques de type talc présentant des surfaces spécifiques supérieures a
300m?/g et pouvant aller juqu’a 1000m?/g, engendrant un nombre de liaisons avec
les polyméres bien supérieur (la surface spécifique d’untalc commercial est de

10m?/g maximum).
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2. OBJETIVOS

Este trabalho tem como objetivo estudar nanocompdésitos de PU utilizando
talcos sintéticos produzidos em diferentes condicbes de tratamento hidrotérmico

como carga.
2.1. Objetivos Especificos

- Obter os nanocompdésitos PU/talcos sintéticos, variando a propor¢cdo de
carga das misturas: talcos sintéticos em gel (PU base aquosa), talco sintético-
berberina em pd (PU base solvente) e utilizando uma mistura de cargas (talcos
sintéticos e argila comercial) ;

- Avaliar os nanocompdsitos obtidos em relacédo ao polimero puro e a cargas
comerciais através das propriedades térmicas, mecanicas, morfolégicas e de
fluorescéncia;

- Avaliar a interacao entre a matriz de PU com os diferentes talcos sintéticos;

- Sintese de novos talcos sintéticos com diferentes funcionalidades
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3. REVISAO BIBLIOGRAFICA

3.1. Poliuretanos

Poliuretanos (PUs) estdo entre os materiais mais versateis. Sua gama de
aplicacbes varia desde espumas flexiveis em moveis estofados, espuma rigida para
isolamento de paredes, telhados e eletrodomeésticos, poliuretanos termoplasticos
usados em dispositivos médicos, calcados, revestimentos, adesivos, selantes, etc.
PUs séo polimeros termoplasticos ou termofixos que podem ter suas propriedades
mecanicas, térmicas e quimicas adaptadas pela reacdo de varios polidis e
poliisocianatos (Fig 3.1). Os PUs incluem aqueles polimeros que contém um namero
significativo de grupos uretano (-NH-COO-), independentemente do que o resto da

molécula possa ser (Zia, 2007).

R R’ ,
TocN” “Nco T "Ho” SoH T O/LLN/H\NJ\O/R
H H

diisocianato poliol
poliuretano

Figura 3.1. Reacao de formacao do poliuretano (adaptado de Czonka, 2018).
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Estes materiais podem ter suas propriedades adaptadas modificando
Seus reagentes precursores ou seu processo de sintese. A ligacdo de uretano é
formada pela reagdo de um grupo isocianato com o grupo hidroxila do poliol (Sattar,
2015). Os poliuretanos sé@o copolimeros constituidos de segmentos flexiveis e
rigidos alternados, o segmento rigido consiste em diisocianato e extensor de cadeia
e o0 segmento flexivel consiste de poliol. Os segmentos rigidos e flexiveis séo
termodinamicamente incompativeis a baixas temperaturas, devido as ligacdes
intermoleculares o0s dois segmentos constituem microdominios (Fig 3.2).
Geralmente, o PU pode ser adaptado de acordo com sua aplicagéo, escolhendo-se
cuidadosamente os reagentes, sua proporcdo e o método de sintese. (Pohkarel,
2015). Em particular, os grupos uretano e/ou ureia dos segmentos rigidos formam
fortes ligacbes por pontes de hidrogénio, resultando numa estrutura organizada

desenvolvida pela separacao dos microdominios (Yamasaki, 2016).

F Segmento flexivel
~—JeJer~—1~~—JeT~— Constituido de poliol e diisocianato
] — .
F R F R R Segmento rigido
ﬂ Consituido de diisocianato e

extensor de cadeia

~ HO~~m~~ OH-Poliol

= OCNR -NCO-Diisocianato

¢  OHR,OH - Extensor de
cadeia

Fase segmento rigido

de hidrogénio intermolecular
Diametro médio dos dominios (d)
50-150 nm

Fase segmento flexivel

Figura 3.2. Estrutura das cadeias de um poliuretano (Adaptado de Yamasaki, 2016).

Ligacéo cruzada formada pela ligagéo
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O desenvolvimento do PU teve inicio com o trabalho de Otto Bayer e seus
colegas no comeco da Segunda Guerra Mundial, quando o PU foi desenvolvido pela
primeira vez como substituto da borracha. Bayer € conhecido como o “pai” da
industria de PUs por sua invencgéo do processo basico de poliadicdo de diisocianato.
Durante a Segunda Guerra Mundial, os revestimentos PU foram usados para a
impregnacdo de papel e a fabricacdo de roupas resistentes a gas mostarda,
acabamentos de alto brilho para aeronaves e revestimentos resistentes a produtos
quimicos e corrosivos para proteger metal, madeira e alvenaria (Lee, 2006). Ao
mesmo tempo, 0s primeiros adesivos metal-plastico de poliuretano foram
desenvolvidos. As dispersdes aquosas de poliuretano (DPU) também estavam
sendo desenvolvidas, com o latex sendo divulgado em 1961 pela DuPont (Noreen,
2016).

A cadeia de valor agregado dos poliuretanos envolve trés atores
principais. Os primeiros sdo 0s quimicos industriais que produzem as matérias-
primas para a sintese de polimeros. Os segundos sao os formuladores que
produzem poliuretanos a partir de matérias-primas; e os ultimos sao os fabricantes,
que incluem poliuretanos em seus produtos finais. Os atores econdmicos estao
envolvidos em um, dois ou nesses trés setores. Em 2016, com uma producéao global
de 18 Mt, os PUs ocuparam o sexto lugar entre todos os polimeros, com base na
producdo anual mundial. A maior parte desta producdo é realizada na Asia, com
cerca de 8 Mt, depois na Europa, com cerca de 4 Mt e, finalmente, nos Estados
Unidos da Ameérica, com cerca de 3 Mt. O mercado global de poliuretano esta
avaliado em cerca de 53 bilhdes de euros e as cinco primeiras empresas, BASF,
Bayer, Dow, Huntsman e Yantai Wanhua, respondem por mais de 35% do mercado
total (Fig 3.3) (Cornille,2017).
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Figura 3.3. Producdo mundial de PU (t) e uma estimativa de producéo até 2020 (Adaptado de
Akyndoyo, 2016).

3.1.1. Dispersdes aquosas de poliuretano

Poliuretanos convencionais geralmente contém uma quantidade
significativa de solventes organicos e, as vezes, até monémeros de isocianato livres.
Devido a limitacdo global as quantidades de compostos orgéanicos volateis liberados
na atmosfera, dispersdes aquosas de poliuretanos vém sendo estudados devido a
sua baixa concentragdo de compostos organicos volateis. DPUs sdo poliuretanos
dispersos em agua, utilizados atualmente em diferentes aplica¢des industriais como:
eletrbnicos, adesivos, revestimentos, membranas e biologicas. Além disso, os DPUs
possuem varias vantagens quando comparados aos PUs convencionais a base de
solventes organicos, tais como baixa viscosidade em alto peso molecular, ndo
toxicidade e ndo poluicdo (Cao,2009; Gao, 2011; Zhang, 2013; Heck, 2015).
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E importante destacar que a viscosidade das DPUs independe da massa
molar do polimero. Além disso, as DPUs podem ser preparadas com um alto teor de
sOlidos e com uma massa molar suficientemente alta capaz de formar filmes com
excelente qualidade simplesmente por meio da evaporacdo da agua. As DPUs séo
consideradas como um sistema coloidal de duas fases em que as particulas de
poliuretano séo dispersas em agua (fase continua) (Gurunathan, 2015).
Inerentemente, os poliuretanos ndo se dispersam em agua devido a presenca de
isocianatos hidrofobicos (que também reagem com &agua), enquanto os DPUs
conseguem se dispersar em meio aquoso devido a presenca de grupos ibnicos nas
cadeias do poliuretano (Fig 3.4.) (Gurunathan, 2015; Noreen, 2016). O acido
dimetilpropidnico (DMPA) é comumente utilizado como emulsificante. O ion
carboxilico do DMPA no polimero é hidrofilico e serve como um centro aniénico bem
como emulsificante interno. Os grupos carboxilicos nas DPUs fornecem carga as
superficies das micelas de PU (particulas), causando repulsdo entre as particulas de
PU, resultando numa distribuicdo uniforme no tamanho das particulas de PU dentro
da dispersdo aquosa. Por conseguinte, a percentagem em peso de DMPA utilizada
no pré-polimero ndo influencia apenas o tamanho das particulas e a estabilidade da
dispersdo, mas também na hidrofobicidade dos materiais. Por exemplo, o uso de
uma maior quantidade de DMPA resulta em um menor tamanho médio de particula
e alta hidrofilicidade no filme, o que reduz a resisténcia a agua do revestimento.
Portanto, uma quantidade ideal de DMPA deve ser utlizada para se obter um

material de alto desempenho (Chattopadhyay, 2007).

Varios processos foram desenvolvidos para a preparacdo de DPUs. Em
todos estes processos, um polimero de peso molecular médio (o pré-polimero) é
formado pela reacdo de didis ou polidis adequados com um excesso de
diisocianatos ou poliisocianatos na presenca de um emulsificante interno. O
emulsificante € diol com um grupo idnico (carboxilato, sulfonato ou um sal de
amonio quaternario) ou um grupo néao-iénico [poli (6xido de etileno) ] € normalmente
adicionado para permitir a dispersdo do polimero em agua (Chattopadhyay, 2007;
Zhou, 2015).

O processo da acetona para preparacdo de uma DPU € o mais antigo e

gue permanece tecnicamente importante. Durante as Ultimas décadas, varios novos
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processos foram desenvolvidos como: polimerizacdo homogénea em solugéo
(Wang, 2008), polimerizacdo por miniemulsdo (Zhang, 2012), polimerizacéao
radicalar por transferéncia de atomos (Zhou, 2015), etc. Uma caracteristica comum
a estes processos €, no entanto, que o primeiro passo € preparar os pré-polimeros
de PU de peso molecular médio com grupos de NCO em excesso. A etapa que

difere os processos é a extensdo da cadeia (Kim, 1996).

A 42 etapa - Preparacao do pré-polimero

Segmento rigido

\\ (-NHCOO -)
\ Segmento flexivel
§§\/ /
3}
NN e
Segmento rigido §§§
\ \Q Segmento flexivel

(-CH2>-CHz)

Particula de PU
Repulsdo

Dupla camada elétrica

(B)

(a) (b) -

Figura 3.4. (A) Representacdo da dispersao do DPU; (B) Representacao das micelas (a) catidnicas e

(b) anidnicas dispersas em agua. (Adaptado de Noreen, 2016).
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3.1.1.1. Processo da acetona

No processo da acetona, um solvente (acetona) € adicionado ao pré-
polimero, e a dispersao é formada pela adicdo de 4gua a esta solugdo. A extenséo
€ normalmente realizada pela adicdo de uma diamina a solucéo de pré-polimero ou
apés a dispersdo em agua. A acetona é entdo removida por evaporagdo (Barni,
2003).

Os pré-polimeros de PU com excesso de NCO tem sua cadeia estendida
com uma diamina em meio solvente organico tal como acetona, metileticetona, ou
tetrahidrofurano, seguido pela dispersdo em agua, e por ultimo ocorre a remocao do
solvente por destilacdo. Este processo bem estabelecido usa um solvente organico
para controlar a viscosidade durante a etapa de extensdo da cadeia. A acetona €&
especialmente adequada porque € inerte com as reacdes de formacdo de PU,
miscivel em agua e tem um baixo ponto de ebulicdo. Além disso, reduz a alta
reatividade de NCO-NH. As vantagens do processo de acetona incluem amplo
escopo de variacdo na estrutura e emulsédo, alta qualidade dos produtos e
reprodutibilidade confidvel. Estas vantagens sdo importantes porque a formacéo do
polimero é realizada em uma solucdo homogénea. No entanto, PU obtido em
processo de acetona € predominantemente linear e solivel em acetona, uma vez
que a extensdo da cadeia é realizada em acetona. A destilacdo de grande
guantidade de acetona torna o processo economicamente desfavoravel. Este
processo também apresenta um baixo rendimento devido as grandes quantidades

de solvente usado (Kim,1996).
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3.1.1.2. Processo do pré-polimero

No processo do pré-polimero, o pré-polimero modificado hidrofilicamente
é disperso diretamente em agua. Se a viscosidade da mistura for muito alta, uma
pequena quantidade de solvente, tal como N-metilpirrolidona, pode ser adicionada
antes da etapa de dispersdo. A extensdo da cadeia é realizada pela adicdo de

diaminas a disperséo do pré-polimero aquoso (Barni, 2003).

O processo do pré-polimero evita o uso de grandes quantidades de
solvente. Os pré-polimeros PU com excesso de grupos NCO modificados
hidrofilicamente sdo dispersos em agua para formar emulséo. A viscosidade do pré-
polimero é importante e deve ser controlada durante o processo de dispersao.
Portanto, este processo é adequado para um pré-polimero de baixa viscosidade. A
extensdo da cadeia é realizada pela adicdo de aminas (diaminas, poliaminas, etc.) a
dispersdo aquosa. A dispersdo dever ser realizada em uma temperatura
suficientemente baixa para que a reagdo entre NCO-4gua seja insignificante. Por
esta razdo, os diisocianatos cicloalifaticos sdo mais frequentemente utilizados

devido a sua baixa reatividade com a agua (Kim, 1996).

3.2. Nanocompaositos

Nanocompdésitos poliméricos sdo uma nova classe de materiais
compdsitos derivados de nanoparticulas com pelo menos uma dimensdo na faixa
dos nanbmetros (até 100 nm). Estas nanoparticulas sdo dispersas na matriz
polimérica em uma quantidade de carga relativamente baixa (normalmente menor
que 6% em massa) (Lei, 2006). Devido ao fato das nanoparticulas (nanoargilas,
nanofibras, nanotubos de carbono, etc.) serem muito pequenas e sua area
superficial elevadas, mesmo com pequenas quantidades de carga algumas
propriedades do polimero podem ser aprimoradas sem prejudicar as caracteristicas
fisicas originais do material polimérico, o que pode ocorrer quando se utilizam

cargas convencionais (Pavlidou, 2008; Maji, 2012). Em geral, as nanoparticulas
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podem melhorar significativamente a rigidez, a estabilidade térmica, as propriedades
de barreira, a condutividade elétrica e a resisténcia ao fogo da matriz polimérica
(Maji, 2012).

Os nanocompdsitos organicos/inorganicos sdo geralmente constituidos
de polimeros organicos com particulas inorganicas nanométricas (Nguyen, 2006).
Eles combinam as vantagens do material inorganico (por exemplo, rigidez,
estabilidade térmica) e do polimero orgéanico (por exemplo, flexibilidade, dutilidade e
processabilidade) (Salahuddin, 2010). Além disso, 0os nanocompoésitos também
apresentam propriedades derivadas das nanocargas levando a obtencdo de
materiais com propriedades superiores. E importante destacar que devido as cargas
estarem na escala dos nandmetros existe uma maior &rea interfacial entre
polimero\carga, o que favorece a melhora nas propriedades, em relacdo ao polimero

puro, mesmo utilizando-se uma pequena fragéo de carga (Zou, 2008).

Dependendo de quantas dimensdes estdo na escala hanométrica, pode-
se classificar as nanoparticulas: isodimensionais (quando as trés dimensdes séo da
ordem de nandmetros), nanotubos (quando duas dimensdes estdo na escala
nanomeétrica) e, finalmente, cristais lamelares ou argilas (na forma de folhas onde a

espessura varia de um até alguns nanémetros) (Pavlidou,2008).

Existem metodologias que podem favorecer a dispersdao das
nanoparticulas nos nanocompa@sitos, como a polimerizacdo in situ, mistura fisica por
fusdo, mistura fisica em solucéo, sonificacao, intercalacdo por fusdo, entre outras
(Khudyakov, 2009). As metodologias mais empregadas para sintetizar
nanocompositos de silicatos lamelares sdo: por meio da insercdo da carga na
polimerizacdo in situ, mistura fisica da carga com o polimero em meio solvente e
mistura simples do polimero fundido com a carga (Song,2003). No método da
polimerizagcdo in situ (Fig.3.5-1ll), o mondémero é utilizado como um agente
solubilizante do silicato lamelar facilitando a intercalacdo e\ou esfoliagdo. A
polimerizagdo ocorre apés a mistura do silicato lamelar e do monémero, permitindo
assim a formacdo de cadeias poliméricas entre as folhas do silicato lamelar
intercaladas. Outro método € a mistura em solu¢do onde ocorre a mistura da carga
com o polimero em meio solvente (Fig.3.5-1l). Este método requer um solvente

adequado que pode tanto solubilizar o polimero como dilatar as lamelas do silicato.
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Quando o silicato lamelar é disperso dentro da solu¢do contendo o polimero, as
cadeias poliméricas se intercalam entre as galerias do silicato lamelar. O
nanocomposito polimérico € obtido apdés a remocdo do solvente, seja por
evaporacao do solvente ou precipitacdo do polimero. As desvantagens destes dois
métodos citados sdo os pré-requisitos de se ter solventes e reagentes adequados, 0
gue eleva os custos associados com 0s solventes, a sua eliminacdo e o seu impacto
no ambiente. E por Gltimo o método da mistura simples do polimero fundido com a
carga (Fig.3.5-1), ndo requer o uso de um solvente compativel ou mondémero
adequado. Neste método, um polimero e uma mistura de silicato lamelar sao
aguecidos (exemplo, extrusdo) acima do ponto de fusdo do polimero. Durante o
processo de aquecimento, as cadeias poliméricas se difundem do polimero fundido
para as galerias do silicato lamelar, formando estruturas intercaladas e\ou
esfoliadas, dependendo do grau de dispersdo. Este método se destaca devido a

simplicidade, baixo custo e pequeno impacto ambiental (Nguyen, 2006).
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Figura 3.5. Métodos de preparacdo dos nanocompésitos: |) mistura simples dos componentes
(extrus@o), Il) preparacéo de nanoparticulas por mistura fisica (em solvente) e Ill) Polimerizacédo da

matriz in situ. (Moreira Dos Santos,2013).

Nanocompdésitos de polimero/silicato lamelar sdo sistemas de duas fases,
que consistem em uma matriz polimérica e nanoparticulas dispersas na matriz. As
cargas inorganicas mais utilizadas em nanocompdsitos poliméricos pertencem a
familia dos filossilicatos 2:1, que possuem uma estrutura de silicato lamelar. Existem

trés tipos de morfologias para nanocompdsitos com base no grau de dispersao do
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silicato lamelar: agregada, intercalada e esfoliada (Fig.3.6). Na estrutura agregada,
as folhas de silicato lamelar estdo bem distribuidas na matriz polimérica, mas as
camadas individuais de silicato lamelar n&o estdo esfoliadas. Na estrutura
intercalada, as folhas de silicato lamelar estdo esfoliadas em alguma extenséao:
assim cadeias poliméricas podem se difundir nas galerias entre elas. Na estrutura
esfoliada, as folhas de silicato lamelar estdo completamente separadas em folhas
de uma uUnica camada, que estdo homogeneamente dispersas na matriz polimérica.
A estrutura esfoliada é a estrutura ideal quando se trabalha com nanocompdsitos,
pois pode fornecer excelentes propriedades térmicas e mecanicas quando se utiliza
guantidades muito baixas de silicatos lamelares. No entanto, a maioria dos
nanocompositos poliméricos apresenta uma estrutura intercalada e esfoliada
(Tan,2016).

O mecanismo para se obter melhorias significativas nas propriedades dos
nanocompaositos é dispersar ou esfoliar as particulas (lamelas) individuais do silicato
lamelar mineral dentro da matriz polimérica aproveitando sua alta area superficial
especifica. A afinidade do polimero a superficie do silicato lamelar mineral e/ou aos
surfactantes intercalados no mesmo € essencial para promover interacdes
favoraveis entre carga/polimero e, assim, obter altos niveis de esfoliacédo

(Salahuddin, 2010).

2

Silicato lamelar Polimero

N\

ey

Agregado Intercalado Esfoliado

Figura 3.6. Morfologias possiveis em nanocompoésitos de silicatos lamelares (Adaptado de Alexandre
e Dubois, 2000).
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3.3. Silicatos Lamelares

Silicatos lamelares sdo minerais naturais e\ou sintéticos muito utilizados para
sintetizar nanocompasitos, consistindo basicamente de folhas com espessura muito
finas que geralmente sdo ligadas a contra-ions. Sua estrutura cristalina basica
consiste de folhas tetraédricas, nas quais o silicio é circundado por quatro &tomos
de oxigénio, e folhas octaédricas, nas quais um metal, como o aluminio, é
circundado por oito &tomos de oxigénio. Portanto, em estruturas de camadas 1:1
(por exemplo, a caulinita), uma folha tetraédrica é ligada a uma folha octaédrica,

onde os atomos de oxigénio sdo compartilhados (Pavlidou,2008).

Os filossilicatos com estrutura em lamelas 2:1 (Fig 3.7), sdo constituidos de
uma rede cristalina em camadas bidimensionais onde uma folha octaédrica central
com um metal (Al, Mg, etc.) € ligada a dois tetraedros de silica, de modo que os ions
de oxigénio sdo compartilhados pelas folhas octaédricas e tetraédricas. A espessura
das lamelas é de cerca de 1 nm e as dimensdes laterais dessas camadas podem
variar de 300 A a véarios micrometros, dependendo do silicato lamelar em particular.
Essas lamelas se organizam formando folhas empilhadas com um intervalo regular
entre elas, chamado de espaco interlamelar ou galeria. A substituicdo isomorfica
dentro das lamelas (por exemplo, Alz substituido por Mgz, ou Mgz substituido por Li)
gera cargas negativas que sdo contrabalanceadas por cations alcalinos ou alcalino-
terrosos situados no espaco interlamelar ou galeria. Como as forcas que atuam
mantendo as folhas empilhadas (forcas de van der Walls) sdo relativamente fracas,
a intercalacdo de moléculas pequenas entre lamelas é facil (Alexandre e Dubois,
2000).

Cargas derivadas de silicatos lamelares apresentam um grande potencial
para aumentar as propriedades de matrizes poliméricas. Devido a sua alta area
superficial, nanocompdsitos poliméricos de silicatos lamelares apresentam
propriedades superiores quando comparadas as do polimero puro (Song,2003;
Yu,2012).
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Figura 3.7. Estrutura 2:1 de silicatos lamelares (filossilicatos) (Adaptado de Ray e Okamoto,2003).

3.4. Talco

O talco € um silicato lamelar mineral de magnésio tendo como féormula ideal
MgsSiaO10(OH)2 (Fig.3.8), sendo normalmente utilizado como carga em compositos
causando uma reducdo nos custos de manufatura dos mesmos, melhoria em suas
propriedades fisicas e quimicas e fornecendo novas funcionalidades. Sua gama de
aplicacoes abrange diferentes areas da industria como: papéis, tintas, ceramicas,
cosméticos e polimeros (Dumas, 2013). Sua estrutura elementar é formada por uma
folha octaédrica de hidroxido de magnésio (Mgi12012H4) ensanduichada entre duas
folhas tetraédricas de silica (SiO2), o talco é constituido de uma superposicéo
indefinida de lamelas. O tamanho de uma folha individual de talco (alguns milhares
de lamelas) pode variar de, aproximadamente, 1 até 100 um, dependendo das

condi¢cbes de formacdo do mineral. O espaco ou lacuna de van der Waals (espaco
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interlamelar ou galeria) entre as lamelas é formado devido ao empilhamento, o que
pode ser uma vantagem para se obter materiais onde o talco esteja completamente
esfoliado dentro da matriz polimérica. A carga das lamelas é zero ou muito baixa,

nao havendo ions livres entre as lamelas (Castillo,2013).

O mg
k O si
O OH
Qo0

Figura 3.8. Estrutura tridimensional do talco (Adaptado de Claverie, 2018).

O talco se destaca como carga devido a sua estrutura ser no formato de
folhas, facilitando seu processamento junto a matriz polimérica. Os silicatos
lamelares (filossilicatos) tem uma area superficial elevada, o que facilita a interacéo
carga-matriz polimérica. As superficies basais das folhas representam 90% da
superficie total e ndo contém grupos hidroxila ou ions ativos contrarios as faces
laterais que contém poucos grupos -SiOH e -MgOH. A superficie lateral, que é mais
reativa, apresenta acidez de Brgnsted, enquanto a superficie basal do talco,
formada por ligacdes Si-O-Si siloxano, apresenta baixo nivel de basicidade de

Lewis. Devido a geometria lamelar, a predominancia de superficies basais
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hidrofébicas explica a dificil dispersdo do talco natural em meio aquoso (Claverie,
2018). Como carga, o talco é usualmente aplicado em materiais compdésitos para
por exemplo, aumentar as propriedades mecanicas de diferentes tipos de materiais

na industria de plasticos (Zhao,2012).

O talco por ter uma alta area superficial (diametro da particula / espessura =
20:1) é considerado uma boa carga para matrizes poliméricas. Isso ocorre devido
sua estrutura ser em forma de folhas, com dimensdes de comprimento e largura na
escala micrométrica, com uma espessura na escala manométrica (Castillo, 2013).
Porém o talco natural apresenta algumas desvantagens. Especificamente, o talco
natural consiste de uma mistura de minerais, sua estrutura apresenta algumas
substituicdes catidnicas e, consequentemente, sua estrutura quimica, fase cristalina

e distribuicdo do tamanho das particulas ndo sdo homogéneas (Yousfi,2013).

Dentro deste contexto, os talcos sintéticos com uma estrutura bem definida e
um alto grau de pureza surgem como uma nova plataforma para a producdo de
materiais com diferentes funcionalidades voltados a diferentes aplicacbes. Nas
Gltimas décadas, os processos de sintese dos talcos sintéticos vém sendo

estudados, atualizados e aprimorados como bem descrito por Claverie et. al. (2018).

As principais vantagens do talco sintético frente ao mineral de talco natural é
sua homogeneidade, sua estrutura quimica bem definida e a possibilidade do
controle de tamanho das particulas e da espessura das lamelas. A variacdo de
alguns graus Celsius na temperatura da reacao hidrotérmica faz com que o tamanho
médio das particulas varie em algumas centenas de nandmetros (Yousfi, 2013).
Tipicamente, as propriedades fisicas resultantes de nanocompdsitos poliméricos
contendo particulas de talco sintético de tamanho nanométrico sdo superiores as
gue contém particulas de talco de tamanho micrométrico (Chabrol, 2010; Fiorentino,
2015). Portanto, um talco sintetizado com uma composi¢cao bem definida, tamanhos
de particulas regulares é de grande interesse cientifico e pratico, tendo em vista sua
aplicacdo como carga em nanocompdsitos poliméricos. Além disso, uma vantagem
dos talcos sintéticos € a possibilidade de se obté-lo em forma de uma suspensao
aguosa (em gel) diretamente do reator de sintese. Por conseguinte, as particulas

contidas no gel sdo mais estaveis (Yousfi, 2013).
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3.5. Nanocompadsitos poliméricos x talcos sintéticos.

Nos ultimos anos, muitos artigos vém sendo publicados a respeito de

nanocompositos poliméricos utilizando talcos sintéticos como carga.

Fiorentino et al. (2015) investigaram a influéncia do nanotalco sintético como
agente nucleante e seu grau de dispersdo em uma matriz de polipropileno (PP). O
nanotalco sintético também foi funcionalizado com organosilanos buscando uma
melhor interacdo entre a carga e a matriz. Além disso, um compatibilizante foi
utilizado para melhorar a incorporagdo de nanotalco sintético. Em ambos os casos
observou-se um aumento da estabilidade térmica, destacando-se uma melhor

disperséo das amostras funcionalizadas com organosilanos.

O uso de nanotalcos sintéticos também foi estudado por Yousfi et al. (2013)
em uma matriz ndo polar de PP e em uma matriz de poliamida polar (PA6) para
avaliar sua contribuicdo nas propriedades mecéanicas e térmicas do compdsito. A
estabilidade térmica dos sistemas PP preenchidos com nanotalco sintético foi
aprimorada e uma melhor dutilidade foi observada. Nos materiais de PA6, foi
possivel observar uma boa dispersdo do nanotalco sintético e um aumento
significativo no médulo de Young. Os autores atribuiram esses fenbmenos a alta

afinidade entre o talco sintético hidrofilico e a matriz PA6 polar.

Além disso, novos nanotalcos sintéticos e um talco natural comercial foram
escolhidos para estabelecer um estudo comparativo em termos de suas
contribuicbes na melhoria da morfologia, bem como nas propriedades finais das
blendas de PP/PA6 preparadas pelo processo de mistura fisica por fuséo (extrusao).
Em ambos os casos, a adicdo de cargas de talco induziu uma diminuigao
significativa do tamanho dos dominios de PA6, mas a compatibilizacdo foi

melhorada na presenca dos nanotalcos sintéticos. Neste trabalho, destacou-se que
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0s nanotalcos sintéticos favoreceram melhorias na cinética de cristalizacdo e na
morfologia final. Também foi relatada uma melhor dispersdo quando se utilizou os
nanotalcos sintéticos em comparacao ao talco natural. Esta melhor disperséo levou
a obtencao de melhores propriedades térmicas e mecanicas (+ 40% no modulo de
Young) das blendas PP/PAG6 (Yousfi, 2014).

Os autores também utilizaram liquidos ibnicos a temperatura ambiente como
compatibilizadores de blendas PP/PA6/talcos sintéticos. O nanotalco foi
funcionalizado com dois tipos de liquidos i6nicos baseados em cétions de fosfénio.
Eles observaram um aumento tanto das propriedades térmicas do PP/PA6/talco
sintético (+ 80 °C) quanto das propriedades mecanicas. Eles demonstraram uma

boa interacao entre os liquidos idnicos e os talcos sintéticos (Yousfi, 2015).

Em seu estudo, Beuguel et al. (2015) inseriu talco sintético em matrizes PA6
e PA12, analisando as propriedades reolégicas e estruturais dos nanocompdésitos.
Os resultados mostram que o talco sintético foi melhor disperso na matriz PA6 do
que na matriz PA12 (devido a polaridade da matriz). Outro estudo, no entanto,
comparou o talco sintético com a argila montmorilonita quando disperso na matriz
PA12, mostrando que os talcos sintéticos sdo uma alternativa as argilas comerciais
uma vez que os talcos sintéticos apresentam uma estrutura principalmente

nanométrica (Beuguel, 2017).

Prado et al. (Prado, 2015) focaram no uso de talco sintético de Niquel (Ni)
como carga na preparacdo de nanocompasitos de PU por meio da polimerizacao in
situ. Os nanocompdsitos de PU apresentaram uma coloracdo verde homogénea, o
gue corrobora com uma boa dispersdo das particulas de Ni-talco sintético. Esta
disperséo significativa pode ser explicada pelas interacbes dos grupos OH do Ni-
talco sintético com o grupo uretano da matriz polimérica. Os nanocompdsitos de
PU/Ni-talco sintético também apresentaram um aumento na estabilidade térmica e
na temperatura de cristalizacdo em comparacdo aos compoésitos PU/talco natural e

com o PU puro.

L.M dos Santos et al. (L.M dos Santos, 2015) utilizaram um novo nanotalco-

Fesz04 como carga para a producédo de nanocompositos poliméricos magnéticos. Os
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nanocompositos apresentaram uma boa dispersdo do nanotalco-FeszO4 dentro da
matriz de PU, mesmo com alto teor de carga de 10%. Foi demonstrado que é
possivel obter nanocompdsitos magnéticos, levando a producdo materiais com
propriedades superiores com uma maior temperatura de cristalizacéo e estabilidade

térmica.

Também foi relatado por L.M dos Santos et.al. (L.M dos Santos, 2017) a
sintese de nanocompdsitos com dispersées aquosas de poliuretano utilizando
nanotalco-FesO4 em gel. Esta carga apresenta numerosos grupos (Si-O e Mg-O) e
grupos OH que formam facilmente ligacbes de hidrogénio e apresentam uma
interacdo polar com agua pelo seu carater hidrofilico, consequentemente,
melhorando sua dispersdo dentro de uma matriz polimérica a base de agua. O
nanotalco-FesO4 pode ser disperso mesmo quando usadas grandes quantidades de
carga. O uso de talco sintético Fe3O4 para obtencdo de nanocompdésitos magnéticos

resultou em materiais com propriedades mecanicas superiores.

Dias et.al. (Dias, 2015) sintetizaram e caracterizaram nanocompositos de
poliuretano utilizando dois talcos sintéticos distintos produzidos com condicfes
hidrotérmicas de processamento diferentes (talco 7h/315 °C e talco 24h/205°C) por
meio da polimerizacdo in situ. Ambas cargas foram bem dispersas/esfoliadas na
matriz polimérica. A alta area superficial dos talcos sintéticos favoreceu no aumento
das temperaturas de cristalizacdo e nas estabilidades térmicas. O talco sintético
(talco 7h/315 °C) com menor tamanho de particula mostrou um maior aumento das
propriedades mecanicas quando comparado ao outro talco sintético e ao PU puro.
Os resultados demonstraram ser possivel obter nanocompaésitos PU/talco sintético

com propriedades desejadas.

Dias et. al. (Dias, 2016) também publicou um estudo comparando a
sintese de nanocompdsitos de PU, pela técnica de polimerizacdo in situ, utilizando
diferentes talcos sintéticos como carga inorganica. As cargas foram sintetizadas a
partir de dois tratamentos hidrotérmicos e com composicdes diferentes (talco-Mg e
talco-Ni). Quando o talco-Ni foi utilizado como carga, o nanocompdésito resultante
apresentou uma morfologia intercalada, enquanto o talco-Mg apresentou uma

morfologia esfoliada dentro da matriz de poliuretano. Ambas as cargas aumentaram
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as propriedades térmicas do polimero e as temperaturas de cristalizacdo, mas o

nanocompaosito esfoliado proporcionou maior estabilidade térmica.
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4. MATERIAIS, METODOS E RESULTADOS

Neste capitulo serdo apresentados os materiais, métodos e resultados ja

publicados em revistas internacionais e que irdo compor essa sec¢éo da tese.

Primeiramente, serdo apresentados os resultados referentes a producéo de
nanocompositos de dispersdées aquosas de poliuretano (DPU) utilizando talcos

sintéticos com diferentes condi¢des de tratamento hidrotérmico em forma de gel.

A segunda parte é composta pelos resultados referentes a obtencdo de
nanocompaositos de poliuretano base solvente usando talcos sintéticos fluorescentes
com diferentes tratamentos hidrotérmicos comparados frente a um talco natural

fluorescente.

A terceira parte mostra resultados obtidos quando se utilizou uma mistura de

cargas (talco + argila) para obtencao de nanocompasitos de poliuretano hibridos.

A quarta parte mostra a sintese e caracterizacdo dos talcos sintéticos
realizadas durante o periodo de doutorado sanduiche no laboratério GET em
Toulouse, Franca. Os nanocompasitos serdo produzidos atraves da polimerizacéo in
situ, utilizando os talcos sintéticos como catalisador e como reforgco da matriz

polimérica.
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4.1. Analise da influéncia de trés talcos sintéticos diferentes na obtencédo de

nanocompaositos de dispersdes aquosas de poliuretano

No artigo intitulado “Analyzing the influence of different synthetic talcs in
waterborne polyurethane nanocomposites obtainment®, publicado na revista “Journal
of Applied Polymer Science” é apresentada a mistura fisica de trés talcos sintéticos
na forma de gel obtidos em trés condicbes de tratamento hidrotérmico para
obtencdo de nanocompdésitos de dispersbes aquosas de poliuretano a fim de
melhorar suas propriedades mecéanicas, térmicas e morfologicas entre si e frente ao
polimero puro. Os nanocompasitos foram caracterizados por BET, FTIR, DRX, TEM,
AFM, DMTA, TGA e MEV-FEG. Os talcos sintéticos apresentaram uma boa
dispersdo na matriz polimérica, mesmo o processo sendo por mistura fisica. As
propriedades mecanicas dos nanocompositos tiveram um aumento com a adi¢édo
dos talcos sintéticos na forma de gel. A alta area superficial das cargas pode ter
influenciado na boa interagdo observada entre carga-polimero, corroborando com os
resultados dos modulos de armazenamento e perda e de infravermelho. Foi
demonstrado que a utilizac@o de talcos sintéticos em forma de gel surge como uma
forma de se obter nanocompdsitos de dispersfes aquosas de poliuretano com

propriedades mecéanicas superiores via mistura fisica.
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ABSTRACT: Waterborne polyurethane (WPU) nanocomposites were produced utilizing synthetic talc in gel form in order to improve its
physical—chemical properties. Synthetic talc manufactured in nano-gel form are interesting because their interaction with water occurs
through hydrogen bonding favoring fillers dispersion within the WPU matrix. WPUs are environmental friendly materials because no
organic solvents are used in its production. The nanocomposites obtained with the three synthetic talc nano-gel fillers presented a good
dispersion even when higher amounts of fillers were added, as seen by X-ray diffraction, transmission electron microscopy, field emission
scanning electron microscopy, and atomic force microscopy analyses. The addition of synthetic talcs improved WPU nanocomposites
mechanical properties. Storage and loss modulus results proved fillers incorporation into the WPU matrix corroborating with Fourier
transform infrared spectroscopy results. Results demonstrated that synthetic talcs in nano-gel form are interesting to obtain WPU nano-

composites with superior mechanical properties. © 2017 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2018, 135, 46107.
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INTRODUCTION

Waterborne polyurethanes (WPU) are known for their wide
range of applications such as flexible films, coatings, and medi-
cal appI.ications.]‘2 ‘When compared to traditional solvent-based
polyurethanes, WPU are environmental friendly materials. The
use of water as solvent attend to environmental requirements
limiting the quantity of volatile organic components released to
the environment.>” Nevertheless, WPU have some disadvantages
as low thermal-mechanical properties, low adhesion, low drying
rate, and so on.”*> The incorporation of inorganic particles in
the WPU matrix is a solution to improve its physical-chemical
properties.”® Organic-inorganic nanocomposites have been
widely discussed,” improvements promoted by nanofillers are
frequently associated to their concentration, shape, size, degree
of aggregation, surface area, degree of dispersion, and the inter-
between nanr)ﬁllerJI'I::or)l)m'ler.a Dispersed
improve physical/chemical properties of nanocomposites such
as mechanical strength, conductivity, thermal stability, and opti-
Literature describes that different fillers have

action nanofillers

cal properties.g

been introduced into WPU such as silver nanopar‘[icles,]’” hal-
loysite nanotube:v.,2 metallic oxides,‘i’g’m’]3 graphene,5 silica,™"?
nanoclaysf‘a‘]]‘]2‘]3‘]9 IlaIll’)-F8304,M and cellulose nanocrys-
tals.'® Talc is also a good alternative due to its low cost and
availability. Natural talc presents some disadvantages namely
mineralogical and crystallochemical impurities, hydrophobicity,
and the impossibility of being ground to nano-sizes.”* Syn-
thetic talc can be produced in a form of a hydrophilic nano-gel
suspension since it presents numerous edges (Si—0 and
Mg—0) and OH groups forming hydrogen bonds and polar
interaction with water.”> The filler in a gel form improves its
dispersion within WPU matrix.” The usage of synthetic talc as
nanofillers has been reported to obtain new materials such as
solvent-borne poly‘ureﬂm.nes,u'u_y’ polypropylene (PP), and
polyamide 6 (PA6) nanocomposites,“ PP/PA6 blends,” and
also WPU.? The main objective of this work is to obtain and
characterize new WPU/synthetic talcs nanocomposites produced
by physical mixture. Three synthetic nano-gel talcs were used as
fillers aiming to compare the talc syntheses conditions effects
with the WPU matrix properties.

Additional Supporting Information may be found in the online version of this article.
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EXPERIMENTAL

Synthetic Talc Syntheses

Synthetic talcs were prepared as described in literature.
D43001 104% dry extract (synthetic talc heated at 300°C for
1 h), D43006 8.7% dry extract (synthetic talc heated at 300°C
for 6 h) and Prototalc (PT) (Mgl00, 25°C for 30 min) 16.4%
dry extract, all samples were used in gel form without any
functionalization.

20,29

Materials

To synthesize WPU, isophorone diisocyanate (IPDI, for synthesis,
Bayer, Germany), polyester diol (M, =1000 g/mol) and 2,2-
bis(hydromethyl) propionic acid (DMPA, 99%, Perstorp, Sweden)
were used. Dibutyl tin dilaurate [DBTDL Miracema-Nuodex Ind.,
Brazil (0.1% w/w)] was used as catalyst. The NCO/OH molar ratio
of 1.7 was utilized. DMPA carboxylic acid was neutralized with
trimethylamine (J.T Baker, Center Valley, Pennsylvania, USA). The
free NCO content was measured by titration with n-dibutylamine
(Bayer, Leverkusen, Germany) and hydrazine (Merck, Kenilworth,
New Jersey, USA) was used as chain extender.

WPU Nanocomposites Syntheses

The WPU syntheses were performed in a glass reactor utilizing
the following reagents: IPDI, a polyester diol (M, = 1000 g/mol)
and DMPA (NCO/OH molar ratio of 1.7:5% w/w of DMPA in
relation to the prepolymer solids content). The NCO terminated
prepolymer reaction was carried out under constant mechanical
stirring and inert atmosphere (N,) at 80 °C for 1 h. To quantify
the residual free isocyanate content, titrations were performed
with n-dibutylamine based on the ASTM 2572 standard tech-
nique. Then, to neutralize the acid groups from DMPA, molar
equivalent of trimethylamine was added to the reactor and
stirred for 30 min at 50 °C. Lastly, a mixture of the previously
neutralized prepolymer and hydrazine (chain extender in
amount equivalent to the residual free NCO content) was
poured in water and kept under mild agitation (200 rpm) at
room temperature for 30 min. After that, synthetic talc filler
were mixed with pristine WPU under mild agitation for 30
min, regarding the total mass of non-volatile, to form the
WPU/nanocomposites. Filler contents were of 1, 3, 5, and 10%
wiw. The average solids content for the WPU and WPU nano-
composites was 33% wi/w.

Characterization Methods

WPU nanocomposites and neat WPU characterizations were
performed using dried films, samples of these films were ana-
lyzed by: nitrogen adsorption—desorption isotherms determined
at 77 K, using a volumetric method, with a Quantachrome
Autosorb-1 apparatus (GET laboratory, University of Toulouse).
The isotherms were recorded in the 0.05-0.3 relative pressure
range and high purity nitrogen was used. Samples were out-
gassed for 15 h at 120°C under vacuum before analysis. Surface
areas were calculated using a Brunauer-Emmett-Teller (BET)
method®; Fourier transform infrared spectroscopy (FTIR, Per-
kinElmer, spectrometer model Spectrum100) from film samples
in transmission mode in the range 4000-650 cm ', was used to
ascertain the structural properties of the fillers and nanocompo-
sites; X-ray diffraction (Shimadzu XRD-7000) patterns were
recorded with CuKa Bragg-Brentano geometry 0-0 radiations,
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between 5 and 80° with a step size of 0.02°% current of 40 kV
and voltage of 30 mA; transmission electron microscopy (TEM,
Tecnai G2 T20 FEI) was used to determine morphology and the
degree of dispersion of nanocomposites. The samples were cryo-
microtomed and analyzed at 200 KV; differential scanning calo-
rimetry (DSC equipment, Q20 model, TA Instruments) was
used to determine the glass transition temperature (T,) from
—90 to 200°C, with a heating rate of 10°C/min under an inert
atmosphere of nitrogen, from the heat second cycle; Thermog-
ravimetric analysis (SDT equipment, Q600 model, TA Instru-
ments) was carried out with a heating rate of 20 °C/min, from
an ambient temperature to 800 °C under nitrogen atmosphere;
mechanical tests were performed in triplicate according to
ASTM D822 standard technique (DMTA equipment, Q800
model, TA Instruments) for determination of Young's modulus
and stress X strain tests. The field emission scanning electron
microscopy (FESEM, FEI Inspect F50) analyses were performed
in secondary electrons (SE) mode and used for assessment of
fillers distribution in the polymer matrix. Atomic force micros-
copy (AFM) was used to collect roughness data of the WPU
and its nanocomposites. The analyses were performed in tap-
ping mode to construct phase/height contrast images at differ-
ent locations on the top surface of the samples using a Bruker
Dimension Icon PT equipped with a TAP150A probe (Bruker,
resonance frequency of 150 kHz and 5 N/m ™' spring constant).
The equipment was calibrated prior to samples measurements.
The scanned area of images was 5 X 5 um® with a resolution of
512 frames per area.

RESULTS AND DISCUSSION

BET Analysis

BET tests were performed aiming to compare the influence of
different hydrothermal treatments in surface area of synthesized
nano-gel talcs. Literature described that specific surface area
decreases as synthesis time increased, consequently decreasing
the hydroxyl group number on layers edges.”” D43006 (300°C; 6 h)
and D43001 (300 °C; 1 h) presented specific surface area of 130 and
222 m* g !, respectively. Yet, the prototalc (25°C; 30 min) presented
a specific surface area of 214 m’g ' This results evidenced that the
specific surface area values for synthetic talcs are much higher than
for natural talc (20 m* g~ ').*"* The possibility of obtaining syn-
thetic fillers with distinct specific surface area offers a platform of
possibilities to promote desired changes in physical-chemical prop-
erties of WPU nanocomposites adapting it for different applications
in coatings or films industry.

FTIR Analysis

Figure 1(A—C) shows the results of FTIR analyses for synthetic
nano-gel tales, WPU nanocomposites with 10% w/w of syn-
thetic talcs and neat WPU. In synthetic talc spectra, the band
around 700-600 ¢cm ' is related to the free OH of the talc
structure’®®' and the characteristic band around 1000~
900 cm ™' is attributed to Si—O and Si—O—Si bond***"** as
can be seen in Figure 1(A.c), (B.c), and (C.c). For neat WPU
and nanocomposites [Figure (1A.a—c, Ba—c, and C.a—<)] the
bands in regions of 3500-3400 cm ' are attributed to urethane
linkage N—H. This spectrum region is affected by polymer/filler
interaction [Figure 1(D.a—c, E.a—c, and Fa—c)]. The bonded NH
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Figure 1. FTIR overlays (A) (a) WPU, (b) WPU/PT 10%, (c) Prototalc (PT). (B) (a) WPU, (b) WPT/D43001 10%, (c) D43001. (C) (a) WPU, (b)
WPU/D43006 10%, (c) D43006 and FTIR overlays around 3400 em™". (D) (a) WPU, (b) WPU/PT 10%, (c) Prototalc (PT). (E) (a) WPU, (b) WPUY/
D43001 10%, (c) D43001. (F) (a) WPU, (b) WPU/D43006 10%, (c) D43006.

stretching vibration exhibited a strong absorption peak at
~3400 cm™! due to hydrogen bonding while the free N—H
stretching vibration appears at ~3500 cm™'.** One can observe
from Figure 1(D.a—c, E.a—, and Fa—c) that with the increasing
of synthetic talc concentration the N—H bands shifted to the
free N—H region indicating hydrogen bonding between WPU/
fillers.** The bands in 2934 and 2867 cm ' are associated to
different vibrational modes of CH, group of polymeric chain.
The band in 1727 cm ™' is characteristic of C=0 of urethane
bond. The region in 1528 cm ™' is related to CN and NH of the
urethane bonds. The CO—O group appears in the region of
1230 ecm™ ' In 1164 and 1135 cm™ ' appears the bands associ-
ated to N—CO—0 and C—0—C groups.”**?** It can be
highlighted that with the increasing of fillers amount into the
matrix the characteristic band around 1000 cm ™" attributed to
Si—O—Si bonds becomes more prominent, proving fillers
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incorporation into WPU matrix. Previous works demonstrated

similar results. 222472028

TEM-XRD Structure Analysis

TEM analyses evidenced the nanoscale dispersion of fillers for
WPU nanocomposites as presented in Figure 2. The dark enti-
ties that appears in the brighter background of the matrix rep-
resent synthetic talc layers; some individual layers appears even
at higher fillers content evidencing that some synthetic talc
layers are “exfoliated” and some points of agglomeration are
presented.'” Cross-section TEM micrographs (Figure 2) of the
WPU nanocomposites demonstrates that talc layers were parallel
to the surface of the films and well dispersed in WPU matrix.*
The different processes used to manufacture the synthetic nano-
gel talcs modified its structures and influenced fillers distribu-
tion into the WPU matrix.

J.APPL POLYM. SCI. 2018, DOI: 10.1002/APP.46107



- ARTICLE

WILEYONLINELIBRARY.COM/APP

46

Applied Polymer

cleEnNce

Figure 2. TEM micrographs, magnification of 13,500X (a) WPU/PT 10%, (b) WPU/D43001 10%, and (c) WPU/D43006 10%.

Figure 3 presents crystalline structures of fillers, pristine WPU
and its nanocomposites. Fillers characteristic XRD diffraction
peaks associated with natural talc are observed, but for synthetic
talcs these diffraction peaks are broader and less intense. This
behavior indicates that synthetic talc layers are smaller than for
natural talc.??! The augmentation in the diffraction peak at 260
= 9% is noticed as the quantity of filler content increases indi-
cating fillers intercalation between WPU chains.***” For neat
WPU, a broad diffraction halo related with WPU amorphous
phase is seen close 26 = 20°* All the nanocomposites presented
the same amorphous nature of neat WPU, but it can be noticed
that as synthetic talc content increases, the intensities of diffrac-
tion peaks increased as well, indicating that synthetic talc in
nanocomposites tended to self-aggregate with an increase in fill-
ers content.”>*

Mechanical Properties

Table I presents stress/strain properties of neat WPU and WPU
nanocomposites. With a higher content of synthetic talc, Young
Modulus, stress, and strain values increased. The nanocompo-
sites do not break at the tests conditions. Hydrogen bonding
interaction among fillers/WPU matrix, as evidenced in FTIR
section, can be responsible for this behavior.*' Unlike the others
samples the WPU nanocomposite with 3% w/w of synthetic talc
D43001 as filler achieved higher values of Young Modulus and
stress/strain when compared to 5 and 10% w/w (Figure S1).
This improvement in mechanical properties in lower filler con-
centration can be somehow associated to a good filler disper-
sion due to filler-polymer interaction alternatively to fillerfiller
interaction with the increase in fillers content.>*** Furthermore,
layered silicates as synthetic talcs can improve the elongation at
break of the nanomaterials, as reported for WPU/clay nanocom-
posites by Kuan et al,*® corroborating with strain results for
WPU nanocomposites obtained with synthetic talcs D43001 and
D43006. These results corroborate with TEM results and rein-
force the fact that dispersion affects nanocomposites mechanical
properties.”*

The storage modulus, loss modulus and tan & of the WPU
nanocomposites films with different synthetic talcs and neat
WPU as a function of temperature are shown in Figure 4. The
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Figure 3. XRD diffractograms. (A) (a) WPU, (b) WPU/PT 1%, (c) WPU/
PT 3%, (d) WPU/PT 5%, (e) WPU/PT 10%, and (f) Prototalc (PT). (B)
(a) WPU, (b) WPU/D43001 1%, (c) WPU/D43001 3%, (d) WPU/D43001
5%, (e) WPU/D43001 10%, and (f) D43001. (C) (a) WPU, (b) WPU/
D43006 1%, (c) WPU/D43006 3%, (d) WPU/D43006 5%, (e) WPU/
D43006 10%, and (f) D43006. [Color figure can be viewed at wileyonline-
library.com]
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Table I. Mechanical Properties of the Nanocomposites and Neat WPU
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Table II. TGA and DSC Analyses Results for Pristine WPU and its
Nanocomposites

Young Stress Strain
Sample modulus (MPa) (MPa) (%96) Samples Tonset FC) Tpeakmax (FC)  Tgosc FC)
WPU 58+0.9 10+0.6 137+126 WPU S 348 -33.0
WPU/PT 1% 44+05 7x02 126 +4.8 WPU/PT 1% 332 350 -33.7
WPU/PT 3% 57+15 95+x01 128+3.8 WPU/PT 3% 325 347 -34.6
WPU/PT 5% 58+0.9 10+06 137+126 WPU/PT 5% 325 344 =335
WPU/PT 10% 126+121 13+25 128+189 WPU/PT 10% 323 339 -34.1
WPU/D43001 1% 91+7 11+06 144+6.4 WPU/D43001 1% 324 344 -329
WPU/D43001 3% 138+96 16+1.6 146+3.3 WPU/D43001 3% 318 340 -33.2
WPU/D43001 5% 93+6.5 12+0.2 150+0.5 WPU/D43001 5% 309 338 -33.0
WPUD4300110% 73+1.1 10x02 134=x8 WPU/D4300110% 305 329 -33.7
WPU/D43006 1% 89+3.8 10+0.8 139+179 WPU/D43006 1% 328 352 -32.1
WPU/D43006 3% 89+1.7 10+0.2 138+18.7 WPU/D43006 3% 314 337 -33.9
WPU/D43006 5% 105+16.7 11+08 142+143 WPU/D43006 5% 311 340 -32.8
WPU/D43006 10% 109+11.9 9+11 154 +106 WPU/D4300610% 307 330 -34.0

value of the storage modulus [Figure 4 (A,D,G)] of the nano-
composites films increased significantly upon filler addition as
compared to the neat WPU proving fillers incorporation into
the WPU matrix and a strong interaction between filler/poly-
mer,** comparing neat WPU (1020 MPa), WPU/PT 10% (2892
MPa), WPU/D43001 10% (4560 MPa), and WPU/D43006 10%
(3930 MPa). The nanocomposites capability to maintain higher
modulus values even at temperatures above T, is an advantage,

dos Santos et al.”® noticed the same behavior for WPU/Fe;0,-
synthetic talc composites. T, was provided by the tan & maxi-
mum values.*> Tan & curves [Figure 4(C,EI)] intensity tended
to decrease with D43001 and D43006 fillers addition, probably
because synthetic talcs fillers restricted the mobility of the WPU
chains.* From the loss modulus curves [Figure 4-(B,EH)], a
transition peak can be noticed and the temperature at the peak
is assigned as the T, of the soft segments of WPU matrix.*’ The
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Figure 4. Storage modulus, loss modulus, and tan delta of the nanocomposites and neat WPU films. (A-C) (a) WPU, (b) WPU/PT 1%, (c) WPU/PT
3%, (d) WPU/PT 5%, and (e) WPU/PT 10%. (D-F) (a) WPU, (b) WPU/D43001 1%, (c) WPU/D43001 3%, (d) WPU/D43001 5%, and (e) WPU/
D43001 10%. (G-I) (a) WPU, (b) WPU/D43006 1%, (c) WPU/D43006 3%, (d) WPU/D43006 5%, and (e) WPU/D43006 10%. [Color figure can be

viewed at wileyonlinelibrary.com]
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Figure 5. Micrographs from cryogenically fractures of the materials at magnification of 3000, mode SE, (a) WPU, (b) WPU/PT 1%, (c) WPU/PT 3%,
(d) WPU/PT 5%, (e) WPU/PT 10%, (f) WPU/D43001 1%, (g) WPU/D43001 3%, (h) WPU/D43001 5%, (i) WPU/D43001 10%, (j) WPU/D43006 1%,

(k) WPU/D43006 3%, (1) WPU/D43006 5%, and (m) WPU/D43006 10%.

loss modulus and T, augmentation (neat WPU: 61.2 MPa at
—17.3°C; WPU/PT10%: 203.3 MPa at —20.2°C; WPU/D43001
10%: 275.1 MPa at —20.8°C; and WPU/D43006 10%: 211.5
MPa at —19.9°C) are related with the incorporation of the

3 M 5

fillers into the polymeric matrix which is attributed to the con-
finement of the intercalated polymer chains into the fillers
layers, which corroborates with XRD and TEM results. More-
over, the enlargement in the T, peak can be related to the

I-‘."« D Y

Figure 6. AFM images (height). (a) WPU, (b) WPU/PT 1%, (c) WPU/PT 3%, (d) WPU/PT 5%, (e) WPU/PT 10%, (f) WPU/D43001 1%, (g) WPU/
D43001 3%, (h) WPU/D43001 5%, (i) WPU/D43001 10%, (j) WPU/D43006 1%, (k) WPU/D43006 3%, (1) WPU/D43006 5%, and (m) WPU/D43006

10%. [Color figure can be viewed at wileyonlinelibrary.com]
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Table ITT. AFM Results: Average Roughness (R,), Root Mean Square
Roughness (Ry), and Maximum Height Roughness ( Ryax) of Neat WPU
and its Nanocomposites

Sample R, (nm) Ry (nm) Rmayx (nm)
WPU 2.3 32 SR
WPU/PT 1% 4.3 54 424
WPU/PT 3% 5.6 7.0 571
WPU/PT 5% 7.5 9.4 946
WPU/PT 10% 11.9 16.0 98.3
WPU/D43001 1% 6.5 8.1 539
WPU/D43001 3% 6.2 7.8 70.5
WPU/D43001 5% 6.4 86 1950
WPU/D43001 10% 8.0 11.8 176.0
WPU/D43006 1% 55 6.9 54.7
WPU/D43006 3% 7.5 95 751
WPU/D43006 5% 6.2 78 514
WPU/D43006 10% 59 Fas 719

motion of the polymer chains at the polymer-filler matrix
interface.

Thermal Properties (TGA-DSC)

Table IT and Figure S2 presents thermogravimetric analysis val-
ues and DSC analyses results for neat WPU and nanocompo-
sites films. It can be highlighted that the first stage of initial
weight loss is related to the removal of residual water (Figure
$2).* Two-step weight loss was observed for all samples, ther-
mal decomposition temperature range in first step was between
305 and 325°C and thermal decomposition temperature range
in second step was between 390 and 420°C, associated to the
earlier decomposition of the hard segment and the later decom-
position of the soft segment, respectively.”"* It could be
observed that initial degradation temperature of the nanocom-
posites decreased with the addition of synthetic talcs, this result
indicates that nanocomposites decompose at lower temperatures
than neat WPU matrix; same results were described for WPU/
ZnO composites.*” The available hydroxyl groups located at fill-
ers layers edges interaction with the WPU hard segments can
result in a deleterious effect on the nanocomposites thermal sta-
bility, breaking urethane and urea bonds of the hard segments
as described for WPU/halloysite nanotubes nanocomposites.”
DSC analyses showed no significant changes on the glass transi-
tion temperature (T,) with values varying from —33 to —34°C
for the neat WPU and the nanocomposites.

FESEM

Figure 5 shows the FESEM micrographs of the neat WPU and
WPU nanocomposites having 1, 3, 5, and 10% w/w of synthetic
talc fillers. All samples showed deeper and longer cracks because of
brittle fractures in the liquid nitrogen but, compared with neat
WPU [Figure 5(a)], WPU nanocomposites [Figure 5(b-m)] sam-
ples presented rougher fractured surfaces.”> A homogeneous distri-
bution of the fillers into the polymeric matrix was observed
without agglomeration points in all nanocomposites, implying that
the miscibility between the synthetic talcs and the polymer matrix
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is good. Uniform distribution of the fillers in the WPU matrix
played an important role in improving the mechanical perfor-
mance of the resulting nanocomposite films as discussed.”"*

AFM

Figure 6 shows the three-dimensional height AFM topographic
images and Table III shows the average roughness (R,), root
mean square roughness (R,), and maximum height roughness
(Rpnay) for neat WPU and its nanocomposites measured by AFM
in tapping mode. In WPU matrix, dark regions are associated
with amorphous domains (soft segments) and bright regions are
associated with crystalline domains (hard segments).'® The results
of R, R, and R, demonstrates that with fillers addition the
surface roughness of the nanocomposites increased, indicating
the fillers influence on the surface morphology of the systems. As
seen in Figure 6, with the addition of fillers on the nanocompo-
sites the rugged domains come more prominent evidencing the
interactions between filler/polymer probably by hydrogen bond-
ing among fillers and hard segments of the WPU.*'" This interac-
tions corroborates the mechanical properties improvements in
nanocomposites once compared to pristine WPU.

CONCLUSIONS

WPU nanocomposites were prepared by physical mixture in order
to obtain new environmental friendly materials with superior
mechanical properties. Synthetic talcs specific surface area influ-
enced the final WPU nanocomposites properties. XRD, TEM,
FESEM, and AFM analyses indicated that synthetic talc fillers are
well dispersed into the polymer matrix. Storage modulus and loss
modulus improvement proved the good fillers incorporation into
the WPU matrix. The compatibility of synthetic talcs in nano-gel
form with WPU is related to the interaction with water occurring
through hydrogen bonding. This interactions favor fillers disper-
sion within the WPU matrix. Yet, the distinct fillers synthesis con-
ditions resulting in different specific surface areas provides an
interesting platform to obtain WPU nanocomposites with a range
of possible mechanical and thermal properties. These newly
developed synthetic talc-WPU system can found potential appli-
cation niches in coatings and flexible films industry.
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4.2. Talco sintético como wuma nova plataforma na producdo de

nanocompositos fluorescentes

No artigo intitulado “Synthetic talc as a new platform for producing
fluorescente clay nanocomposites®, publicado na revista “Applied Clay Science” um
talco natural e dois talcos sintéticos foram funcionalizados com cloreto de berberina
(agente fluorescente) e depois utilizados como carga na producdo de
nancompositos de poliuretano através de misturas fisicas. Os materiais foram
caracterizados por BET, FTIR, DRX, TEM, AFM, DMTA, TGA, MEV-FEG, GPC e
emissao de fluorescéncia, afim de comparar as propriedades mecanicas, térmicas,
morfologicas e de fluorescéncia dos materiais entre si e também frente ao polimero
puro. Todos os talcos foram bem dispersos na matriz de poliuretano mesmo quando
se misturou uma quantidade maior (5% em massa), como mostraram as analises de
TEM e SEM. Alteracdes morfologicas foram confirmadas por AFM. As propriedades
fluorescentes dos talcos fluorescentes, do polimero misturado somente com
berberina e dos nanocompdsitos foram comparados. Enquanto a mistura da
berberina pura com o poliuretano apresentou menor fluorescéncia devido a
aglomeracao, a emissao dos nanocompositos aumentou com o0 aumento da quantia
de talco sintético. A melhor eficiéncia de emissdo foi observada para o
nanocompaosito com o talco sintético fluorescente com menor tamanho de particulas.
A utilizacdo de talcos sintéticos fluorescentes resultou em materiais com
propriedades térmicas e mecanicas superiores em relacdo ao polimero puro, e pode
ser considerado como um novo método para produzir nanocompdsitos fluorescentes

multifuncionais.
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ARTICLE INFO ABSTRACT

Keywords: As a non-swelling clay, talc generally interacts very weakly with organic molecules. However, two new nano-
Clay polymer nanocomposite (CPN) metric synthetic tales that incorporate berberine chloride were successfully used as fluorescent fillers in clay
Synthetic tale polyurethane nanocomposites obtained by the blending method. A micrometric natural talc filler was also used

Fluorescence properties

for comparison. The clay polymer nanocomposites (CPN) were characterized by FTIR, molar mass analysis and
Mechanical properties

XRD. All talc fillers were well dispersed into the polyurethane matrix even at high filler content of 5 wt%, as
supported by TEM and SEM analyses. Morphological changes were confirmed by AFM. The optical properties of
the fluorescent tales, dye-doped polymer and CPN were compared. While the dye-doped polymer suffered from
conventional fluorescence quenching due to dye aggregation, the emission quantum yield of the CPN was in-
creased with increasing the filler content. The best emission efficiency was observed for the CPN that contains
the smallest talc-berberine hybrid particles. The use of fluorescent synthetic talc resulted in materials with good
thermal and mechanical properties, and can be considered as a new method to produce fluorescent CPN in view

of multiple applications.

1. Introduction

Over the past fifteen years, the development of inorganic-filler
polymer nanocomposites has stimulated extensive research in both in-
dustry and academia (Hussain et al., 2006; Paul and Robeson, 2008).
The nature of nanofillers, their immobilization and the structuration of
the polymer matrix around them lead to strong changes in the physical
and chemical properties, and govern all possible applications. In this
context, clay polymer nanocomposites (CPN) are of special practical
and commercial significance, since their strength, fire retardation and
chemical stability are markedly enhanced with respect to conventional
polymers and polymer composites (Da Silva et al., 2013; Galimberti
et al., 2013; Giirses, 2015; Shunmugasamy et al, 2015; Taheri and
Sadeghi, 2015). They may also display additional specific properties, in
particular fluorescence, after introduction of appropriate organic
compounds (Aloisi et al., 2010; Esposito et al., 2010; Diaz et al., 2013;
Hao et al., 2014; Zhong et al., 2017). A smart way to ensure good

* Corresponding author.

dispersion of the photoactive agent into the CPN is to modify the clay
filler by organic molecules before introduction into the polymer. To do
so, two strategies can be considered. The most popular one requires
synthesis efforts. It consists of covalently labeling the nanoclay with
various dye molecules, as reported for montmorillonite linked to
fluorescein, rhodamine and anthracene derivatives (Aloisi et al., 2010;
Esposito et al., 2010; Diaz et al., 2013). Although it would be easier to
implement, the non-covalent approach has seldom been used. For in-
stance, the characteristic property of swelling clays, i.e. the replace-
ment of interlayer inorganic cations by cationic organic molecules
(Suzuki et al., 2011; Bujdédk et al., 2011; Felbeck et al., 2013; Ley et al.,
2015), has only recently been exploited to obtain a fluorescent CPN
(Zhong et al., 2017). Besides, the non-covalent approach has not been
extended to non-swelling clays, which do not contain inorganic charge-
exchange cations, probably because they are known to interact very
weakly with organic compounds.

The aim of the present work was to introduce fluorescence into CPN
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by using a non-swelling clay modified by a very simple and effective
process. The clay is expected to confer both mechanical and spectro-
scopic properties to the polymer. Talc polyurethane nanocomposites
were considered as the continuation of other works performed on this
type of materials (Dias et al., 2015; Dos Santos et al., 2015; Prado et al.,
2015). Polyurethanes (PU) are formed by hard and soft segment blocks
that can be tailored by varying their chemical composition to enable a
wide variety of applications such as coatings, foams, elastomers and
biomaterials (Li et al., 2012; Amela-Cortes et al., 2015). The addition of
talc particles decreases gas permeability, and improves corrosion re-
sistance (Kantheti et al., 2015). However, in this system, the use of
natural tale (NTlc) presents some disadvantages because talc particles
cannot be ground homogenously below one micron without losing their
structure and becoming amorphous (Dumas et al., 2013, 2015; Yousfi
et al., 2013; Dos Santos et al., 2015). In contrast, synthetic tale (STlc),
like the one developed in the team, has well-defined chemical compo-
sition, high purity, crystallinity, particle size and layer thickness con-
trol. Among numerous applications that have recently been reviewed
(Claverie et al., 2018), STlc has been used successfully as nanofiller in
CPN, in particular for the reinforcement of PU. The good compatibility
of organic and inorganic phases has been attributed to hydrogen
bonding interactions between the OH groups of the filler and the PU
chain (Dumas et al., 2013, 2015; Dias et al., 2015; Dos Santos et al.,
2015; Prado et al., 2015). Moreover, studies have shown that STlc has a
remarkable capacity to adsorb colored and fluorescent organic mole-
cules (Aymonier et al., 2017a,b). Berberine chloride (Fig. 1) was chosen
as the fluorescent dye to be incorporated into the tale particles. This
compound is emissive in organic phases (Diaz et al., 2009; Zhang et al.,
2014), constrained media (Megyesi and Biczdk, 2006; Gade and
Sharma, 2014) and in the solid state (Soulié et al., 2016). Its fluores-
cence properties are closely dependent on the micro-environment and
provide useful information in this regard. The incorporation into
polymers has scarcely been investigated (Gade and Sharma, 2014).
Besides, berberine is a natural alkaloid of wide therapeutic interest, and
it can be used to mimic the behavior of drugs in systems designed for
biomedical applications (Soulié et al., 2015; Duval and Duplais, 2017).
Synthetic tale fillers were therefore synthesized, loaded with berberine,
and introduced into PU matrices. A comparison was made with NTlc.
Here, it is of significance to note that, for the sake of simplicity, all clay
polymer composites have been called “nanocomposites” and abbre-
viated CPN, even if the inorganic filler is of micrometric size. At each
stage, the compounds were characterized by wvarious analytical
methods. Special attention was brought to homogeneity because the
simple dispersion of inorganic particles in a polymer matrix often leads
to phase segregation, which is an obstacle in the preparation of CPN
(Amela-Cortes et al., 2015). Present studies showed that modified STlc
fillers can be used as original platforms to produce fluorescent CPN.
This simple concept allows potential applications to be envisioned in
various fields: materials for optics, light-emitting devices, and con-
trolled released of drug molecules.

H o}

OCN—R—NCO—FR'

R = n-hexane
R’ = polycaprolactone

PU

Fig. 1. Chemical formula of berberine chloride and the polyurethane used in this work

53

Applied Clay Science 158 (2018) 3745

2. Materials and methods
2.1. Preparation

The PU synthesis was performed by reacting poly(caprolactone) diol
(PCL, MM = 2000 g/mol, Sigma-Aldrich) and 1,6-hexamethylene dii-
socyanate (HDI, Merck) in a molar ratio of NCO/OH of 1:1. Dibutyl tin
dilaurate (DBTDL, Miracema-Nuodex Ind.) was used as catalyst (0.1%
w/w) and methyl ethyl ketone (MEK, P.A., Merck) as solvent (about
50mL). Commercial natural talec was obtained from IMERYS (Talc de
Luzenac). STlc was prepared as described elsewhere (Le Roux et al.,
2013). Fluorescent talcs were prepared by mixing an aqueous solution
of berberine (9,10-dimethoxy-2,3-methylenedioxy-5,6-dihydrodibenzo
[a.g] quinolizinium) chloride hydrate (Sigma Aldrich, 1 mg/mL) with
dry STlc or NTle in a ratio of 0.6 mg berberine/1 g of talc. A volume of
100 mL of water was added. The dispersions were then sonicated and
placed in an oven at 100°C for 12h.

To prepare dye-doped PU, berberine chloride (1.2 x 10™*%g,
3.6 x 10" *gand 6.0 x 10~ *g) dissolved in 100 mL of MEK was mixed
with 20 g of PU. To prepare the CPN, 20 g of PU were solubilized in
100 mL of MEK, and then various talc filler contents were added (1 wt
%, 3 wt% and 5 wt% in relation to pure PU). All dispersions were stirred
for 30 min. After solvent evaporation at room temperature, the films
were prepared using a hydraulic press (1 Pa; 50 °C), resulting in a
thickness of approximately 0.10 mm.

2.2. Characterizations

Fourier transform infrared (FTIR) spectroscopy was performed with
a Perkin Elmer FTIR spectrometer model Spectrum100. The nitrogen
adsorption—desorption isotherms were measured at 77 K using a volu-
metric method, with a Quantachrome Autosorb-1 apparatus. They were
recorded in the 0.05-0.30 relative pressure range, and high purity N,
was used. Samples were outgassed for 15h at 120 °C under vacuum
before analysis. Specific surface areas were calculated using the
Brunauer-Emmett-Teller (BET) method (Brunauer et al., 1938). The
XRD patterns were recorded on a Shimadzu XRD-7000 diffractometer
using CuKa Bragg-Brentano geometry 0-0 radiations, operating be-
tween 5 and 80° with a step size of 0.02°, at 40kV and 30 mA. For
transmission electron microscopy (TEM), the samples were cryomicro-
tomed and analyzed in a Tecnai G2 T20 FEI apparatus operating at
200kV. Size exclusion chromatography (SEC) was performed using a
liquid chromatograph equipped with an isocratic pump 1515 (eluent:
tetrahydrofuran (THF), flow: 1 mL/min) and a refractive index detector
2414 from Waters Instruments with styragel column set at 45 °C. Dif-
ferential scanning calorimetry (DSC) was carried out using a TA In-
struments model Q20 equipment. Analyses were performed in two
heating cycles, under N, in a temperature range from — 90 °C to 200 °C
with a heating/cooling rate of 10 °C min ~ '. Thermogravimetric analysis
(TGA) was made using a DSC-TGA coupled (SDT) equipment (TA In-
struments Model Q600). Tests were carried out in a temperature range
from 25°C to 800 °C with a heating rate of 20 °C min~' under constant
N>, flow. The analyzed samples weighted between 15 and 20 mg. Tensile
tests (stress/strain) were performed using a dynamic mechanical
thermal analysis in the static mode (DMTA) equipment (TA Instruments
Model Q800). Tests were carried out at 25 °C with rectangular shape
films (thickness ~ 0.15mm, length 12mm, width ~7.0 mm) with a
force-ramp rate of 1 Nmin . The Young's moduli of the materials were
determined according to the standard test methods ASTM D638. The
field emission scanning electron microscopy (FESEM) analyses were
performed using a FEI Inspect F50 equipment in secondary electron
(SE) mode. The samples in the form of 200 um thick films were placed
into a stub and covered with a thin gold layer. Atomic force microscopy
(AFM) was performed in tapping mode using a Bruker Dimension Icon
PT equipped with a TAP150A probe (Bruker, resonance frequency of
150kHz and 5Nm™ ' spring constant). The equipment was calibrated
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prior to sample measurements. The scanned area of the images was
5 x 5pum? with a resolution of 512 frames per area. Corrected photo-
luminescence spectra of all solid samples were obtained using a SAFAS
Xenius spectrofluorometer equipped with a BaSO, integrating sphere.
The absolute photoluminescence quantum yield values (®p;) were de-
termined as described elsewhere (Soulié et al., 2016).

3. Results and discussion
3.1. Preparation of talc-berberine hybrids and CPN

Fluorescent STlc fillers were prepared via hydrothermal synthesis
according to a procedure patented by Le Roux et al. (2013). In a first
step, the talc precursor was formed by reacting sodium metasilicate
pentahydrate with magnesium acetate tetrahydrate in proportion that
fits the ratio Si/Mg = 4/3, in the presence of a catalyst. The second step
turned the amorphous prototale into well-crystallized nano-sized tale
gel by subjecting it to thermal treatment under high pressure for a
specified period of time. Two samples of STlc of formula
Si4Mg30,0(0OH), were therefore obtained and fully characterized by
usual methods (Dumas et al., 2013). In sample STlcl, manufactured in
only 6h, the particle size was between 100 and 300 nm, and the specific
surface area was 250 m”g~ '. In sample STlc2, obtained via a 3-day
process, the particle size was between 100 and 2300 nm, and the spe-
cific surface area was 130 m> g LA commercially available natural talc
(NTlc) was used for comparison purposes. This high aspect ratio
(length/thickness ratio) sample presents a particle size larger than
50 um and a specific surface area of 10 m* g~ '. Crystallinity was as its
best for NTle and comparatively weaker for STle, for which it was in-
creased with the duration of the hydrothermal process (Dumas et al.,
2013).

The three talc samples were then placed in contact with an aqueous
solution of berberine chloride. The total amount of berberine in mod-
ified talc was 0.6 mg (1.5 x 10~ ®mol) for 1 g talc. After evaporation of
water, the talc-berberine hybrids (STlcl-Ber, STlc2-Ber and NTle-Ber)
were powders. Their morphological characteristics were unchanged
compared to the respective starting materials.

Clay polymer nanocomposites STlcl-Ber PU, STlc2-Ber PU and NTle
-Ber PU were finally prepared by incorporating various amounts of tale-
berberine hybrids into PU dissolved in an organic solvent. After drying
and pressing, the resulting samples were films of homogeneous thick-
ness (0.10 mm). The hybrid concentration in the polymer ranged from 1
to 5 wt%.

3.2. Fourier transform infrared (FTIR) spectroscopy

Due to the small amount of organic compound in the mineral ma-
trix, the characteristic peaks of berberine chloride (Fig. S§1,
Supplementary materials) were not visible in the FTIR spectra of the
talc-berberine hybrids (Fig. 2). However, the FTIR spectra reflect the
nature of tale. The band around 3672cm™ ' arises from the MgsOH
vibrations of STlc (Martin et al., 1999; Dos Santos et al., 2015; Dumas
et al., 2015). Its intensity increases in the order STlcl-Ber < STlc2-
Ber < NTlc-Ber because it is related to crystallinity (Dumas et al.,
2013). The bands around 3400 and 1550 cm ™! are related to the
Mg—OH vibrations (Zhang et al., 2006), while that around
1000-900 cm ~ " is characteristic of Si—O and Si—0—Si bonds (Martin
et al., 1999; Zhang et al., 2006; Dos Santos et al., 2015; Prado et al,,
2015). Fig. 2 also allows the comparison between PU and the CPN. In
the PU spectrum, the bands around 3385, 1724, and 1526 cm™ ! cor-
respond respectively to the NH, C=0 and CN groups of urethane bonds
(Dos Santos et al., 2015). The bands at 2940, 2866, and 732 cm ™ ' are
assigned to different vibrational modes of CH, group (Da Silva et al,,
2013; Dias et al., 2015; Prado et al., 2015). The CO—0 bond can be
identified by bands at 1238 and 1162cem™'. The clay polymer com-
posite spectra are characterized by bands around 1000 em ! related to
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the 5i—O bonds. The fingerprint of each talc filler therefore appeared in
the FTIR spectra and this confirms incorporation.

3.3. Molar mass analysis

SEC was performed to obtain the number average and weight
average molar mass (Mn and Mw, respectively). The Mn values for PU
and CPN varied in the range of 190,000 Da to 219,000 Da, while the
Mw were in the range of 344,000 Da to 379,000 Da. These very small
variations showed that the incorporation of fillers into the polymer did
not affect the molecular structure of the PU chains.

3.4. X-ray diffraction (XRD) analysis and transmission electron microscopy
(TEM)

The crystalline structures were evaluated by XRD analysis (Fig. 3).
The fillers presented the most characteristic reflections associated to
natural tale (Yousfi et al., 2013; Dumas et al., 2015). However, the
reflections of STlcl-Ber were broader and less intense than those of
STlc2-Ber, which are themselves badly defined with respect to NTlc-
Ber. This indicates that the number of talc layers and the size of the
crystals were increased in the order STlcl-Ber < STlc2-Ber < NTle-
Ber, as it is the case for the precursors without organic dye (Dumas
et al., 2013; Yousfi et al., 2013). The reflections of the hybrids were
clearly found in the CPN patterns, showing that the crystallinity of each
filler has been retained after incorporation into PU. Moreover, the ap-
pearance of new reflections in the XRD patterns of CPN evidenced that
the STlc layers are intercalated between the polymer chains as is as-
sumed to be the case when the CPN are not exfoliated (Ray and
Okamoto, 2003; Paul and Robeson, 2008). From TEM images (Fig. 3,
insets), it can be seen that the talc particles form elongated micro-do-
mains, whose good dispersion was achieved for all samples, even at
high concentration of filler. Similar morphological structures have been
observed for CPN made of PU (Dias et al., 2015; Dos Santos et al.,
2015), polypropylene (PP) and polyamide-6 (PA6) blends (Yousfi et al.,
2014; Hemlata and Maiti, 2015) filled with STlc. Exfoliated silicate
layers were also observed here in the TEM images for CPN obtained
with STle, even at 5wt?% filler. This observation is in line with the
broadness of the XRD peak, which suggests a diversity of co-existing
structures and possibly the influence of a local disorder within the
crystallites (Morgan and Gilman, 2003). All these results highlight the
good compatibility of the fillers with the polymer matrix and this is
particularly significant because the CPN have been obtained by physical
mixture.

3.5. Field emission scanning electron microscopy (FESEM)

The FESEM images displayed in Fig. 4 allow the surface of pristine
PU and CPN to be visualized. Heterogeneities can be observed for all
STlc2-Ber PU samples and for STlcl-Ber PU at 5wt% filler. In contrast,
NTle-Ber PU had a very plain surface, comparable to that of pristine PU.
In any case, the talc fillers seem to be well dispersed in the PU matrix
and this suggests good interactions between these two components.
These interactions should affect the molecular mobility and conse-
quently the thermal and mechanical properties of the PU matrix (Zhou
et al., 2005; Pavli¢evi¢ et al., 2013). The uniform dispersion of the filler
should also prevent the formation of defects in the materials.

3.6. Atomic force microscopy (AFM)

AFM allows a more detailed analysis of the surface. The high values
of the roughness parameters (Table S1) obtained for CPN with respect
to PU confirm the presence of the fillers at the sample surface (Maji and
Bhowmick, 2012). No obvious differences were found between CPN
containing STlc and NTle. Fig. 5 displays the 3D height images of pure
PU and CPN. Hard segments are represented by the brightest regions
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Fig. 2. I: Left: FTIR spectra of the three types of talc-berberine hybrids (i.e. STlc1-Ber, STlc2-Ber and NTlc -Ber, black dotted lines) and polyurethane (color solid lines) containing 0 wt%
(a), 1 wt% (b), 3 wt% (c) and 5 wt% (d) of the corresponding hybrid. Right: expansion of the 1000-900 cm R region.

and soft segments appear dark, according to the resistance that they
present to penetration by the AFM probe tip (Anandhan and Lee, 2014).
It can be seen that the fillers are well distributed both in soft and hard
domains of the PU matrix. Again, this good dispersion can be attributed
to the hydroxyl groups of the fillers that significantly leverage the in-
teractions with polymer (Verma et al., 2013).

It is noteworthy that the hard segments of PU and CPN with low
content of fillers (1 wt%) (Fig. 5 A, B, E and H) show some connectivity,
the bright regions being associated to one another. This behavior could
be explained by some hydrogen bonding between hard/hard segments.
In the presence of large filler contents, the polymer/filler and filler/
filler interactions become more important than interactions between
hard/hard and hard/soft segments (Fig. 5 D, G and J). In this case, the
hard and soft segments reorganize, and their miscibility is increased
due to the formation of new hydrogen bonds between the fillers and
polymeric chains (Dos Santos et al., 2015).

3.7. Spectroscopic properties

3.7.1. Talc-berberine hybrids
During the preparation of the hybrids, the instant interaction be-
tween talc and berberine was visualized by a drastic change in the
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shape and intensity of the absorption spectrum, and the appearance of a
strong fluorescence signal at 538 nm, while the berberine cation alone
is virtually not emissive in water (Diaz et al., 2009) (Fig. 6). Since no
cation-exchange interaction can take place in talc, this interaction is
assumed to be adsorption at the talc surface, as will be thoroughly
described in a forthcoming article.

After drying, the hybrids NTlc-Ber and STlc2-Ber were pale yellow
powders, while STlcl-Ber was bright yellow. All of them were emissive
in the yellow-green when illuminated by a hand-held UV lamp, and the
emission intensity was particularly intense for STlcl-Ber (Fig. 7). The
emission spectra showed a strong unresolved band at around 547 nm
(Fig. S2). The photoluminescence quantum yield @p;, of modified NTlc
was 0.02, comparable to that of the dye in the solid state (Soulié et al.,
2016) and in solution in organic solvents (Diaz et al., 2009). Most in-
terestingly, this value was markedly increased with passing from NTlc-
Ber to STlc2-Ber (@, = 0.10) and then to STlc1-Ber (@p;, = 0.23), and
to our knowledge, this high fluorescence efficiency is unprecedented for
berberine (Table S2). The berberine molecules are probably well dis-
persed at the surface of the talc particles in STlcl-Ber, while some ag-
gregation may occur in STlc2-Ber and even more in NTlc-Ber.
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Fig. 3. XRD pattemns of the three types of talc-berberine hybrids (i.e. STlc1-Ber, STlc2-Ber
and NTlc-Ber, black dotted lines) and polyurethane (color solid lines) containing 0 wt%
(a), 1 wt% (b), 3 wt% (c) and 5 wt% (d) of the corresponding hybrid. Insets: TEM mi-
crographs of the CPN containing 5 wt% hybrid.

3.7.2. Direct incorporation of berberine into PU

Before going any further, it is instructive to study the behavior of
berberine-doped PU (Ber PU samples). The polymer used in this work is
hydrophobic and very weakly polar (Fig. 1). It emits weakly in the blue
with a maximum around 504 nm, probably due to traces of aromatic
compounds. Solid samples of PU incorporating berberine chloride at
three different concentrations (6 x 10™%,1.8 x 10 2 and 3 x 10 3wt
%) were prepared. They were pale yellow and emitted yellow-green
fluorescence with a maximum at 547 nm (Fig. S3). This observation
suggests that the dye molecules interact with heteroatoms of PU be-
cause they emit at shorter wavelengths when dissolved in weakly polar
media (Diaz et al., 2009). The @p; value was between 0.03 and 0.04,
similar to organic solutions, indicating that the medium rigidity has
induced no fluorescence enhancement (Table S3). The fluorescence
intensity was increased with passing from the least concentrated sample
to the intermediate one, and then it was decreased again for the most
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Fig. 4. FESEM Micrographs, mode SE, of the materials at magnification of 2000 x (A) PU,
(B) STlc1-Ber PU 1 wt%, (C) STlc1-Ber PU 3 wt%, (D) STlc1-Ber PU 5 wt%, (E) STlc2-Ber
PU 1 wt%, (F) STlc2-Ber PU 3 wt%, (G) STlc2-Ber PU 5 wt%, (H) NTlc-Ber PU 1 wt%, (I)
NTlc-Ber PU 3 wt% and (J) NTlc-Ber PU 5 wt%.

A

™

Fig. 5. AFM images (height) (A) PU, (B) STlc1-Ber PU 1 wt%, (C) STlc1-Ber PU 3 wt% (D)
STlc1-Ber PU 5 wt%, (E) STlc2-Ber PU 1 wt%, (F) STlc2-Ber PU 3 wt%, (G) STlc2-Ber PUS
wt%, (H) NTlc-Ber PU 1 wt%, (I) NTlc-Ber PU 3 wt% and (J) NTlc-Ber PU 5 wt%.

concentrated sample, probably due to dye stacking and formation of
aggregates. It is noteworthy that other samples heavily loaded with 1 to
5wt% berberine had a pronounced yellow color, their fluorescence
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Fig. 6. Absorption (dotted lines) and fluorescence emission spectra (solid lines) of ber-
berine chloride dissolved in water in the absence (blue lines) and in the presence (red
lines) of synthetic talc STlel. Dye concentration: 8.7 x 10 °M for absorption and
8.7 % 10~ °M for emission. A., = 420 nm. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Powder of STlcl-Ber hybrid observed (a) in natural light and (b) under illumi-
nation by a hand-held UV lamp (A, = 365nm).

spectra were red-shifted by about 10 nm and they were comparatively
much less emissive than the weakly concentrated samples (Fig. S3 and
Table S3), all this supporting the hypothesis of dye aggregation in the
polymer.

3.7.3. Spectroscopic properties of the CPN

The talc-berberine hybrids were very stable and almost no leaching
occurred in organic solvents like ethyl acetate. [t may thus be assumed
that the dye molecules remain at the surface of the tale particles after
incorporation into PU. The resulting CPN were pale yellow films. When
illuminated by UV light, all of them were luminescent to the naked eye.
Due to the weak blue fluorescence of PU, the emitted color was varied
from blue-green for the CPN samples that contain a weak amount of
tale-berberine hybrid, to yellow-green for the most concentrated ones
(Fig. 8). In CPN incorporating 1, 3, and 5 wt% tale-berberine hybrid,
the dye concentration was 6 X 10 ™%, 1.8 x 10 *and 3.0 x 103 wt%%,
respectively, identical to the berberine-doped PU (Ber PU) samples
studied above. Since all samples were studied in the same experimental
conditions, they can be easily compared. The first observation is that no
CPN emits more efficiently than the best Ber PU sample and the cor-
responding talc-berberine hybrids (Table S4). In particular, the ex-
cellent fluorescence properties of the STlc hybrids were not retained
after incorporation into PU. This shows that the adsorption of the dye
molecules on the tale particles does not prevent fluorescence quenching
from PU. A second striking feature is that CPN incorporating STlc, and
especially STlcl-Ber PU, emitted more strongly than the one in-
corporating NTlc. Therefore, the talc morphological characteristics and
crystallinity influence the fluorescence emission intensity of the CPN.

Finally, it is noteworthy that fluorescence intensity was increased
with increasing the filler content. A similar observation has been re-
ported for pyrene-anchored ZnO PU nanocomposites (Kantheti et al.,
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2015). Most remarkably, the @p;, value was also increased with the filler
content. This behavior is the exact opposite of the self-quenching effect
that has been observed for the Ber PU samples. It was hoped that ad-
sorption on the tale surface would prevent aggregation of the dye
molecules, and the best case scenario was therefore that @, remains
steady with increasing the filler concentration. But, the observed aug-
mentation of fluorescence efficiency was much beyond what could have
been expected. For example, the @p;, value passed from 0.006 to 0.04
when the filler concentration was increased from 1 to 5 wt% in STlcl-
Ber PU. This phenomenon could be attributed to an increase of effective
excitation energy due to internal scattering or reflection of the light
beam within the CPN films (Lee et al., 2001). Most likely, a cooperative
effect is taking place here. The TEM pictures have shown the formation
of micro-domains resulting from the incorporation of the hybrids into
PU. In these agglomerates, the dye molecules may be protected from the
detrimental quenching effect of PU, and even more so as the hybrid
concentration is high, and this could explain the spectacular fluores-
cence revival.

3.8. Thermal properties

The thermal properties of the CPN compared to pristine PU are
presented in Table S5. The thermogravimetric analysis (TGA) showed a
significant increase in the onset temperatures for the STlc1-Ber PU and
NTle-Ber PU samples. For example, this value passed from 321 °C for PU
to 343 °C for STlcl-Ber PU 5 wt%, and 342 °C for NTlc-Ber PU 5 wt%,
evidencing that the thermal resistance has been increased with addition
of the fillers. This behavior can be related to the filler dispersion in the
PU matrix and to the formation of a network structure between the
fillers and the polymeric chains (Balamurugan and Maiti, 2010). In-
deed, it was shown in previous works that the thermal stability of CPN
is improved by the use of synthetic tale, because the large amount of
hydroxyl groups present at the filler layer edges favors interactions with
PU (Dumas et al., 2013, 2015; Dias et al., 2015; Prado et al., 2015).
Curiously, a different behavior was noticed for all STlc2-Ber PU sam-
ples, the onset temperatures of which was lower than for pristine PU.
The huge particle size distribution (100-2300nm) of these CPN is
probably detrimental to thermal stability.

The crystallization temperatures (Tc) of the CPN ranged between
—1.2 and —1.9°C. They were quite close to pristine PU (—1.4°C)
(Table S5), indicating that the synthetic talc fillers do not promote the
crystallization of PU and do not act as nucleating agents. Fiorentino
et al. (2015) have reported similar results for CPN made of PP and STlc.
The melting temperature values of the CPN ranged between 37.0 °C and
37.7 °C, very similar to PU (37.3 °C).

3.9. Mechanical testing (DMTA)

The static mechanical properties were investigated by DMTA
(Table 1 and Fig. S4). The stress at break did not present a significant
change for the CPN when compared to pristine PU, probably due to the
good dispersion and intercalation of the fillers in the polymeric chains.
In contrast, the stiffness of the CPN, quantified by Young's modulus, was
enhanced with respect to pure PU and depended markedly on the talc-
berberine hybrid concentration. This effect may be due to filler—po-
lymer interactions that are increased with the filler content, including
the crosslinks formed between the fillers and the polymer matrix
through hydrogen bonding (Da Silva et al., 2013; Dias et al., 2015; Dos
Santos et al., 2015; Prado et al., 2015). Interestingly, the three samples
investigated showed almost the same increase of Young's modulus. Si-
milar observations have been reported as regards incorporation of NTle,
STlc and chemically modified STlc in PP, PA6 and PU (Castillo et al.,
2013; Yousfi et al., 2013; Dias et al., 2015; Prado et al., 2015). The
increase of Young's modulus has been associated with the orientation of
talc particles, the good dispersion of the fillers (Saha et al., 2013), and
the particle morphology (Castillo et al,, 2013). In general, tales with
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Fig. 8. Images of PU alone, PU loaded with three concentrations of berberine (Ber PU), and CPN STlc1-Ber PU, STlc2-Ber PU and NTle-Ber PU loaded with 1, 3 and 5 wt% talc-berberine
hybrid, under illumination by 365-nm UV light. Corresponding fluorescence spectra with .., = 420 nm. All spectra were recorded in the same experimental conditions and their height is

proportional to the fluorescence intensity.

high aspect ratio show a better stiffening effect than those with high
particle symmetry, such as macroscopic talcs (Castillo et al., 2013).
Here, the present results indicate that the close behavior of the three
samples is in line with their high aspect ratio and the fact that they all
form well-distributed micro-domains.

Finally, it might have been expected that filler-polymer interactions
restrict the movement of the polymer chains, resulting in a reduction in
the elastic behavior of the CPN when compared to pure polymer (Lapcik
et al., 2008; Zhang et al., 2011; Castillo et al., 2013). The creep-re-
covery tests showed that this was actually not the case, meaning that
the recovery properties of the CPN are maintained even with high
contents of fillers.

Table 1
Mechanical properties of PU and CPN.

4. Conclusions

New fluorescent CPN, which incorporate natural and synthetic talcs
as fillers, have been obtained and characterized by various methods. It
was proposed that the Mg-OH groups situated on the edges of the tale
layers interact with the PU chains. Thanks to these interactions, the talc
particles were well dispersed into the PU matrix even at high filler
content, without addition of coupling agents or compatibilizers. The
onset temperatures were increased in the presence of STlel and NTle
fillers with respect to pure PU, and the stiffness was increased for all the
CPN, whatever the nature of the talc filler.

In contrast, the talc characteristics played an important role on

Samples Young's modulus (MPa) Strain at break (%) Stress at break (MPa) Creep recovery (%)
PU 81 £ 5 90 = 9 6 = 0.4 90 = 1
STlel-Ber PU 1 wit% 81 = 15 88 = 16 5+ 05 87 =1
STlc1-Ber PU 3 wt% 94 + 11 125 += 30 7+ 03 85 =1
STlec1-Ber PU 5 wi% 96 + 13 98 + 31 6 * 0.6 84 = 3
STle2-Ber PU 1 wrl% 77 £ 6 92 + 29 6 = 0.5 87 =1
STle2-Ber PU 3 wt% 86 = 13 101 = 33 6 + 1.5 85 = 7
STlc2-Ber PU 5 wt% 95 + 10 104 + 28 6 = 0.4 87 £ 1
NTle-Ber PU 1 wi2o 81 + 18 102 + 21 6 + 0.8 89 + 2
NTle-Ber PU 3 w2 88 + 9 99 = 7 6 * 0.3 89 + 3
NTle-Ber PU 5 wi%o 97 £ 6 89 = 32 6 * 0.6 87 = 3
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the luminescence properties of the CPN. The STlcl hybrid, where the
tale particles are the smallest, brought strongest fluorescence. The
originality of our CPN is that the fluorescent agent is molecularly dis-
persed at the surface of the talc filler, and so the ubiquitous aggrega-
tion-caused quenching effect was circumvented, contrary to what is
observed in the dye-doped polymer. Berberine is not the best fluor-
escent probe, but the results obtained suggest that the concept can be
easily applied to other fluorescent or electroluminescent dyes, thus
opening new routes towards highly emissive materials also endowed
with good thermal and mechanical properties. It must be emphasized
that silicates polymer-layered nanocomposites are promising in the
field of light-emitting devices (Lee et al., 2001), but are still in their
infancy, and the incorporation of dye-loaded talc filler could be a dis-
tinct advantage. Finally, the strong adsorption of berberine on the talc
filler suggests that many biologically-active molecules that are badly
soluble in water should behave similarly. This method could be of great
value for the controlled released of these molecules and would deserve
further investigations.
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4.3. Nanocompaositos ternarios hibridos PU/talco sintético/argila:

propriedades térmicas, mecanicas e morfolégicas

No artigo intitulado “Hybrid PU/Synthetic Talc/Organic Clay Ternary
Nanocomposites: Thermal, Mechanical and Morphological Properties”, publicado na
revista “Polymer & Polymer Composites” é apresentado a sintese de
nanocompositos ternarios utilizando dois talcos sintéticos (SSMMP 7h e 24h) com
processos de tratamento hidrotérmico diferentes e uma argila comercial (SPR). As
cargas foram adicionadas em 3% em massa em relacdo ao polimero puro, variando
as proporcBes de talco sintético/argila (75:25/25:75). Os resultados foram
comparados a materiais PU/SSMMP e PUl/argila (SPR). Grau de dispersao e
interagOes carga/polimero foram acompanhadas por FTIR, DRX, MEV, TEM e AFM.
As cargas apresentaram uma boa disperséo (exfoliacdo). Propriedades mecanicas e
térmicas foram avaliadas em relacdo aos nanocompdésitos binarios (PU/SSMMPs e

PU/argila(SPR)).
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ABSTRACT

Polyurethane (PU) nanocomposites filled with inorganic particles, aiming at the improvement of mechanical
and thermal properties, are well known. Unlike previous work we describe here the combination of
two fillers, synthetic talc (silico-metallic mineral particles-SSMMP) with distinct hydrothermal processes
(SSMMP 7 h and 24 h) and organically-modified commercial clay (SPR), aiming towards development
of new polyurethane ternary nanocomposites by in situ polymerisation. Fillers were added 3 wit.% of
the mass of pristine polymer, with a ranging of weight proportions (75:25/25:75) of SSMMP and SPR.
Results were compared to those for nanocomposites containing pure SSMMP and SPR fillers. Dispersion
degrees and filler interactions with the polyurethane matrix were followed by FTIR, XRD, SEM, TEM
and AFM techniques. Results showed that the fillers presented a good dispersion and were exfoliated/
well dispersed in the polyurethane matrix. Thermal and mechanical properties of nanocomposites were
evaluated in comparison to the binary nanocomposites (PU/SSMMP 7 h, PU/SSMMP 24 h and PU/
SPR). All nanocomposites presented superior values of Young’s modulus to that of pristine PU. Results
evidenced that the blend of SSMMP and SPR fillers is an interesting strategy to improve thermal and
mechanical properties of nanocomposites.

Keywords: polyurethane; synthetic talc; ternary nanocomposites; organic clay; mechanical

properties

1. INTRODUCTION

Polyurethanes are multifunctional polymers whose
properties can be easily tailored by changing their
molecular structures of ‘soft segment’ and ‘hard
segment’. Toimprove polyurethane properties, acommon
method is to add inorganic paricles to the polymer
matrix. The high aspect ratio of reinforcing particles such
as talc, mica, silica, clay and calcium carbonate is of
great importance to further increase polymers thermo-
mechanical properties’. The best performance of

*Correspondent author:
E-mail: einloft@pucrs.br

©Smithers Information Ltd., 2018

polymeric nanocomposites is achieved when the silicate
layers are well dispersed in the polymer matrix. Depending
on the polymer’s degree of interaction with the layered
silicate mineral particles, hybrids nanccomposites are
obtained with structures ranging from intercalated to
exfoliated® . Talc, a layered magnesium silicate mineral
with ideal formula Mg,Si,O,,(OH), is used as filler in
composite materials to reduce their production costs,
improve their physical and chemical properties, and/or to
offer new functionalities®8. Montmorillonite (MMT) is also
a layered silicate, but its structure consists of octahedral
sheet of alumina sandwiched between two external
silica tetrahedrons. The specificity of MMT is due 1o the
presence in the interlayer of hydrated cations. MMT is
a swellable clay mineral”. Polymer/clay nanocomposites
have become important due to their improvements in
mechanical strength and stiffness, thermal stability and
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gas barrier properties® ', Layered silicates have often
been described in the literature as fillers due to the
availability of clay materials''. Natural talc ores consist in
a mixture of several minerals, exhibiting some cationic
substitutions' and consequently are inhomogeneous
in chemical structure, crystaline phase and size
distribution®, Manufacture of synthetic talc with a well-
defined chemical composition and high purity, besides
the possibility of the crystallinity, particle size and layer
thickness control is a viable alternative. For example,
by varying by a few tens of degrees the temperature of
hydrothermal reaction, the average particle size can vary
by several hundreds of nanometres’15, The advantage
of polymer nanocomposites is that the improverment in
their properties can be achieved with a low percentage
of layered silicates’®. Several matrix polymers have been
used to obtain polymer-layered silicate nanocomposites
including polyurethang!-5:7.810.16-84 PMMAS,
blends'*35-40  polypropylene®*3, polyamides**,
polylactide®®#6, polystyrene®” and EVA®. In previous
studies, our group investigated the performance of
PU/synthetic talc nanocomposites with different filler
percentages. Best results were obtained when a
loading of 3 wt.% was used?'-23, To further improve
the performance of nanocomposites, the use of filler
mixtures has been described. Alavi et al. produced
ternary nanocomposites of PP/talc/nanoclay resulting
in materials showing a better filler dispersion and an
increase in mechanical properties®®. Aguilar et al.
prepared PP-based nanocomposites with organically
modified montmorillonite (0MMT) and different types
of CaCO, via melt blending. The resulting materials
presented enhanced dispersion and better mechanical
and thermal properties®®. Kodal et al. investigated the
mechanical, thermal and morphological properties of PA6
hybrid composites containing talc and wollastonite®!.
Garmabi et al. produced HDPE/nanoclay/nano CaCO,
nanocomposites evidencing that the co-incorporation
of this fillers improved nanocomposites’ mechanical
properties®2,

In this work, new polyurethane based nanocomposites
were obtained by in situ polymerisation by mixing
synthetic silico-metallic mineral particles produced by
different hydrothermal treatments; SSMMP 24 h/205°C
(SSMMP 24 h) and SSMMP 7 h/315°C (SSMMP 7 h)
and SPR clay in different weight proportions (75:25 and
25:75) of fillers (3 wt.% regarding the mass of pristine
polyurethane) were obtained.

2. EXPERIMENTAL
2.1 Materials

Polycaprolactone diol (PCL) MM: 2000 g/mol by
Aldrich, hexamethylene diisocyanate (HDI) by Merck;

dibutyltin dilaurate (DBTDL) by Miracema-Nuodex Ind.
and methyl ethyl ketone (MEK) by Merck were used as
received. Magnesium acetate tetrahydrate (CH,COO),
Mg.4H,0), sodium metasilicate pentahydrate
(Na,Si0,.5H,0), sodium  acetate  trinydrate
(CH,COONa.3H,0) and acetic acid were used for
the syntheses of SSMMP powders (24 h/205°C and
7 h/ 315°C). All reagents were purchased from Aldrich
and used without any further purification®. Samples
were prepared as described elsewhere53, Organically
modified commercial clay Rheotix SPR was donated by
Nokxeller. Fillers were added in a percentage of 3 wi%
relative to the pristine polymer without any treatments.
Proportions of 75:25/25:75 of synthetic talc and SPR
clay respectively, were used.

2.2 Hybrid Nanocomposites Obtained
by in situ Polymerisation

The dispersion of SSMMP and SPR clay (in the desired
proportions) was carried out in ultrasound bath (40 kHz)
for 80 min, utilising methyl ethyl ketone as solvent.
A glass reactor of 500 mL equipped with five inputs
was used to perform the reactions. Mechanical stirring,
thermocouple (to maintain the temperature at 40°C),
reflux system and an addition funnel were connected
to the reaction system. The reaction occurred in one
step. Polycaprolactone diol (PCL) MM: 2000 g/mol,
hexamethylene diisocyanate (HDI) (molar ratio between
PCL and HDI = 1.1:1), DBTDL as catalyst (0.1%
regarding the mass of reagents) and methyl ethyl
ketone (MEK) as solvent (=100 mL) as well as the fillers
were added to the reactor. First, PCL was heated to
melt with MEK. After that, a mixture of SSMMP/SPR (in
the desired proportions) and the catalyst (DBTDL) were
placed in the reactor. HDI was placed slowly, at the
end of its addition the reaction started and was kept
under reflux for 2 h and 30 min in an inert atmosphere
(N,). Lastly, films with = 0.1 mm of thickness were
produced by casting and dried at room temperature.

2.3 Testing and Characterisation
2.3.1 X-ray Diffraction (XRD)

Fillers in a form of powder and hybrid nanocomposites
in the form of films were analysed by X-ray diffraction
(XRD)recorded ona ShimadzuXRD-7000 diffractometer
with CuKa Bragg-Brentano geometry 8-6 radiations,
between 5 and 80 degrees with a step size of 0.02
degrees, current of 40 kV and voltage of 30 mA.

2.3.2 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) was
used to determine the morphology and dispersion
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degree of hybrid nanocomposites. Samples of the
hybrid nanocomposites in the form of fims were
cryomicrotomed and samples of the fillers were
dispersed in water to obtain TEM images, utilising
the equipment Tecnai G2 T20 FEl operating at 200 kV.

2.3.3 Fourier Transfer-infrared (FTIR)
Spectroscopy

Fourier transform infrared spectroscopy (FTIR-Perkin
Elmer FTIR spectrometer model Spectrum 100)
was used to reveal the structural properties of fillers
(powders) and hybrid nanocomposites (films), scanned
from 650-4000 cm~" utilising a UATR accessory.

2.3.4 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis were performed to
ascertain the thermal decomposition of pristine PU
and hybrid nanocomposites in a SDT equipment (TA
Instruments Model QB00), tests were carried out in a
temperature range from 25°C to 800°C with a heating
rate of 20°C min—' under constant N2 flow, utilising
pristine PU and hybrid nanocomposites films and
performed in triplicate.

2.3.5 Differential Scanning Calorimetry (DSC)

Meltingtemperature (Tm)and crystallisationtemperature
(Tc) of pristine PU and hybrid nanocomposites films
were obtained by Differential Scanning Calorimetry
(DSC) (TA Instruments model Q20 equipment). The
tests were carried out under N, in a temperature range
from —90°C to 200°C with a heating/cooling rate of
10°C min—, in two heating cycles.

2.3.6 Dynamic Mechanical Analysis (DMA)

Tensile tests (stress/strain) of pristine PU and hybrid
nanocomposites were performed in DMTA equipment
(TA Instruments Model Q800); tests were carried
out at 25°C with rectangular shape films (thickness
~.0.10 mm, length 12 mm, width ~.7.0 mm) at 1 N min=1.
ASTMDE38 was used to determine the Young moduli
of samples. Analyses were carried out in triplicate until
the rupture of samples.

2.3.7 Field Emission Scanning Electron
Microscopy (FESEM)

Field emission scanning electron microscopy (FESEM)
analyses were performed in FEI Inspect F50 equipment
in secondary electrons (SE) mode and used for
assessment of filler distributions in the polymer matrix.
The samples (films) were placed in a stub and covered
with a thin gold layer.

2.3.8 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) was used to
collect roughness data of pristine PU and hybrid
nanocomposites. The cryomicrotomed samples were
used to obtain the data. Analyses were performed
in tapping mode to construct phase/height contrast
images at different locations on the top surface of the
samples using a Bruker Dimension Icon PT equipped
with a TAP150A probe (Bruker, resonance frequency of
150 kHz and 5 N m~! spring constant). The equipment
was calibrated prior sample measurements. Scanned
area of the images was 5 x 5 um?2 with a resolution of
512 frames per area.

3. RESULTS AND DISCUSSIONS

3.1 X-ray Diffraction Analysis (XRD)

Crystalline structure offillers (SSMMP 7 h and SPR clay)
and hybrid nanocomposites were evaluated by XRBD
(Figure 1). The XRD pattern for SSMMP 7 h (Figure 1g)
presents low intensity enlarged peaks meaning
synthetic talc are formed by coherent domains with a
small number of layers%22.23; evidencing that crystal
sizes of synthetic talc are smaller than those of natural
talc which present well-defined and intense peaks in
the XRD spectrum?®22:23,

The diffractograms of fillers and hybrid nanocomposites
indicated that the peak associated with the fillers
(20 = 20°) disappeared in the nanocomposites
diffractograms, indicating a good dispersion of the
filers and suggesting that silicate layers are exfoliated
within the polymeric chains®®. Baniasadi et al. described
the same behaviour for PP/clay nanocomposites
synthesised by in situ polymerisation*'. Garmabi
et al. noticed that for HDPE/nanoclay/nano CaCOB,
the intensity of ternary nanocomposites X-ray peaks
were reduced, indicating intercalated/exfoliated
morphology®2. Likewise the diffraction peak associated
with the polyurethane crystaline phase decreases
for the hybrid nanocomposites indicating that the
filler is well dispersed into the polymer matrix due to
the interaction filler—polymeric chain?42%. It can be
highlighted that even with two fillers mixed into the
polyurethane matrix, a good dispersion was obtained,
presumably due to the fillers hydroxyl groups interacting
with the polyurethane chains?'2425,

3.2 Transmission Electron Microscopy (TEM)

From TEM images (Figure 2 and Figure 3), it can
be seen that for all systems individual particles and
some local aggregates are present. TEM images also
demonstrated that the combination of fillers did not

Polymers & Polymer Composites, Vol. 26, No. 2, 2018

129

64



Guilherme Dias et al.

Intensity(a.u)

26(degrees)

Figure 1. X-ray diffractogram patterns (a) PU, (b) PU/SSMMP 7 h+SPR 3% 25:75, (c) PU/SSMMP 7 h+SPR 3%
75:25, (d) PU/SPR 3%, (e) PU/SSMMP 7 h 3%, (f) SPR clay and (g) SSMMP 7 h

Figure 2. TEM micrographs of (a) SPR clay, (b) SSMMP 7 h, (c) SSMMP 24 h, (d) PU/SPR 3%, (¢) PU/SSMMP 7 h 3%
and (f) PU/SSMMP 24 h 3%
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Figure 3. TEM micrographs of (a) PU/SSMMP7h+SPR 3% 75:25, (b) PU/SSMMP 7 h+SPR 3% 25:75, (c) PU/SSMMP
24 h+SPR 3% 75:25 and (d) PU/SSMMP 24 h+SPR 3% 25:75

negatively affect their good dispersion. Dark entities
indicate the cross-section of intercalated or stacked
clay layers; these stacked silicate layers are due to
agglomeration. The bright fields in TEM micrograph
represent the matrix*45:48,

As seen in TEM micrographs (Figure 2 D-F and
Figure 3), some intercalated structures can be seen
along with exfoliated ones. Yet, XRD results indicated
the presence of exfoliated morphology, probably
related to the fact that the total number of intercalated
structures, was too insignificant to provide a prominent
peak in XRD diffractogram. Figure 2 and Figure 3
prove that the layers are arranged parallel and well
dispersed in the polyurethane matrix probably reflecting
in the thermal and mechanical properties’.

3.3 Fourier Transform Infrared
Spectroscopy (FTIR)

FTIR was performed to evaluate the structure of hybrid
nanocomposites, thefillers (SSMMPs and SPR clay) and

the neat PU, as seen in Figure 4-1. Bands assignments
of SSMMPs and SPR clay were fulfilled regarding the
characteristic vibrational modes described in literature.
In the spectrum of SPR clay (Figure 4-lg), it can
be seen that clay particles produced characteristic
bands associated with stretching vibration of Si—O in
Si—O—Si groups of tetrahedral sheet around 1000 cm™!
and small bands at 915 and 800 cm~' assigned to
Si—O stretching and Al—AI—OH and Al—Mg—OH
(present on the edges of the clay platelets) hydroxyl
bending vibrations. The absorption band at 3626 cm~'
is assigned to stretching vibrations of Al—OH and the
hydrogen-bonded water bending band at 1633 cm-'.
Bands at 2930 and 2858 cm-! were due to the
asymmetric and symmetric —-CH stretching vibrations
related to the alkylammonium group, at 1460 cm-!
for C-H bending, and around 753 cm~" the symmetric
Si—O—Si stretching mode is observed*19.54,

In the spectrum of neat SSMMP 7 h (Figure 4-If), the
Mg,OH band appears at 3679 cm=" and the bands
around 3400 cm~' and 1629 cm~' are related to
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Figure 4. FTIR spectra of (a) PU pure, (b) PU/SSMMP 7 h+SPR 3% 25:75, (c) PU/SSMMP 7 h-SPR 3% 75:25,
(d) PU/SSMMP 7 h 3%, (e) PU/SPR 3%, (f) SSMMP 7 h and (g) SPR clay in different wavenumber | (4000-650 cm~1),

I (3600-3200 cm~") and IIl (1100-900 cm~")

the (Mg,) O—H stretching’®. At 1000 and 990 cm~,
stretching vibrations of Si—O—Si appeared2:22.23.55.56,
For neat PU, hybrid nanocomposites PU/SSMMP 7
h+SPR 75:25 3%, PU/SSMMP 7 h+SPR 25:75 3%
and the nanocomposites PU/SSMMP 7 h 3% and
PU/SPR 3% (Figure 4-la-e), the band at 3396 cm~!
corresponds to the urethane bonds (NH). Bands at
2946 and 2862 cm~' are related to CH, vibrational
modes. The C=0 band of the urethane bonds appears
at 1725 cm~'. Bands around 1536 cm~" represent the
CN and NH bonds of the urethane groups. CO—0
group bands at 1243 and 1172 cm~1, and the band
at 730 cm—" corresponds to other vibrational modes of
the CH, group®®-2533, In Figure 4-I1, the augmentation
of the band around 3400 cm~—" for the nanocomposites
indicates that available hydroxyl groups of fillers
are interacting with N-H urethane bonds of the
polyurethane chains?®25. In Figure 4-lll, the FTIR
spectra of the nanocomposites present a new band
near 1000 cm™', that can be associated with Si—O
and Si—O—Si bonds stretching vibrational modes of
the fillers, attesting that the fillers are incorporated into
the polyurethane matrix, as noticed by our group in
previous studies??-25,

3.4 Thermogravimetric Analysis (TGA)

An increase on onset temperatures of hybrid
nanocomposites with filler addition (Figure 5) was
evidenced. Neat PU presented the lowest degradation
temperature (302°C). The presence of blended
fillers improved thermal stability of the hybrids
(PU/SSMMP 7 h+SPR clay = 336°C and PU/
SSMMP 24 h+-SPR clay = 337°C). It can be highlight
that the nanocomposites with SSMMPs presented
higher values of degradation temperature?223
compared to the nanocomposite with SPR clay (PU/
SSMMP 7 h, 340°C; PU/SSMMP 24 h, 337°C and
PU/SPR, 326°C). This behaviour can be associated
with filler dispersion into the polyurethane matrix. PU/
SSMMP nanocomposites are better exfoliated?2:23
than PU/SPR nanocomposite, corroborating  with
TEM discussions. Also, SSMMPs even at lower
concentrations appears to be more important when
thermal properties are evidenced.

Observing DTG curves (%/°C) (Figure 6), an
augmentation of the second peak is noticed in samples
with SSMMP and SSMMP+SPR clay. In the SPR clay
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Figure 5. TGA curves for the pristine PU and the hybrid nanocomposites
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Figure 6. DTGA curves (%/°C) versus temperature of the pristine PU and the hybrid nanocomposites
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Table 1. Results obtained by DSC analysis for the nanocomposites

Samples Tc (°C) Tm (°C) AHc (J/g) AHm (J/g)
PU 0.26 37.61 33.40 33.49
PU/SSMMP7 h+SPR 3% 75:25 1.49 37.34 30.91 31.52
PU/SSMMP7 h+SPR 3% 25:75 —0.56 37.34 28.25 29.32
PU/SSMMP24 h+SPR 3% 75:25 0.33 37.77 33.80 35.34
PU/SSMMP24 h+SPR 3% 25:75 -1.53 37.45 28.60 32.11
PU/SSMMP7 h 3% 6.31 40.24 39.85 39.40
PU/SSMMP24 h 3% 5.95 40.10 40.75 41.92
PU/SPR 3% 8.29 44.79 4112 42.96

sample, this behaviour was not cbserved. The hydroxyl
groups of SSMMP can form a network structure with
polyurethane chains as described in literaturg?2:23.44
and be responsible for the appearing of the second
peak on DTG curves (Figure 6).

As described elsewhere thermal stability of pristine
PU is improved by the presence of clay-layered
crystals, which form a maze or ‘tortuous path’ in the
PU matrix'?. The incorporation of clay into the polymer
matrix enhanced thermal stability by acting as a
superior insulator and mass transport barrier to volatile
products. These results can be attributed to dispersion
and barrier effects of the clay layers against oxygen
diffusion through the matrix28:31.32.41.45,

3.5 Differential Scanning Calorimetry (DSC)

Table 1 presents the crystallisation temperatures (Tc)
of hybrid nanocomposites. Tc temperatures of hybrid
nanocomposites slightly changed once compared
to neat PU, suggesting that the nucleating effect
of the combined fillers is less important than when
they are not blended. When fillers are combined
the exfoliated structures restrict the movement of the
polymeric chains retarding the crystallisation of the
matrix®”. For samples obtained with SSMMP (7 h and
24 h) and SPR clay an increase in the crystallisation
temperatures values were observed. This behaviour
is well known when talc and clay are added as fillers,
and it is frequently reported that plate-like fillers are
good nucleating agents because of their high aspect
ratiog22:2441:4245  For melting temperatures values the
same behaviour was observed.

3.6 Dynamic Mechanical Analysis (DMA)

Stress—strain results are seen in Figure 7. All hybrid
nanocomposites with SSMMP 7 h/24 h/SPR clay

samples presented greater values of stress to small
deformations when compared to PU. Fillers addition
made the materials more rigid, most likely because the
fillers (SSMMPs and SPR clay) and the polyurethane
matrix formed crosslinks resulting from hydrogen
bonding, as seen in FTIR20-25,

Figure 8 exhibits the Young's modulus for neat
polyurethane and hybrid nanocomposites. Young's
modulus values presented a significant augmentation,
suggesting that the materials stiffness at lower stress
was affected as usual by fillers incorporation. The
nanocomposite filled with SPR clay presented the
higher value (366 MPa). The nanocomposite filled
with SSMMP 7 h-+SPR clay 25:75 presented a larger
value for Young’s modulus of 238 MPa, while the
pristine PU presented 92 MPa (Figure 8). SSMMPs
seem to influence directly mechanical behaviour
of hybrids. But Young's Modulus augmentation
is more pronounced when SPR clay is added.
Young’s modulus augmentation is attributed to the
reinforcement provided by the dispersed fillers with
a large aspect ratio, which reduces the molecular
mobility of polymer chains, consequently stiffening the
material?2:33, Garmabi et al. described that for HDPE/
nanoclay/nano GaCO, systems the reinforcing effect
of the nanoclay was superior to CaCO,, due to the
nanoclay’s large aspect ratio®2.

Therefore, the increase in the Young's modulus can
be associated with the interfacial interaction between
silicate layers and polyurethane matrix!”29.4345 The
surface area and shape play an important role in
these properties. Yousfi et al. also related a significant
increase of 39.4% on the Young’s Modulus in PP/PAB
blends filled with synthetic talc (1880 MPa for the PP/
PAG blends and 2620 MPa with synthetic talc)'* and our
group noticed a maximum increment to the sample PU/
synthetic Ni-talc 1 wt%, which presented an increase of
5.7% when compared to pristine PU, and an increase
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Figure 9.

. 430 pm

Micrographs, mode SE, of the materials at magnification of 5000x. (a) PU pure, (b) PU/SSMMP 7 h+SPR

3% 75:25, (c) PU/SSMMP 7 h+SPR 3% 25:75, (d) PU/SSMMP 24 h-+SPR 3% 75:25, (e) PU/SSMMP 24 h+SPR 3% 25:75,
(f) PU/SSMMP 7 h 3%, (g) PU/SSMMP 24 h 3% and (h) PU/SPR 3%

of 65% on the sample PU/SSMMP 7 h 3 wt%?21:22,
Therefore, when both fillers are placed together into
the polyurethane matrix it is possible to obtain hybrid
nanocomposites with superior mechanical properties.

3.7 Field Emission Scanning Electron
Microscopy (FESEM)

On the basis of the morphological study of the prepared
hybrid materials, as seen in Figure 9, it can be noticed
that the achieved dispersion of the fillers into the
polyurethane matrix was uniform and homogeneous®”.
Defects and stress concentration sites are prevented
without the formation of agglomerated particles?®3,
Good filler dispersion generated a superior contact
area between matrix/filler, switching molecular mobility
and consequently thermo-mechanical properties of
the matrix222%. Figure 9 evidences that nucleation
sites were formed in all hybrid nanocomposites;
these morphological changes associated with a good
dispersion of fillers and fillers-polymer interaction are
probably promoting the different thermo-mechanical
properties of hybrid nanocomposites?2:24,

Figure 10 shows SEM images of cryogenically fractured
surface of pristine PU and hybrid nanocomposites. For
pristine PU (Figure 10A), the appearance of grooves
occurred randomly distributed on the cryo-fractured
surface which looks more flat and smoother, presenting
no important voids?223, A different behaviour can be

seen for the hybrid nanocomposites’ cryo-fractured
surfaces (Figure 10B-H). Hybrid nanocomposites
presented a rough cryo-fractured surface full of
voids and cracks. Similar results were found for PU/
synthetic talcs, PLA/Malc, PLA/clay and PLA blends
composites?338:3948 - An increase in the clay content
modified the fracture profile, with an increase of the
surface roughness, corroborating with mechanical
properties results.

3.8 Atomic Force Microscopy (AFM)

A 3D height image of pristine PU and hybrid
nanocomposites i shown in Figure 11. The hard
segments appear bright due to their higher hardness,
which resist penetration by the AFM probe tip. The
soft segments appear with a darker contrast as they
can be penetrated relatively easily by the AFM probe
tip™. Addition of SSMMPs and SPR clay affected the
morphology of this hard-soft segmental arrangement,
especially when the interactions were on the nanoscale.
With the addition of fillers, average roughness (Ra), root
mean sqguare roughness (Rg) and maximum height
roughness (Rmax) had increased (Table 2). The higher
values of these parameters comparing to pristine PU
confirms the presence of filler particles on the surface,
as reported in literature'. It can be seen from Figure 11
that the layers of the fillers are well distributed both in
soft and hard domain of the matrix. The presence of
hydroxyl groups in both fillers seemed to significantly
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Figure 10. Micrographs from fractures, mode SE, of the materials at magnification of 5000x. (a) PU Pure,
(b) PU/SSMMP 7 h+SPR 3% 75:25, (c) PU/SSMMP 7 h+SPR 3% 25:75, (d) PU/SSMMP 24 h+SPR 3% 75:25,
(e) PU/SSMMP 24 h+SPR 3% 25:75, (f) PU/SSMMP 7 h 3%, (g) PU/SSMMP 24 h 3% and (h) PU/SPR 3%

Figure 11.

influence the interactions between its layers and
polyurethane chains®2.

4. CONCLUSIONS

Ternary nanocomposites were prepared by in situ
polymerisation utilising SSMMPs and SPR clay as

AFM images (height) (a) PU, (b) PU/SSMMP 7 h+SPR 3% 75:25, (c) PU/SSMMP 7 h+SPR 3% 25:75,
(d) PU/SSMMP 24 h+SPR 3 % 75:25, (e) PU/SSMMP 24 h+SPR 3% 25:75, (f) PU/SSMMP 7 h 3%, (g) PU/SSMMP 24 h
3% and (h) PU/SPR 3%

fillers, proving that it is possible to blend these fillers
together. Structural analyses (XRD and FTIR) allied to
morphological tests (TEM, SEM and AFM) demonstrated
that the fillers are well dispersed/exfoliated into the
polymeric matrix leading to nanocomposites PU/
SSMMP/SPR with superior thermal and mechanical
properties. Using blended fillers into a polyurethane
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Table 2. Average roughness (Ra); root mean square
roughness (Rg); maximum height roughness (Rmax) for
the hybrid nanocomposites

Samples Ra | Rg | Rmax
(nm) | (hm) | (nm)
PU Pure 7.95 | 11 136

PU/SSMMP 7 h+SPR 3% 75:25 | 13.7 | 18 | 138

PU/SSMMP 7 h+SPR 3% 25:75 | 32.9 | 41.3 | 236

PU/SSMMP 24 h+SPR 3% 75:25 | 20.2 | 29.1 | 290

PU/SSMMP 24 h+SPR 3% 25:75 | 28.8 | 35 | 244

PU/SSMMP 7 h 3% 24.4 | 31.7 | 244
PU/SSMMP 24 h 3% 249 313 | 199
PU/SPR 3% 16.4 |1 13.2 | 144

matrix results in materials that can perform functions
that require high thermal and mechanical performance.
These results corroborate previous studies showing
that synthetic talcs are interesting to the development
of materials with distinguished properties, and may
also be combined with other fillers.
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4.4. Talco sintético como catalisador e carga na sintese de nanocompadsitos

de poliuretano base aquosa

No artigo intitulado “Synthetic talc as catalyst and filler for waterborne polyurethane
based nanocomposites synthesis”, submetido na revista “Polymer Bulletin” talco
sintético foi utilizado como catalisador e carga para a produ¢cdo de nanocompaositos
de poliuretano base aquosa por meio da polimerizacdo in situ. Foi utilizado talco
sintético na forma de gel e pé a fim de comparar o efeito da morfologia do talco na
obtencdo dos nanocompdsitos. Para comparacdo foi sintetizado uma disperséao
aguosa de poliuretano utilizando um catalisador comercial DBTDL. Os materiais
foram caracterizados por FTIR, DRX, TEM, MEV-FEG, AFM, DMA, TGA e DSC. Os
nancompasitos foram produzidos utilizando 0,5%, 1% e 3% de talco sintético em gel
e em pé. A andlise de FTIR mostrou que é possivel obter dispersées aquosas de
poliuretano utilizando talco sintético como catalisador e que foram formadas ligacdes
de hidrogénio entre carga/matriz. Uma boa dispersdo das cargas foram
evidenciadas por DRX, TEM, MEV-FEG e AFM. Propriedades mecéanicas e térmicas
foram aumentadas com a adi¢do das cargas. A Tg dos nanocompdsitos foi afetada
pela presenca das cargas, provavelmente devido a boa dispersdo das mesmas

dentro da matriz polimérica.
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ABSTRACT

In this work synthetic talc was used as catalyst and filler aiming to obtain waterborne
polyurethane (WPU) nanocomposites by in situ polymerization. Filler were used both
in gel and powder form in order to compare its effects into the WPU matrix. The use
of synthetic talc as filler is interesting due to the possibility of hydrogen bonds
formation between WPU chains/ Si-O-Si and OH groups in synthetic talc edges
promoting changes in physical, mechanical and thermal properties. Moreover, WPUs
are environmental friendly polymers replacing organic solvents by water as
dispersion medium reducing pollutants emission in the atmosphere. Materials
structure analyzed by FTIR evidenced that it is possible to synthesize WPU using
synthetic talc as catalyst and proved hydrogen bonding formation between synthetic
talcs and WPU matrix. Synthetic talcs were well dispersed even with higher filler
content, as supported by XRD, TEM, FESEM and AFM analyses. Thermal and
mechanical performance were improved with synthetic talc fillers addition in order to
obtain WPU nanocomposites. Also, Tgq of WPU nanocomposites was affected by
fillers addition as presented by DSC corroborating synthetic talcs good dispersion as
evidenced by XRD and TEM analyses. Synthetic talcs used as catalyst/filler resulted
in nanocomposites with superior thermal and mechanical properties being a new

path to utilize synthetic talcs to obtain multifunctional materials.

Keywords: waterborne polyurethane; synthetic talc; in situ polymerization; hydrogen

bond.
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INTRODUCTION

Waterborne polyurethane (WPU) is a polyurethane system in which water is used as
dispersion medium replacing conventional organic solvents (toluene and
acetone).The use of water as solvent reduce volatile organic compounds (VOCS)
release to the atmosphere contributing to environment protection [1]. WPU has
interesting applications such as adhesives, coatings and membranes owing to its
good processing properties, abrasion resistance, non-toxicity, low cost and great

adhesion [2,3].

However, thermal stability, insolubility and mechanical properties of WPU are lower
when compared to the organic solvent-born PU needing to be improved. Using
nanoparticle fillers is an effective way to alter and enhance WPU properties [4]. In
this context, various inorganic particles are used to obtain new nanocomposites, like
FesOa4 [1,2,5], silica [6-9], attapulgite [4], clay [10-13], metallic oxides [14-17], etc.
Among all potential nhanocomposite precursors, those based on clay and layered
silicates have been most widely investigated, probably due to the easy availability of
starting clay materials. Moreover, talc particles are widely used as plate-like mineral
filler because it is a low cost material [18]. Despite their good performance as filler
and low price, natural talc presents some drawbacks. Natural talc cannot be ground
homogeneously below 5 ym without leading to structure amorphization. To solve this
issue and also to control particle size, we turned to talc obtained from hydrothermal
synthesis [19]. Synthetic talcs used as fillers were reported by many researches to
produce new materials such as solvent-born polyurethanes [20-24], polypropylene
and polyamide 6 (PA6) nanocomposites [18], PP/PA6 blends [25], PP/PA6 blends

using ionic liquids/nanotalc as fillers [26], PA6 and PA12 nanocomposites [27],
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ternary nanotalc reinforced PAG6/SEBS-g-MA composites [28] and also WPUs
[29,30]. Moreover, tin catalysts as dibutyl tin dilaurate (DBTDL), widely used as
catalyst in PU synthesis, are known as toxic compounds [31], for this reason it is
interesting to use environmental friendly catalysts, like synthetic talc. As far as we
know in this work we describe for the first time the use of synthetic talc as catalyst.
Filler effect in polymerization reaction as catalyst and as reinforcement in waterborne

polyurethane nanocomposites properties was evaluated as well.

EXPERIMENTAL

Materials

Synthetic talcs were manufactured using the following materials: magnesium acetate
tetrahydrate (Mg(CH3COO0)2:4H20), sodium metasilicate pentahydrate
(Na2SiO3-5H20), sodium acetate trinydrate (NaCH3COO-3H20), and acetic acid. All

reagents were purchased from Aldrich and used without further purification.

Isophorone diisocyanate (IPDI, for synthesis, Bayer, Germany), polyester diol
(Mn=1000 g/mol) and 2,2- bis(hydromethyl) propionic acid (DMPA, 99%, Perstorp,
Sweden) were used to obtain waterborne polyurethanes. NCO/OH molar ratio of 1.7
was utilized. Dibutyl tin dilaurate [DBTDL Miracema-Nuodex Ind., Brazil (0.1% wi/w)]
was used as catalyst for pristine WPU. DMPA carboxylic acid was neutralized with
trimethylamine (J.T Baker, Center Valley, Pennsylvania, USA). Free NCO content
was measured by titration with n-dibutylamine (Bayer, Leverkusen, Germany) and

hydrazine (Merck, Kenilworth, New Jersey, USA) was used as chain extender.
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Synthetic talc preparation

Synthetic talc was obtained by hydrothermal synthesis as described in literature [31].
First, talc precursor was obtained by reacting sodium metasilicate pentahydrate with
magnesium acetate tetrahydrate in a proportion of Si/Mg=4/3, in the presence of
sodium acetate. In a second step, talc precursor was hydrothermally treated under
high temperature (300°C) and pressure (85 bar) during a period of time of 6h in order
to obtain well-crystallized nano-sized talc gel it. Synthetic talc (ST) was obtained in
gel form (ST-g) or in powder form (ST-p) after dried in an oven at 120°C and ground.
Specific surface area of synthetic talc manufactured in this conditions is 130 m?g?,

as reported previously by our group [29].

Waterborne polyurethanes nanocomposites preparation method

Waterborne polyurethanes nanocomposites and pristine waterborne polyurethane
were prepared by in situ polymerization. In a glass reactor the following reagents
were placed: IPDI, a polyester diol and DMPA (NCO/OH molar ratio of 1.7 and 5%
w/w of DMPA in relation to prepolymer solids content). The NCO terminated
prepolymer reaction was carried out under constant mechanical stirring and inert
atmosphere (N2) at 80°C for 1 h. To quantify the residual free isocyanate content,
titrations were performed with n-dibutylamine based on the ASTM 2572 standard
technique. Then, to neutralize the acid groups from DMPA, molar equivalent of
trimethylamine was added to the reactor and stirred for 30 min at 50 °C. Lastly, a
mixture of the previously neutralized prepolymer and hydrazine (chain extender in
amount equivalent to the residual free NCO content) was poured in water and kept
under mild agitation (200 rpm) at room temperature for 30 min. To prepare pristine

WPU, DBTDL was used as catalyst. To produce WPU nanocomposites synthetic talc
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in gel and powder form were used aiming to substitute DBTDL as catalyst and
perform as reinforcement. Fillers content were 0.5wt%, 1wt% and 3wt%. The

average solids content were 37% w/w.

Characterization Methods

WPU nanocomposites and neat WPU characterizations were performed using dried
films of 70 um of thickness produced by casting, samples of these films were
analyzed by: Fourier transform infrared spectroscopy (FTIR, PerkinElmer
Spectrum100 spectrometer) in transmission mode in the range 4000-650 cm™, was
used to ascertain fillers and nanocomposites structural properties; X-ray diffraction
(Shimadzu XRD-7000) patterns were recorded with CuKai2 Bragg-Brentano
geometry 6—0 radiations, between 5 and 80 ° with a step size of 0.028, current of 40
kV and voltage of 30 mA; Differential scanning calorimetry (DSC, TA Instruments
Q20 calorimeter,) was used to determine glass transition temperature (Tg) from -90
to 200 °C, with a heating rate of 10°C/min under an inert atmosphere of nitrogen,
from the heat second cycle; Thermogravimetric analysis (TA Instruments Q600
simultaneous thermal analyzer,) was carried out with a heating rate of 20°C/min,
from room temperature to 800°C under nitrogen atmosphere; Mechanical tests were
performed in triplicate according to ASTM D822 standard technique (TA Instruments
Q800 dynamic mechanical analyzer,) for determination of Young's modulus and
stress X strain tests; Field emission scanning electron microscopy (FESEM, FEI
Inspect F50) analyses were performed in secondary electrons (SE) mode and used
for assessment of fillers distribution in the polymer matrix; Atomic force microscopy
(AFM) was used to collect roughness data of the WPU and its nanocomposites. The

AFM analyses were performed in tapping mode to construct phase/height contrast
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images at different locations on the top surface of the samples using a Bruker
Dimension Icon PT equipped with a TAP150A probe (resonance frequency of 150
kHz and 5 N.m spring constant)and calibrated prior to samples measurements. The

scanned area of images was 5 X 5 um? with a resolution of 512 frames per area.

RESULTS AND DISCUSSION

FTIR Analysis

WPU nanocomposites, neat WPU, synthetic talc in gel and in powder form were
characterized by FTIR spectroscopy (Figure 1). In synthetic talc spectra (ST-p and
ST-g), it was observed characteristic bands assigned to talc around 1650 cm™
related to Si-O vibrations [33] and the band between 1200-800 cm™" characteristic of
Si-O and Si-O-Si bonds [20,23,24,33,34]. For neat WPU and its nanocomposites the
bands in regions of 3500-3400 cm™ are attributed to urethane linkage N-H. The
bands in 2950 and 2870 cm™ are associated to different vibrational modes of
polymeric chain CH2 group. The band in 1731 cm™ is characteristic of C=0 of
urethane bond. Region around 1520 cm is related to CN and NH of urethane
bonds. CO-O bond appears in 1243 cm region. In 1185 and 1135 cm™ appears the
bands associated to N-CO-O and C-O-C groups [13,15,20-24,29,30]. WPU
nanocomposites formation is proved by FTIR (Fig.1), confirming synthetic talc as a
substitute for commercial catalyst in polymerization reaction. It also can be observed
that the band related with C=0 decreases as fillers content increased and a shoulder
appeared around 1650 cm in the nanocomposites, probably due to hydrogen bond
formation between C=0O of polymeric chain and hydroxyl groups available on

synthetic talc layers edges [16].
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XRD-TEM analysis
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Fig. 2 XRD patterns of (A) WPU/ST-p and (C) WPU/ST-g nanocomposites,
compared to neat WPU and synthetic talc. TEM images of (B) WPU/ST-p 3% and

(D) WPU/ST-g 3%.

Figure 2 (A, C) shows diffraction patterns of pristine WPU, synthetic talcs and their
nanocomposites. Characteristic XRD diffraction peaks associated to natural talc are
observed, but for synthetic talcs these diffraction peaks are broader and less intense.
This behavior indicates that synthetic talc layers are smaller compared to natural talc
[18,19,22,29]. For pure WPU films, a broad diffraction peak is located around 26=
20°; this diffraction is associated to PU amorphous phase and appeared in all
nanocomposite samples [2]. The diffraction peak around 28= 9° for synthetic talc in
powder form disappeared in WPU/ST-p nanocomposites XRD pattern. This

disappearance suggests that polymer chains are intercalated between fillers layers
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inducing its delamination or intercalated between two individual nanoparticles,
resulting in good filler dispersion throughout WPU films [3]. Characteristic diffraction
peaks of synthetic talc in gel form appeared in WPU/ST-g nhanocomposites diffraction
patterns. Moreover, this peak located at 20= 9° raised in XRD patterns of WPU
nanocomposites with ST-g content, indicating that synthetic talc in gel form layers
are intercalated or intercalated between two individual nanoparticles [35,36]. Fig. 2
(B, D) shows TEM images of WPU/ST nanocomposites samples which contained 3
wt% synthetic talc. As illustrated in TEM images, the dark areas are attributed to ST
fillers and lighter colored region attributed to WPU matrix [2]. Even with 3 wt% of
fillers content into the WPU matrix a good filler dispersion was achieved; other
studies performed with synthetic talc fillers presented the same results for TEM

analysis [20,22,23,25,28,30]

Mechanical properties

Table 1. Mechanical properties of the nancomposites and neat WPU.

Samples Young Modulus (MPa) Strain (%) Stress (MPa)
WPU 31+3 136+9 6+0.6
WPU/St-p 0.5% 809 97 + 13 11+1
WPU/ST-p 1% 38+4 137 +£12 7x2
WPU/ST-p 3% 64 +£12 115+ 21 10+ 2
WPU/St-g 0.5% 35+ 10 93+ 30 6.5+0.6
WPU/ST-g 1% 108+ 1 4+1 4+0.8
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WPU/ST-g 3% 49+ 4 77 +39 8+1

Table 1 presents stress/strain properties of neat WPU and WPU nanocomposites.
Synthetic talc addition affected nanocomposites mechanical properties. The
nanocomposites do not break at tests conditions. Interactions between filler/polymer
alternatively to filler/filler interactions are probably associated with mechanical
properties enhancement [21-23,29]. Well-dispersed fillers in polymer matrix as well
as strong interfacial interaction between polymer/filler improved the stress transfer
between polyurethane matrix and fillers increasing polymer resistance to
deformation. This augmentation in mechanical properties can be related to hydrogen
bonding between synthetic talcs and WPU in nanocomposites [37]. Young Modulus
tended to increase with increasing of fillers content into the WPU nanocomposites;
sample with 1 wt% of synthetic talc in gel form presented a different behavior,
probably because some agglomeration occurred and affected WPU film formation
and its mechanical performance. Moreover, talcs with high aspect ratio tend to stiffen
materials [38]. Yet, this stiffening may be related to hydrogen bonding interactions,
corroborating FTIR results [29,39]. Our group showed in previous works that
synthetic talc filler improved Young Modulus of WPU nanocomposites, like for
WPU/synthetic talc nanocomposites formed by blending method [29] and
WPU/Fes0s-synthetic talc nanocomposites also by blending method [30]. These
results corroborate with TEM results and reinforce the fact that dispersion affects

nanocomposites mechanical properties.
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Thermal Properties

Table 2. Thermal properties of the nanocomposites and neat WPU.

Samples Tonset (°C) T peakmaxt (°C) | T peakmaxz (°C) Tg-psc (°C)
WPU 330.2 373.2 430.6 -33.3
WPU/St-p 0.5% 341.7 367.1 435.2 -34.9
WPU/ST-p 1% 348.3 376.9 439.7 -33.5
WPU/ST-p 3% 336.9 358.8 431.4 -37.1
WPU/St-g 0.5% 344.8 3724 440.6 -37.2
WPU/ST-g 1% 338.4 369.4 431.9 -40.1
WPU/ST-g 3% 338.2 364.1 435.9 -40.6

In order to investigate thermal stability of neat WPU, WPU nanocomposites and the
effect of the synthetic talcs on their thermal behavior, TGA was carried out. Results
are listed in Table 2. It was observed from TGA data that WPU films thermal stability
was enhanced by fillers addition, which can be attributed to the action of
nanoparticles as thermal insulator. Also the good fillers dispersion into the WPU
matrix resulted in an improvement of thermal stability of nanocomposites films [2].
The first stage is related to hard segment degradation and the second stage to soft
segment degradation. Layered silicates can make the path longer for thermally
decomposed volatiles to escape. It is clearly observed that the initial stage thermal
decomposition temperature is the major and sharp which involve the thermal

decomposition of the intercalated polymers [13]. The increase of the decomposition
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temperature is likely due to the interaction between WPU and fillers. Synthetic talc
structure into the WPU matrix could limit the segmental movement of polymer chains
or act as thermal insulator and mass transport barrier to the volatile products
generated during decomposition, as a consequence retarding material degradation
[8,14]. In previous works, was reported that the thermal stability of nanocomposites
is improved by the use of synthetic talc, because the large amount of hydroxyl
groups present at the filler layer edges favors interactions between filler and polymer
[21-23,40]. But when nanocomposites with synthetic talc in gel form were prepared
by physical mixture thermal stability did not increase as when nanocomposites

prepared by in situ polymerization, as reported in a previous work [29].

Thermal property of neat WPU and WPU nanocomposites films was studied by
DSC. No melting peak was found in the DSC analysis for the pristine WPU and
WPU/ synthetic talc samples, indicating that no crystallization domain was formed in
their hard or soft phases. This corroborated with XRD results, that shows these
polymers are amorphous [12]. Higher concentration of synthetic talc slightly
decreased Ty this effect could be associated to filler dispersion, as shown by XRD,
TEM and FESEM results [41]. Also, this reduction in Tg values for the
nanocomposites could be related to the breaking of the hydrogen bonds between
soft and hard segments by nanoparticles which disrupts the phase separation of

polyurethanes and increases the mobility of the polymer chains [2,17].

Morphological study

FESEM was employed to inspect nanocomposites microstructure. FESEM images of
samples fractured section were illustrated in Fig 3. Figure 3 shows FESEM

micrographs of neat WPU and WPU nanocomposites. All samples showed deeper
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and longer cracks when fractured with liquid nitrogen comparing with neat WPU.
However, with fillers content increasing fracture surfaces became rough. This is
related to the alteration of WPU matrix after adding higher fillers content. This trend
could be explained by supposing a homogenous nanopatrticles distribution and an
improvement of polymer/filler interaction in the nanocomposites, and therefore a
crack propagation path occurring inside the polyurethane matrix [8]. The rough
fracture surface indicates that there was a strong resistance to further cracks
propagation. Meanwhile, the rough fracture surface means that a large crack would

encounter difficulties in propagating. This effect can be responsible for

nanocomposites mechanical properties improvement [42].

Fig. 3 Micrographs from cryogenically fractures of the materials at magnification of
5000X, mode SE, (A) WPU, (B) WPU/St-p 0,5%, (C) WPU/ST-p 1%, (D) WPU/ST-p

3%, (E) WPU/St-g 0,5%, (F) WPU/ST-g 1% and (G) WPU/ST-g 3%.
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AFM results

Fig. 4 AFM images (height). (A) WPU, (B) WPU/St-p 0.5%, (C) WPU/ST-p 1%, (D)

WPU/ST-p 3%, (E) WPU/St-g 0.5%, (F) WPU/ST-g 1% and (G) WPU/ST-g 3%.

Figure 4 shows the height AFM topographic images and Table 3 shows the average
roughness (Ra), root mean square roughness (Rq), and maximum height roughness
(Rmax) for neat WPU and its nanocomposites measured by AFM in tapping mode. In
WPU matrix (Fig 4-A), dark regions are associated with amorphous domains (soft
segments) and bright regions are associated with crystalline domains (hard
segments). The results of Ra, Rg, and Rmax demonstrates that with fillers addition
surface roughness of nanocomposites increased, indicating fillers influence on the
surface morphology of systems [29,43]. As seen in Figure 4, with fillers addition on
nanocomposites the rugged domains come more prominent evidencing the
interactions between filler/polymer probably by hydrogen bonding among fillers and
hard segments of the WPU [9,29]. It can be seen that when 3wt% of fillers were
added to the WPU matrix, roughness decreased. Introducing higher fillers content
into WPU matrix restricted the shrinkage of the polymer surface, reducing

nanocomposites roughness [10]. The higher values of these parameters comparing



92

to pristine WPU confirms the presence of filler particles on the surface, as reported in
literature [11]. This interaction corroborates the mechanical properties improvements
in nanocomposites once compared to pristine WPU.

Table 3. AFM Results: Average Roughness (Ra), Root Mean Square Roughness

(Rg), and Maximum Height Roughness (Rmax) of neat WPU and its
nanocomposites.

Samples Rq (nm) Ra (nm) Rmax (nm)

WPU 9 7 116
WPU/St-p 0,5% 59 46 431
WPU/ST-p 1% 78 58 585
WPU/ST-p 3% 24 13 330
WPU/St-g 0,5% 55 49 362
WPU/ST-g 1% 142 115 805
WPU/ST-g 3% 20 16 148

CONCLUSIONS

New waterborne polyurethane nanocomposites were synthesized using synthetic
talcs as catalyst and as filler by in situ polymerization. FTIR confirmed that is
possible to produce WPU/synthetic talc nanocomposites without adding the
commercial catalyst. Also, FTIR indicated hydrogen bonds between filler and
polymer chains. Synthetic talcs were well dispersed into the WPU matrix as
supported by XRD, TEM, FESEM and AFM analyses. Thermal stability of WPU

nanocomposites increased when compared to pristine WPU. DSC indicated that the
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glass transition temperature of nanocomposites was affected by the addition of
synthetic talcs, probably due to good filler dispersion. Mechanical properties
improvement can be associated to hydrogen bonding between filler/polymer and
good filler dispersion. It has been proved that synthetic talc can be used as catalyst
and filler to produce WPU nanocomposites with desired properties. This new
waterborne polyurethane synthetic talc nanocomposites can be used for flexible films

and/or coating industries.
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5. CONCLUSOES

As conclusdes serdo divididas em quatro partes: nanocompésitos de DPUs
com trés diferentes talcos sintéticos por mistura fisica, nanocompdsitos
fluorescentes de poliuretano obtidos por mistura fisica, nanocompadsitos ternarios de
talcos sintéticos misturados com argila comercial por polimerizacdo in situ e
nanocompositos de DPUs utilizando talco sintético como carga e catalisador obtidos

por polimerizagéo in situ.

Os resultados mostraram que € possivel obter nanocompdésitos de DPUs
foram por mistura fisica utilizando os talco sintéticos como carga, produzindo
materiais com um baixo impacto ambiental. A area superficial especifica dos talcos
sintéticos influenciou nas propriedades finais dos nanocompdésitos de DPU. As
andlises de DRX, TEM MEV-FEG, e AFM indicaram que os talcos sintéticos
apresentaram uma boa dispersdo dentro da matriz polimérica. Os resultados de
mddulos de armazenamento e perda evidenciaram uma boa incorporacao dos talcos
sintéticos na matriz de DPU. A compatibilidade dos talcos sintéticos em forma de
nano-gel com os DPUs esté relacionada com a interagdo que ocorre entre carga-
polimero através do meio aquoso, por meio da ligacdo de hidrogénio. O aumento
das propriedades mecanicas dos nanocompositos esta relacionada com a boa
dispersdo dos talcos sintéticos e interagdo entre carga/polimero. Além disso, as
condicdes de sintese distintas dos talcos sintéticos resultando em diferentes areas
superficiais especificas € uma plataforma interessante para se obter
nanocompositos de DPU com uma vasta gama de possiveis propriedades

mecéanicas e térmicas.
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Novos nanocompdsitos fluorescentes de poliuretano foram obtidos pela
incorporacdo de talcos natural e sintético através da mistura fisica. Os resultados
demonstraram que as particulas de talco foram bem dispersas na matriz de PU
mesmo quando em maiores quantidades, isto pode estar relacionado a interacéo
entre os grupos OH disponiveis dos talcos sintéticos com as cadeias de PU. As
propriedades térmicas e mecanicas dos nanocompositos aumentaram quando
adicionados os talcos sintéticos e natural fluorescentes em relagdo ao PU puro.
Porém, as caracteristicas dos talcos natural e sintético influenciaram nas
propriedades de fluorescéncia dos nanocompositos. O talco sintético fluorescente
com as particulas menores apresentou uma maior fluorescéncia. A presenca do
agente fluorescente disperso na superficie da carga de talco evitando a
aglomeracdo das moléculas fluorescentes € o grande diferencial destes novos
nanocompositos fluorescentes de poliuretano, pois a aglomeracdo ocorre
naturalmente quando se obtém o polimero misturado com a berberina pura.
Berberina ndo € o melhor agente fluorescente, mas os resultados obtidos sugerem
gue o conceito pode ser facilmente aplicado a outros corantes fluorescentes ou
eletroluminescentes, abrindo novas rotas para materiais altamente emissivos
também dotados de boas propriedades térmicas e mecanicas. Finalmente, a forte
adsorcdo da berberina no talco sugere que muitas moléculas biologicamente ativas

gue sao insoluveis em agua devem comportar-se de forma semelhante.

Nanocompdésitos ternarios foram preparados por meio da polimerizacao in situ
utilizando talcos sintéticos (SSMMP 7h e 24h) distintos e uma argila comercial (SPR)
como carga, provando que € possivel obter materiais utilizando esta mistura de
cargas. Os resultados das andlises estruturais (DRX e FTIR) aliados aos testes
morfolégicos (TEM, SEM e AFM) demonstraram que as cargas foram bem
dispersas/esfoliadas na matriz polimérica levando a obtencdo de nanocompdsitos
PU/SSMMP/SPR com propriedades térmicas e mecanicas superiores. Essa mistura
de cargas em uma matriz de poliuretano resulta em materiais que podem executar
funcbes que exigem alto desempenho térmico e mecanico. Esses resultados
corroboram com estudos prévios, demonstrando que o0s talcos sintéticos sao
interessantes para o desenvolvimento de materiais com propriedades distintas, e

gue também podem ser combinados com outras cargas.
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Novos nanocompoésitos de poliuretano a base de agua foram sintetizados
utilizando-se talco sintético em gel e em p6 como catalisador e como carga por meio
da polimerizacdo in situ. Os resultados de FTIR provou que é possivel produzir
nanocompaositos de DPU/talco sintético sem adicionar o catalisador comercial. Além
disso, o FTIR indicou ligagcdes de hidrogénio entre carga/polimero. Os resultados
das analises de DRX, TEM, MEV-FEG e AFM mostraram que o0s talcos sintéticos
foram bem dispersos nas dispersfes aquosas de poliuretanos. Os nanocompagsitos
apresentaram um aumento na estabilidade térmica quando comparados ao DPU
puro. A boa dispersdo das cargas afetou a temperatura de transicao vitrea dos
nanocompositos, como reportado pela andlise de DSC. O aumento das
propriedades mecanicas pode ser relacionado as ligagcdes de hidrogénio entre
carga/polimero e boa dispersdo do talco sintético. Este trabalho comprovou que é
possivel utilizar o talco sintético como catalisador e carga para produzir

nanocompositos de DPU com as propriedades desejadas.

Este trabalho demonstrou que os talcos sintéticos sdo uma nova plataforma
para obtencdo de materiais com diferentes funcionalidades e aplicagdes, onde é
possivel moldar as metodologias e processos para se obter propriedades

diferenciadas que possam atender a diferentes demandas da inddstria.

CONCLUSIONS

Les objectifs de la thése étaient multiples mais surtout de montrer I'intérét de
développer des charges nanométriques qui quand la dispersion dans la matrice est
maitrisée, permettent d’obtenir des matériaux composites avec des propriétés
renforcées, de créer de nouveaux métariaux multicomposites non présents sur les
marchés en utilisant par exemple des propriétés des nanocharges comme la
fluorescence, mais aussi de comprendre les effets des charges nanométriques sur
les propriétés physiques et chimigues des polyméres créés en les comparant avec
les effetds d’autres charges utilisées comme les argiles naturelles commerciales, qui
sont elle pour la plus part de tailles microniques. Les objectifs sont atteints et
comme le travail de cette thése est basée sur 4 études menées en paralléle, les

conclusions seront divisées en quatre parties pour faciliter la lecture a savoir 1) les
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nanocomposites de DPU obtenus avec trois talcs synthétiques différents par

mélange physique, 2) les nanocomposites fluorescents a base de polyuréthane

obtenus par mélange physique, 3) les nanocomposites ternaires de talcs

synthétiques mélangés a une argile commerciale par polymérisation in situ, et 4) les

nanocomposites de DPU utilisant des talc synthétigues comme charge et catalyseur

obtenus par polymérisation in situ.

1)

2)

Les résultats ont montré gu'il est possible d'obtenir des nanocomposites
de DPU par mélange physique en utilisant du talc synthétique comme charge,
produisant des matériaux ayant un faible impact sur l'environnement. La
surface spécifique des talcs synthétiques a influencé les propriétés finales des
nanocomposites de DPU. Les analyses par XRD, TEM MEB-FEG et AFM ont
montré que les talcs synthétiques présentaient une bonne dispersion dans la
matrice polymére. Les résultats des modules de stockage et de perte ont
montré une bonne incorporation des talcs synthétiques dans la matrice de
DPU. La compatibilité des talcs synthétiques sous forme nano-gel avec les
DPU est liée a linteraction entre le polymere de charge a travers le milieu
aqueuy, via la liaison hydrogene. L'augmentation des propriétés mécaniques
des nanocomposites est liée a la bonne dispersion des talcs synthétiques et a
l'interaction charge / polymeére. De plus, les conditions de synthése distinctes
du talc synthétique donnant lieu a différentes surfaces spécifiques constituent
une plate-forme intéressante pour obtenir des nanocomposites de DPU avec
une large gamme de propriétés mécaniques et thermiques possibles.

De nouveaux nanocomposites de polyuréthane fluorescents ont été
obtenus par incorporation de talcs naturels et synthétiques par mélange
physique. Les résultats ont démontré que les particules de talc étaient bien
dispersées dans la matrice de polyuréthane, méme en quantités plus
importantes, ce qui peut étre lié a linteraction entre les groupes OH
disponibles des talcs synthétiques avec les chaines du polyuréthane. Les
propriétés thermiques et mécaniques des nanocomposites ont augmentée
lorsque des fluorescents synthétiques et naturels ont été ajoutés a du PU pur.
Cependant, c’est avec les talcs synthétiques que les meilleures propriétés de
fluorescence des nanocomposites ont été obtenues. La présence de l'agent
fluorescent dispersé a la surface de la charge de talc évitant I'agglomération

des molécules fluorescentes est le principal différentiel de ces nouveaux
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nanocomposites fluorescents a base de polyuréthane, car I'agglomération se
produit naturellement lorsque le polymére mélangé a la berbiérine pure est
obtenu. La berbérine n'est pas le meilleur agent fluorescent, mais les résultats
suggerent que le concept peut étre facilement appliqué a d'autres colorants
fluorescents ou électroluminescents, ouvrant de nouvelles voies pour les
matériaux thermiques et mécaniques. Enfin, la forte adsorption de la
berbiérine sur le talc suggere que de nombreuses molécules biologiquement
actives insolubles dans I'eau devraient se comporter de la méme maniére.

Des nanocomposites ternaires ont été préparés par polymérisation in situ
en utilisant des talcs synthétiques distincts (SSMMP 7h et 24h) et une argile
commerciale (SPR), prouvant qu’il est possible d’obtenir des matériaux avec
ce mélange de charges. Les résultats des analyses (DRX et FTIR), ainsi que
des tests morphologiques (TEM, SEM et AFM), ont montré que les charges
étaient bien dispersées /exfoliées dans la matrice polymere, en obtenant des
nanocomposites PU/SSMMP/SPR avec des propriétés thermiques et
mécaniques supérieures. Ce mélange de charges dans une matrice de
polyuréthane permet d'obtenir des matériaux capables de remplir des
fonctions nécessitant des performances thermiques et mécaniques élevées.
Ces résultats corroborent des études antérieures démontrant que les talcs
synthétiques sont intéressants pour le développement de matériaux ayant des
propriétés différentes, et peuvent également étre combinés avec d'autres
charges.

De nouveaux nanocomposites de polyuréthane a base d'eau ont été
synthétisés a l'aide de talc synthétigue sous forme de gel et de poudre en tant
que catalyseur et en tant que charge par polymérisation in situ. Les résultats
FTIR ont prouvé qu'il était possible de produire des nanocomposites DPU /
talc synthétique sans ajouter le catalyseur commercial. De plus, en FTIR des
liaisons hydrogene entre charge / polymeére ont été mis en évidence. Les
résultats des analyses DRX, TEM, MEB-FEG et AFM ont montré que les talcs
synthétiques étaient bien dispersés dans les dispersions aqueuses de
polyuréthanes. Les nanocomposites ont montré une augmentation de la
stabilité thermique par rapport a la DPU pure. La bonne dispersion des
charges a affecté la température de transition vitreuse des nanocomposites,

comme I'a montré I'analyse DSC. L’augmentation des propriétés mécaniques
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peut étre liée aux liaisons hydrogene entre charge / polymeére et a une bonne
dispersion du talc synthétiqgue. Ces travaux ont montré qu'il était possible

d'utiliser du talc synthétique comme catalyseur et charge pour produire des

nanocomposites de DPU présentant les propriétés voulues.

Ainsi, il a été possible de répondre a la quasi-totalité des questions induites
par l'insertion de charges nanométriques dans des matrices PU. De nouvelles
fonctionnalités sont apparues (fluorescence, catalysuer), de nouveaux champs
d’investigation ont été ouverts en mélangeant des argiles naturelles (peu chéres 10
euros la tonne) avec des charges synthétigues chéres (10 euros le kilogramme),
...Les talcs synthétiques constituent une nouvelle plate-forme permettant d’obtenir
des matériaux dotés de fonctionnalités et d’applications différentes, dans lesquels il
était possible de faconner les méthodologies et les processus afin d’obtenir des
propriétés différenciées pouvant répondre aux différentes demandes du secteur.

Les prospectives de travail sont nombreuses et sans dévoiler les travaux en
cours qui sont sous le sceau de de la confidentialité, il est évident pour 'homme de
I'art, que les grandes surfaces spécifiques de ces nanocharges sont un régal pour
les phénoménes de sorption, d’absorption, d’absorption, de greffage, ... de
molécules variées comme par exemple CO2, molécules photoluminescentes,
nanominéraux magnetiques, .... pouvant s’'insérer dans des polymeres, polymeéres
fabriqués en respectant les normes environnementales, ce qui est une trés grande

avancée réalisée dans cette thése.
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