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EESUMEN.

“Utilizacion de aceite de semilla de algodon como materia base
renovable para la optimizacion de formulaciones de polimeros

de alto rendimiento medioambiental”

En la tltima década se ha producido un cambio social de gran relevancia en el
ambito del medio ambiente. Nuestra sociedad es cada vez mas consciente del concepto
de desarrollo sostenible. Aspectos como la economia circular estdn adquiriendo gran
importancia y ello implica un uso adecuado de los recursos naturales y de los residuos

que se generan en diversas actividades empresariales.

La industria del algodén siempre ha tenido como producto principal la fibra de
algoddn; no obstante, la planta del algodon también incluye el tallo y las semillas. Parte
de las semillas se emplean para re-siembra, pero el resto da lugar a un subproducto de
grandes volimenes que se emplea como complemento alimenticio para animales. La
semilla de algodon es rica en acidos grasos insaturados, proteinas y componentes
lignocelulosicos. Si bien es posible obtener aceite de semilla de algodon para uso
alimenticio, los procesos de refino son complejos y caros y, dado que el principal
producto de la industria algodonera es la fibra, los cultivos de esta planta no estan sujetos
a las restrictivas reglamentaciones de otros cultivos utilizados, principalmente, en

alimentacion.

Esta tesis doctoral explora las posibilidades de las semillas de algodén como
material base para la obtencion de polimeros y aditivos de polimeros para el desarrollo

de formulaciones de plasticos mas respetuosas con el medio ambiente.

En la presente tesis doctoral se exploran diversas posibilidades de modificacion
del aceite de semilla de algodén para la obtencién de resinas termoestables, aditivos
plastificantes para polimeros termoplasticos, agentes compatibilizantes y harinas de

refuerzo para compuestos.

Dado el perfil lipidico del aceite de semilla de algodén, con alto contenido en
acidos grasos monoinsaturados y poliinsaturados, es posible llevar a cabo diversas

modificaciones quimicas. Se ha trabajado en el proceso de epoxidaciéon con el empleo de



peroxoacidos generados in situ y se ha procedido a optimizar los parametros de dicho
proceso con el fin de obtener el mayor rendimiento de epoxidaciéon. Estos aceites
epoxidados se han utilizado como resinas termoestables (resinas con funcionalidad de
tipo epoxi) y como plastificantes en diversos polimeros como el poli(cloruro de vinilo)
(PVC) y el acido poli(lactico) (PLA).

Otro de los procesos de modificaciéon que se ha desarrollado y optimizado es la
maleinizacion del aceite de semilla de algodon en presencia de anhidrido maleico. Una
vez obtenidos estos aceites modificados, se ha validado su uso en formulaciones de
polimeros de alto rendimiento medioambiental, tanto en formato pieza como en formato

film o pelicula.

Finalmente, con el fin de llevar a cabo un maximo aprovechamiento de la semilla
de algodon, se ha trabajado en el desarrollo de compuestos con base de acido poli(lactico)
y refuerzos/rellenos de harina de semilla de algodéon, con el empleo de agentes

compatibilizantes derivados del aceite de semilla de algodén.

Con esta tesis doctoral, se abren nuevas posibilidades dirigidas hacia la
revalorizacion de un subproducto de la industria algodonera a través de la extraccion y
modificacion quimica de los aceites de la semilla y aprovechamiento de los residuos de
la extraccion como rellenos o refuerzos en compuestos que imitan la madera. De esta
manera, a la vez que se ofrece una solucion a la gran cantidad de residuos de semilla de
algodon a nivel mundial, se valida la utilidad de los diferentes materiales derivados de la
semilla de algodon en la obtencion de formulaciones de plasticos industriales de alto

rendimiento medioambiental.



EESUM.

“yUtilitzacié d’oli de llavor de cotdé com a materia base renovable
per a loptimitzaciéo de formulacions de polimers d’alt

rendiment mediambiental”

En I'iltima decada s’ha produit un canvi social de gran rellevancia en ’ambit del
medi ambient. La nostra societat és, cada vegada, més conscient del concepte de
desenvolupament sostenible. Aspectes com ara 'economia circular estan adquirint gran
importancia i aixd implica un Gs adequat dels recursos naturals i dels residus que es

generen en diverses activitats empresarials.

La industria del cot6 sempre ha tingut com a producte principal la fibra de coto;
no obstant aixo, la planta de cot6 també inclou la tija i les llavors. Part de les llavors
s’utilitzen en el procés de sembra, pero la resta constitueix un subproducte de gran volum
que s’utilitza com a complement alimentari per a animals. La llavor de cot6 és rica en
acids grassos saturats, proteines i components lignocel-lulosics. Si bé és cert que es pot
obtenir oli de llavor de cot6 per a us alimentari, els processos de refinament son
complexes i cars i, donat que el principal producte de la industria del coto6 és la fibra, els
cultius d’aquesta planta no estan subjectes a les restrictives reglamentacions d’altres

cultius utilitzats, principalment, en alimentacio.

Aquesta tesi doctoral explora les possibilitats de les llavors de coté com a material
base per a l'obtencié de polimers i additius de polimers per al desenvolupament de

formulacions de plastics més respectuoses amb el medi ambient.

En la present tesi doctoral, s’exploren diverses possibilitats de modificacié de I'oli
de la llavor de cotd per a 'obtenci6 de resines termoestables, additius plastificants per a

polimers termoplastics, agents compatibilitzants i farines de reforc per a compostos.

Donat el perfil lipidic de I'oli de llavor de cot6, amb un alt contingut d’acids
grassos mono insaturats i poli insaturats, és possible dur a terme diferents modificacions
quimiques. S’ha treballat en el procés d’epoxidacié amb la utilitzacié de peroxoacids
generats in situ i s’ha procedit a optimitzar els parametres de ’esmentat procés amb la

finalitat d’obtenir el major rendiment d’epoxidaci6. Aquests olis epoxidats s’han utilitzat



com a resines termoestables (resines amb funcionalitat de tipus epoxi) i com a
plastificants en diversos polimers com ara el poli(clorur de vinil) (PVC) i I’acid poli(lactic)
(PLA).

Altre procés de modificacié que s’ha desenvolupat i optimitzat és la maleinitzacio
de I'oli de llavor de cotd en presencia d’anhidrid maleic. Una vegada obtinguts aquests
olis modificats, s’ha validat el seu s en formulacions de polimers d’alt rendiment

mediambiental, tant en forma de peces com en format de film o pel-licula.

Finalment, amb la finalitat d’aprofitar al maxim la llavor de cotd, s’ha treballat en
el desenvolupament de compostos amb base acid poli(lactic) i refor¢os/carregues de
farina de llavor de cot6, amb la utilitzacié d’agents compatibilitzants derivats de 1'oli de

llavor de cotd.

Amb aquesta tesi doctoral, s’obrin noves possibilitats dirigides cap a la
revaloritzaci6 d’'un subproducte de la industria del coté mitjancant de l'extracci6 i
modificacié quimica dels olis de llavor i aprofitament dels residus de 'extraccié com a
carregues o reforcos en compostos que imiten la fusta. D’aquesta manera, al mateix
temps que s’ofereix una solucio a la gran quantitat de residus de llavors de cot6 a nivell
mundial, es valida la utilitat dels diferents materials derivats de la llavor de cot6 en

I'obtencid de formulacions de plastics industrials d’alt rendiment mediambiental.



UMMARY.

“Use of cottonseed oil as renewable base material for the
optimization of high environmentally friendly polymer

formulations”

In the last decade a social change of great relevance in the field of environment
has been detected. Our society is increasingly aware of the concept of sustainable
development. Some topics such as the circular economy are gaining great importance
and this implies a proper use of natural resources and an appropriate waste

management.

The main product of the cotton industry has been traditionally the cotton fiber;
However, the cotton plant also includes the stem and seeds. Part of the seeds are used
for re-seeding, but the rest results in a by-product of large volumes which is used as a
food supplement for animals. The cottonseed contains high amounts of unsaturated fatty
acids, proteins and lignocellulosic components. While it is possible to obtain oil from
cottonseed for alimentary use, the refining processes are complex and expensive, and
since the main product of the cotton industry is fiber, the crops of this plant are not
subjected to the restrictive regulations of other crops whose main market is food

industry.

This doctoral thesis explores the possibilities of cottonseed as a base renewable
material for obtaining polymers and polymer additives for the development industrial of

formulations more respectful with the environment.

In the present thesis different possibilities of modification of cottonseed oil are
explored with the aim of obtaining thermosetting resins, plasticizer additives for
thermoplastics polymers, compatibilizers agents and flours/powder for reinforcement in

composites.

Given the lipid profile of cottonseed oil, with high content of monounsaturated
and polyunsaturated fatty acids, it is possible to carry out different chemical
modifications. One of these processes is epoxidation using peroxy acids generated in-situ

which has been optimized in terms of process parameters in order to obtain the best



epoxidation yielding. These epoxidized oils have been used as thermosetting resins
(resins with epoxy type functionality) and as plasticizers in several polymers such as
poly(vinyl chloride) (PVC) and poly (lactic acid) (PLA).

Another chemical modification of cottonseed oil developed and optimized in this
thesis is maleinization in the presence of maleic anhydride. Once obtained these
modified oils, it has been validated their potential use in polymer formulations

characterized by high environmental efficiency, both in format piece format and film.

Finally, with the aim of maximizing the use of cottonseed, poly(lactic acid)
composites with cottonseed oil wastes (in the form of powder or flour) have been

manufactured and compatibilized with modified vegetable oils derived from cottonseed.

With this doctoral thesis, new opportunities focused on upgrading of a by-product
of the cotton industry have been proposed, through the extraction and chemical
modification of the seed oil and by using the wastes obtained from the oil extraction as
fillers or reinforcements in wood like composites. Therefore, this thesis provides solution
to two important problems: on one hand, it gives a solution to the large amounts of
generated waste coming from the cottonseed industry worldwide and, on the other hand,
new environmentally friendly materials can be obtained by using cottonseed-derived

materials, mainly modified oils and particle fillers.
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I. Introduccién.

I.1. ACEITES VEGETALES EN INGENIERIA.

Durante los altimos anos la presencia de los aceites vegetales se ha incrementado
en la elaboracion de productos alimentarios, cosméticos, médicos, farmacéuticos y en la
fabricacion de biocombustibles [1-5]. Los aceites vegetales se obtienen principalmente
mediante la extraccion mecanica o el prensado de algunas partes de las plantas entre las
cuales destacan, especialmente, las semillas. Con el objetivo de incrementar y favorecer
un mayor rendimiento de extracciéon de aceite también se recurre al uso de disolventes
como el hexano [6]. En el caso del aceite de linaza la extracciéon ha sido llevada
principalmente a cabo mediante disolvente y extraccion mecéanica, logrando una

composiciéon quimica similar del aceite con el empleo de ambos métodos [7].

Los aceites vegetales estan constituidos por esteres de acidos grasos saturados o
insaturados. Los acidos grasos mas comunes son el palmitico, oleico, linoleico, linolénico
y estearico. Algunos aceites como el de maiz, girasol o soja con altos contenidos en acidos
grasos poliinsaturados (linoleico y linolénico) o como el de oliva y canola, con acidos
grasos monoinsaturados (oleico), son preferibles para el consumo humano frente a las
grasas. Estos acidos grasos favorecen la disminucién del colesterol LDL, manteniendo la
salud cardiovascular y por lo tanto demostrando sus efectos beneficiosos sobre la salud.
Sin embargo, aceites como el de coco y palma, que son ricos en grasas saturadas

(palmitico y estearico), incrementan el riesgo de enfermedades cardiovasculares [8].

Solamente algunos de estos aceites vegetales resultan pues totalmente
recomendables para el consumo humano. Es el caso del polémico aceite de palma
omnipresente en muchos de los productos alimenticios que consumimos en la actualidad
y cuya plantacion se encuentra detras de la deforestacion masiva de amplias zonas
selvaticas tropicales y habitats naturales situados especialmente en Asia [9, 10]. La
utilizacion de los aceites vegetales ha generado, por tanto, un gran impacto mediatico
entre los consumidores mientras los investigadores buscan dar salidas alternativas tanto
a estos aceites como a los excedentes generados en su produccion. Resultado de esta
controversia ha sido la utilizacion de estos aceites vegetales en otros sectores como el
industrial, en el cual los aceites vegetales se llevan manipulando desde finales del siglo

XIX como bien atestigua la empresa Tarkett en la produccion de una gran variedad de
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suelos donde destaca su producto linoleum como uno de los suelos mas sostenibles y

naturales del mercado.

Atendiendo a los datos de la Figura I.1.1, la produccion mundial de aceites
vegetales esta encabezada por el de palma que, con un 29,9 %, representa casi un tercio
de la produccion global total. Por orden le siguen el aceite de soja, colza, girasol, coco y

semilla de palma.

- Aceite de palma
- Aceite de soja
- Aceite de colza
- Aceite de girasol

| Aceite semilla palma y coco 7 39
I otros aceites 13% =7 54%

22,6% 2.1%

29,9%

Figura I.1.1. Representacion grafica de los niveles de producciéon mundial de los
principales aceites. Adaptado de [11].

Ahondando en la cuestion, en la Figura 1.1.2 se analizan las principales areas
mundiales productoras de aceites y grasas, entre los que se incluyen los de origen vegetal
(aceite de soja, girasol, colza, maiz y el fruto de la palma) y los de origen animal. Llama
especialmente la atencidn el caso de paises asiaticos como Indonesia donde la palma ha
dejado de ser un mero producto de subsistencia de las poblaciones locales para
convertirse, en las ultimas décadas, en un producto muy explotado ante la ingente
demanda de su aceite por los paises desarrollados occidentales; paises que aprovechan
los bajos costes de este producto y la rapidez de crecimiento de esta planta. La gran
demanda también ha acentuado el cultivo de la palma ilegal con tan solo un 20 % de las

plantaciones permitidas y reguladas por el ministerio de silvicultura [9].
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Figura I.1.2. Grafico comparativo de los principales paises productores de aceites y
grasas. Adaptado de [12].

En referencia al aceite de palma, si bien Indonesia se postula como el mayor
productor en volumen, analizando los valores de extracciéon de aceite por hectarea,
Malasia es mas eficiente [13]. En la Tabla I.1.1 se observa la produccion de aceites
vegetales donde el aceite de palma con sus cifras corrobora los resultados mencionados

anteriormente en la Figura I.1.1.
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Tabla I.1.1. Produccién mundial de aceites vegetales a partir de plantas oleaginosas.
Adaptado de Tabio Garcia [6].

Indice de yodo (g de

Aceite Produccion (1 hat afio?) 1/100 g de aceite)
Palma aceitera 5550 5-50

Coco 2510 -

Jatropha curcas 1590 50 - 100

Ricino 1320 161

Moringa oleifera 1000-1700 60 - 70

Colza * 1100 50 — 100

Mani 990 -—-

Girasol 890 100 - 150

Soja 420 100 - 150

* Indice de yodo aceite de colza por extraccién en prensa 122,9.
* Indice de yodo aceite de colza por extraccién con disolvente 97,9.

I.1.1. Estructura.

Los aceites vegetales y las grasas estian principalmente constituidos por
triglicéridos, localizandose en la mayoria de los aceites en torno al 95 % y solamente un
5 % de acidos grasos libres [6]. Los aceites son compuestos estables, pero con el tiempo
se deterioran quimicamente debido a su oxidacion o hidroélisis. Estas alteraciones reciben

el nombre de rancidez o enranciamiento y afectan al sabor de los aceites.

Los triglicéridos estan formados por tres adcidos grasos y se mantienen anclados
por una molécula de glicerol, tal y como se observa en la Figura 1.1.3. El glicerol es un

alcohol con tres grupos hidroxilos (-OH) presente en todos los aceites y grasas.

Figura 1.1.3. Representacién esquematica de la estructura quimica de triglicérido
formado por el anclaje de tres acidos grasos a una estructura basica de glilcerol.
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Los acidos grasos presentes en la naturaleza constan de un solo grupo carboxilo
en el extremo de una cadena lineal y contienen, habitualmente, un namero par de 4tomos
de carbono (C), dado que las cadenas se forman en unidades C-C [15]. Estos pueden ser
saturados o insaturados dependiendo del tipo de enlace entre carbono — carbono. A su
vez los acidos insaturados se dividen en 4&cidos grasos monoinsaturados y
poliinsaturados. A mayor ntimero de dobles enlaces, mas insaturados y reactivos son los
dobles enlaces. Por lo tanto, los 4cidos grasos insaturados poseen dobles enlaces carbono
— carbono mientras que los acidos grasos saturados poseen enlaces simples entre
carbono — carbono (Tabla I.1.2). En esta tabla se observa como los acidos grasos de
algunos aceites contienen entre 0 y 3 dobles enlaces C=C y una longitud entre 14 y 24

4tomos de carbono.

Tabla I.1.2. Distribucion de acidos grasos en varios aceites vegetales, adaptado de
Khot S. N., 2001 [16].

Acidograso C:DE®  Canola Maiz Algodén Linaza Oliva Palma Colza Soja

Miristico 14:0 0,1 0,1 0,7 0,0 0,0 1,0 0,1 0,1
Miristoleico 14:1 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0
Palmitico 16:0 4,1 10,9 21,6 5,5 13,7 44,4 3,0 11,0
Palmitoleico 16:1 0,3 0,2 0,6 0,0 1,2 0,2 0,2 0,1
Margéarico 17:0 0,1 0,1 0,1 0,0 0,0 0,1 0,0 0,0
Margaroleico 17:1 0,0 0,0 0,1 0,0 0,0 0,0 0,0 0,0
Estearico 18:0 1,8 2,0 2,6 3,5 2,5 4,1 1,0 4,0
Oleico 18:1 60,9 25,4 18,6 19,1 71,1 39,3 13,2 23,4
Linoleico 18:2 21,0 59,6 54,4 15,3 10,0 10,0 13,2 53,2
Linolénico 18:3 8,8 1,2 0,7 56,6 0,6 0,4 9,0 7,8
Araquidico 20:0 0,7 0,4 0,3 0,0 0,9 0,3 0,5 0,3
Gadoleico 20:1 1,0 0,0 0,0 0,0 0,0 0,0 9,0 0,0
Eicosadienoico 20:0 0,0 0,0 0,0 0,0 0,0 0,0 0,7 0,0
Behénico 22:0 0,3 0,1 0,2 0,0 0,0 0,1 0,5 0,1
Ertacico 22:1 0,7 0,0 0,0 0,0 0,0 0,0 49,2 0,0
Lignocérico 24:0 0,2 0,0 0,0 0,0 0,0 0,0 1,2 0,0
biEelia DS 3,9 45 3,9 6,6 28 18 3,8 46
/triglicérido

(a) Numero de Carbono (C): Numero de dobles enlaces (DE)

En la Figura I.1.4 se muestra la estructura quimica de algunos de estos acidos

grasos.
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Figura 1.1.4. Representacion esquematica de la estructura Quimica de diversos
acidos grasos saturados (miristico, palmitico, margarico, estearico, araaquidico),
monoinsaturados (miristoleico, palmitoleico, oleico) y poliinsaturados (linoleico,

linolénico).
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I1.1.2. Propiedades.

Los aceites vegetales de por si son poco reactivos ya que los sitios activos estan
aislados en su mayoria. No obstante, a través de modificaciones quimicas se pueden
alterar sus grupos reactivos y por lo tanto representan una interesante alternativa frente

a los productos obtenidos a partir del petroleo [17].

Aunque la mayoria de los triglicéridos contienen insaturaciones, son pocos los
que contienen otro tipo de grupos y por consiguiente no son atractivos para sectores
industriales. Por lo tanto, los aceites con un mayor nimero de insaturaciones o dobles
enlaces son los més propicios para su modificacion. El nimero de dobles enlaces se
puede conocer mediante la caracterizacion del indice de yodo. Esta caracterizacion nos
indica el nimero de insaturaciones de los acidos grasos [18], siendo el valor de o para los
aceites totalmente saturados. En la Tabla I.1.1 se observan los valores del indice de yodo
de algunos aceites, destacando el de soja y girasol con elevados valores. Resulta curioso
el caso del aceite de palma, el cual presenta una alta saturacion. Pese a ello, ha sido
empleado con éxito en gran variedad de aplicaciones industriales como jabones,

detergentes, lubricantes e incluso en la elaboracion de poliuretanos [19].

El indice de yodo también puede emplearse como un parametro de control de la
calidad del aceite durante su almacenaje. Una disminucién del indice es atribuida a la
destruccion de los dobles enlaces de los 4cidos grasos insaturados por el ataque de

radicales libres [20].

Para incrementar su viabilidad fuera de sectores como el de la alimentacion o
cosmética es necesario modificar su estructura quimica mediante procesos de

epoxidacion, acrilacion, maleinizacion e hidroxilacion.
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I Epoxidaci(')n.

Durante los dltimos afos, se han obtenido aceites vegetales epoxidados mediante
diferentes procesos de epoxidacion, siendo los mas utilizados el aceite de soja con una
producciéon de 200000 t afio* [21] y el aceite de linaza. Desde el punto de vista del indice
de yodo, el aceite de soja y linaza se presentan como excelentes candidatos por sus
elevados valores comprendidos entre 130 y 175 respectivamente. A nivel industrial,
empresas como tarkett emplean entre sus formulaciones el aceite de lino para la
elaboracion de suelos, apostando por su producto y abarcando una gran parte del
mercado. No obstante, también se ha encontrado en bibliografia informacién sobre el
uso de otros tipos de aceites epoxidados como el aceite de pescado [22], maiz [23], ricino
[24, 25], neem [26], girasol [27, 28], jatropha curcas [29] e incluso el de palma a pesar
de poseer en torno a un 50% de acidos grasos saturados entre los cuales destaca el

palmitico y esteérico [30].

Existen varias tecnologias para realizar la epoxidacidon, entre las que

destacaremos:
a) Epoxidacion con peroxidos organicos e inorganicos.
b) Epoxidacion con acidos percarboxilicos.
c¢) Epoxidacion con halohidrinas.

d) Epoxidacion con oxigeno molecular.

El rendimiento de un aceite vegetal durante el proceso de epoxidacion esta
directamente relacionado con el indice de yodo o el contenido de acidos grasos
insaturados que pueden ser convertidos en anillos oxiranos. La epoxidacién de un acido
graso insaturado (doble enlace carbono carbono) presente en el triglicérido con la
reaccion de oxigeno activo, da como resultado la adicion de un atomo de oxigeno, el cual

convierte el doble enlace original en un anillo epéxido (oxirano) (Figura I.1.5) [26].
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aceite vegetal (VO)/triglicérido
getal (VO)/trig H OOOH

aceite vegetal epoxidado (EVO)

Figura I.1.5. Representacién esquematica del proceso de epoxidacion con la
incorporacién de peroxido de hidrégeno y acido acético para la generacion de acido
peroxoacético in situ en presencia de medio acido.

La epoxidacion de aceites vegetales a escala industrial se puede llevar a cabo
mediante la reaccion de Prilezhaev [31]. Durante la reaccion, el acido graso insaturado
reacciona con el acido percarboxilico obtenido previamente in situ. Por seguridad y para
evitar mezclas explosivas, se recomienda obtenerlo en situ mediante la reaccion del acido
acético o formico [32, 33] con peroxido de hidrogeno, en presencia de un acido mineral
como el sulfarico. En cuanto al uso de 4acido férmico o acético, tanto por economia como
seguridad, se recomienda el uso del 4cido acético [34, 35]. En bibliografia también se ha
encontrado el uso de otros catalizadores como el 4cido fosforico durante la epoxidacion

del aceite de ricino [25] y el uso de Amberlite IR 120H para epoxidar aceite de maiz [23].

A causa de su elevado rendimiento catalitico y su bajo coste, se esta utilizando
como catalizador acido sulftirico a nivel industrial. Por otra parte, los niveles de
conversion en grupos epéxidos son muy aceptables, sin utilizar catalizadores metélicos o

disolventes que dificultaran la posterior separaciéon una vez epoxidado el aceite [36].
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Como aplicaciones de los aceites epoxidados han sido numerosas las
investigaciones realizadas hasta el momento y diversos autores han publicado sus
trabajos. Pese a que se ha trabajado a nivel experimental con aceites epoxidados de
girasol [37], semilla de algod6n [38] y palma [39], a nivel industrial y disponible en el
mercado se encuentra aceite epoxidado de linaza (ELO) [40] y soja (ESBO) [41, 42] con
la nomenclatura de Vikoflex 7190 y Vikoflex 7170 respectivamente [43]. Si hablamos de
las aplicaciones de los aceites epoxidados destaca su empleo como plastificante de PVC
en la realizacion de plastisoles [44, 45]; como plastificante de polimeros principalmente
de origen bio y biodegradable como el PLA [30, 42, 46] asi como en la realizacion de
materiales termoestables [38] e incluso como compatibilizante de mezclas de distintos

polimeros [47].

I Acrilacién.

De igual manera que la epoxidacion, la acrilacion es necesaria para incrementar
la reactividad de los aceites vegetales. La acrilacion presenta, no obstante, el
inconveniente de requerir normalmente de dos etapas, siendo necesario primeramente
la epoxidacion del aceite y posteriormente la operacion de acrilacion. Este incremento de
medios también se ve favorecido con el logro de un aceite con grupos oxiranos derivados
de la epoxidacion y acrilatos adquiridos durante la segunda etapa. A nivel industrial, se

comercializa el aceite de soja epoxidado-acrilado (AESO) bajo el nombre de Ebecryl 860

[43].

Durante el proceso de acrilacion la estructura acrilica es generalmente
introducida a través de la apertura de los anillos oxiranos de grupos epoxis logrados
previamente durante el proceso de epoxidacion (Figura 1.1.6) [17] aunque también se
puede lograr acrilar un aceite en una sola etapa mediante la adicidn catalitica por acido

de Lewis [48] o reaccion de Ritter [49].
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Figura I.1.6. Representacion esquematica del proceso de acrilacién en dos etapas.

I Maleinizacién.

La acrilacion presenta, no obstante, el i Al igual que la epoxidacion, el proceso de

maleinizacion normalmente se lleva a cabo durante una tinica etapa. En cuanto a los

aceites maleinizados y disponibles en el mercado se pueden encontrar de soja [50, 51] y

linaza [52]. También se ha encontrado en bibliografia informacion sobre el uso de aceites

maleinizados como el de semilla de caucho [53], tung [54] y ricino [55].
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Figura I.1.7. Representacion esquematica del proceso de maleinizacién de un aceite
vegetal mediante reacciéon con anhidrido maleico a elevada temperatura.

La maleinizacion se realiza principalmente mediante la adicion de anhidrido
maleico e incorporaciones escalonadas de acido maleico a temperaturas cercanas a los
200 °C durante un espacio de tiempo de 3 horas. La cantidad de 4cido maleico requerida
se calcula a partir del nimero de dobles enlaces obtenidos durante el anélisis del perfil

lipidico del aceite [52]. Aunque otros autores, con un método similar, emplearon otras
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temperaturas para lograr maleinizar el aceite de ricino, siendo la maxima temperatura
de 130 °C [55]. No obstante, en bibliografia se pueden consultar métodos mucho mas
rapidos como el estudiado por Chengguo et al. que logran maleinizar el aceite de Tung
tan solo en 4 minutos y sin la utilizacién de ningtn iniciador, catalizador o disolvente,
usando un sintetizador de microondas. Al comparar el calentamiento por microondas
con el calentamiento convencional se observan ventajas como mayores rendimientos y
tiempos mas cortos. El aceite de tung reacciond con el anhidrido maleico a través de la

copolimerizacion de radicales libres y la reaccion de Diels-Alder [54].

Durante la maleinizacion de los aceites se lleva a cabo el mecanismo de reaccion

« ” .z 4. . .
eno”. Esta reaccion quimica producida a elevadas temperaturas, por encima de los 200
°C, sucede en la posicion alilico del 4cido graso con la adicion de un grupo de anhidrido
[56]. Luego, el nimero de dobles enlaces, calculado mediante el indice de yodo juega un
importante papel en el proceso de maleinizaciéon. Aunque el naimero de dobles enlaces es
importante conocerlo antes de realizar la maleinizacién, durante el proceso de
maleinizado no es recomendado calcularlo, ya que durante la maleinizacion la adicion de

anhidrido maleico no permite ver la disminucién de los dobles enlaces.

Por otro lado, el valor del indice de acidez, el cual indica los miligramos de KOH
necesarios para neutralizar los acidos grasos libres en el aceite, es el indicativo de la
maleinizacion de los aceites. Como ejemplo de aceite comercializado a nivel industrial la
empresa Vandeputte dispone de aceite de semilla de linaza maleinizado (MLO) y aceite
de soja maleinizado (MSO) al precio de 1,5 € kg y un minimo de 150 Kg por lote (datos
adquiridos en el afio 2015). Como valor del indice de acidez se dispone el del MLO con

un valor proporcionado por Vandeputte de 120 mg KOH g.

Entre las principales aplicaciones de los aceites maleinizados, si bien en
bibliografia no se encuentran tantas publicaciones como en el caso de los aceites
epoxidados, existen algunas aplicaciones. Ferri et al. introdujeron aceite de semilla
maleinizado como plastificante de PLA logrando mejorar su ductilidad [57]. A.L
Aigbodion et al. lograron valores de acidez de 75,81 mg KOH g™ con aceite de semilla de

caucho maleinizado y lo usaron como aglutinante en recubrimientos a base de agua [53].

Tesis doctoral — Alfredo Carbonell Verda 51



I. Introduccion.

I Hidroxilacién.

La hidroxilacion del aceite es una modificaciéon llevada a cabo en dos etapas.
Primeramente, es necesario epoxidar el aceite para posteriormente llevar a cabo la
hidroxilaciéon. Diferentes publicaciones se pueden encontrar al realizar una revision
bibliografica sobre los aceites epoxidados e hidroxilados. Tanto el aceite de ricino
epoxidado [25], aceite de soja epoxidado [26, 58] como el aceite del arbol Balanites

roxburghii [59] fueron hidroxilados con la incorporaciéon de hidroxido de sodio (NaOH).

Durante las reacciones de hidroxilacién anteriormente citadas, muchas de ellas
utilizan unas condiciones similares. Si destacamos el trabajo llevado a cabo por Xujuan
et al. a partir del aceite de ricino epoxidado incorporando solucién de NaOH y a una
temperatura de 100 °C con agitacion durante 12 horas [25]. También es possible obtener
el correspondiente aceite hidroxilado a partir del correspondiente aceite epoxidado

mediante reaccion con alcoholes organicos en medio acido (Figura 1.1.8).

4] 8]

aceite vegetal epoxidado (EVO)

H' R-OH

OH o]

R-O R/“j‘/\/\/\/\/\/\/\/\/

OH O-R o

R-O OH

aceite vegetal hidroxilado (HVO)

Figura I1.1.8. Representacion esquematica del proceso de hidroxilaciéon de un aceite
vegetal epoxidado (EVO) mediante reacciéon con un alcohol orgdnico, en medio
acido.
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1.2. ACEITE DE SEMILLA DE ALGODON (CSO).

El algoddn es una planta de la familia de las malvaceas. Esta planta contiene las
semillas de algodon en su interior con una cobertura rodeada por fibras ricas en celulosa,
siendo el principal recurso empleado de la planta conocida como Gossypium. Por lo
tanto, el aceite de semilla de algodon es considerado como un subproducto de la industria
algodonera donde el principal producto es la fibra de algodon. El aceite de semilla de
algodon, al igual que la mayoria de los destinados al sector alimenticio, se extrae
mediante procesos mecéanicos de prensado en frio. No obstante, existen otros métodos
de extraccion del aceite mediante el uso de disolventes. Aunque el aceite de semilla de
algoddn puede ser considerado como un aceite comestible usado en muchos productos
existe cierta controversia sobre sus efectos para la salud por la presencia de componentes

como el gosipol [60].

OH

HO.
OH

OH
HO @)

Figura 1.2.1. Representacion esquematica de la estructura quimica del gosipol,
polifenol de gran presencia en la semilla de algodon.

El polifenol (conocido como gosipol) (Figura I.2.1) es una sustancia toxica que
se encuentra presente en todas las partes de la planta lo cual queda patente al utilizar las
semillas donde el gosipol se halla en cantidades comprendidas entre el 0,3 y 20 g kg.
Dicha sustancia actiia como un plaguicida eficaz disuasivo de los insectos y se reconoce
durante la extraccion del aceite por la tonalidad rojiza que le confiere. Cabe destacar la
posibilidad de dotar al aceite de la caracteristica tonalidad amarillenta mediante un

proceso de desacidificacion [61]. La desacidificacion o neutralizacion del aceite tiene
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como objetivo ademas de otorgarle el color amarillento, extraer los acidos libres
contenidos en el aceite mediante procedimientos fisicos sin modificar la estructura
gliceridica inicial. El contenido de acidos libres y su calidad depende de las condiciones
de humedad a las que sea sometida la planta tras pasar el periodo de madurez, favorecida

por un clima seco.

La semilla de algod6n es utilizada como alimento en las vacas lecheras por sus
altas concentraciones de proteina cruda, fibra y energia, pero la presencia del gosipol
limitan la cantidad que pueden ingerir los rumiantes debido a que tiene propiedades
oxidantes que podrian causar dafios en los tejidos del animal y reaccionar con ciertos
aminoacidos (especialmente lisina) disminuyendo la disponibilidad de los mismos. Pero
no solamente afectan a los animales puesto que en las investigaciones realizadas se ha
podido observar que afecta a los 6rganos reproductores, corazéon e higado de los
humanos [62]. Por lo tanto, la gran problemética presentada por la sustancia gosipol en
diversos usos de los productos derivados de la planta del algodén han derivado en
investigaciones para su eliminacién de las semillas del algodon, conservando el gosipol
en el resto de la planta para preservar su capacidad plaguicida. Thomas Wedegaertner y
Keerti Rathore produjeron una planta que conserva su mecanismo de defensa natural en

toda la planta excepto en la semilla [63].

Aunque el gosipol se ha considerado una sustancia toxica, también aparece su
vertiente mas favorable aplicada en medicina. Michael K. Dowd et al. encontraron en el
pigmento propiedades antivirales y antitumorales. Por lo tanto, para ellos es importante
extraer el maximo porcentaje de gosipol de las semillas de algod6n. En su investigacion
lograron recuperar un 57,0 + 2,5% durante un tiempo de reaccién de 1 hora con acido

fosforico [64].

[.2.1. Produccion mundial de CSO.

Si se diferencia entre la fibra y la semilla que se obtienen del algodén bruto, a
pesar de ser la fibra el principal producto por el cual se cultiva la planta del algodo6n, esta
tan solo representa el 42% de la planta y su destino es integramente el sector textil. En

cuanto a la semilla de algodon (el cual representa el 58%) sus aplicaciones son mas
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diversas: elaboracion de aceite, siembra y forraje. Incluso, la pasta resultante del proceso

de extraccién de aceite también es empleada como forraje para rumiantes [65].

Tal y como se observa en la Tabla I.2.1, la produccion de la mayoria de tipos de

aceites presenta un aumento progresivo con el paso de los afios. No obstante, el mayor

aceite que se produce a nivel mundial es el de palma con una produccién en el afio 2015

de 62,79 millones de toneladas y seguido del aceite de soja con 48,72 millones de

toneladas. Si observamos el aceite de semilla de algodon, tan solo fue de 4,72 millones

de toneladas, aunque la produccion fue practicamente doblada en comparaciéon con un

aceite muy conocido por los espafioles como es el de oliva [66].

Tabla I.2.1. Produccion mundial de aceites, adaptado de Ramli N. 2015 [66].

Aceite/grasa 2010 2011 2012 2013 2014 2015
('oo0 Toneladas)

Aceite de palma 46.246 50.886 53.849 56.270 59.657 62.792
Aceite de semilla de

soja 40.104  41.443 41.736 42.754  45.240  48.720
Aceite de colza 24.259 24.113 24.917 25.493 27.040 26.130
Aceite de girasol 12.455 13.103 14.998 13.976 16.140 14.970
‘;;ﬁﬁz de germen de 5.105 5.546 5.926 6.240 6.540 6.820
Aceite de semilla de

algodén 4.499 4.849 5.108 4.990 4.880 4.720
Aceite de mani 4.159 4.217 3.970 3.901 3.920 3.680
Aceite de maiz 2.411 2.617 2.845 3.038 3.150 3.200
Aceite de coco 3.604 2.981 3.241 3.339 3.020 2.980
Aceite de oliva 3.322 3.448 3.526 2.826 3.140 2.860
Aceite de sésamo 800 837 811 777 790 810
Aceite de linanza 580 559 617 597 650 710
Aceite de ricino 645 646 698 674 630 670
;r;;ggtgz‘;ites 148.189 155.245 162.242 164.875 174.797 179.062
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[1.2.2. Composicion de CSO.

Entre las propiedades del aceite de algod6n, destaca el indice de yodo y la
densidad, con valores del indice de yodo entre comprendidos entre 109 y 120 y una
densidad de 0,92 g cm3. El perfil de 4cidos grasos general del aceite de semilla de
algodon consiste tan solo en un 25 % de saturados (principalmente palmitico y esteéarico)
y en un 75 % aproximadamente de &cidos grasos insaturados (incluyendo
monoinsaturados, oleico, y poliinsaturados, linoleico) siendo el acido linoleico el
principal acido graso poliinsaturado presente en el aceite de algodén con un 48,9 % en

peso.

1.2.3. Composicion y propiedades de CSO.

El aceite de algodon puede ser utilizado en infinidad de industrias, en la
fabricacion de jabon, cosméticos y productos farmacéuticos, asi como materia prima en
la fabricacion de plasticos, fungicidas, papel, textiles, combustibles, etc. [67, 68] Aunque
ya se han comentado anteriormente las controversias del uso del aceite de semilla de
algodon como uso alimenticio, el acido linoleico es el principal 4cido graso
poliinsaturado presente en el aceite. Se considera un aceite “naturalmente hidrogenado”
debido a sus niveles de acidos oleico, palmitico y esteérico; lo que le lleva a ser un aceite
de fritura estable sin la necesidad de ser sometido a un procesado adicional que pudiera
conducir a la formacion de acidos grasos —trans. Pero también se presenta como un
aceite interesante para usos industriales. La epoxidacion es otra manera de usar este
aceite con un elevado y prometedor potencial en la industria de los composites y
plastificantes. El aceite de semilla de algodon es excelente para epoxidar, ya que un 75%
de sus acidos grasos corresponden a insaturados, con dobles enlaces entre sus cadenas.
La elevada cantidad de dobles enlaces permitiran conseguir un gran nimero de grupos
epoxidos para incrementar su rendimiento en posteriores usos como curado con
anhidridos, plastificante de PLA y plastificante de PVC para la elaboracion de plastisoles

entre otros.
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1.3. POLIMEROS DE ALTO RENDIMIENTO
MEDIOAMBIENTAL.

En la actualidad los residuos poliméricos presentan una grave problematica
medioambiental debido al gran volumen de productos que se genera. Desde la aparicion
de los plésticos se estima que se han producido més de 8000 millones de toneladas de
polimeros termopléasticos y termoestables a nivel mundial [69]. Pero lo méas alarmante
es el aumento del uso llevado a cabo durante los tltimos afios, con una produccion de
4000 millones de toneladas durante los ultimos 13 anos [70] de los cuales 8 millones
anuales fueron a parar al mar, generando grandes aglomeraciones de residuos
contaminantes en las cuales los animales pueden quedar atrapados. Asimismo, los seres
vivos marinos ingieren estos plasticos y en estudios realizados se puede comprobar como
casi un tercio de los ejemplares capturados en el mar habian ingerido plasticos, pero este
numero se incremento al 100 % en las capturas en agua dulce y mas concretamente en el
Rio de la Plata [71, 72]. Realmente aqui no termina el problema ya que la mayor parte de
los materiales poliméricos son de lenta degradacion y perduran durante muchos afios.
Atendiendo a los datos disponibles, el reciclaje del resto de plastico resulta escaso. Del
total de los plasticos generados a partir de 2015 solamente un 9% fueron reciclados [69]
y el resto de residuos se acumularon en vertederos o se incineraron con la consiguiente

liberacion de gases toxicos a la atmosfera.

Por todas estas razones estan proliferando leyes para minimizar el problema
generado por los materiales poliméricos convencionales, con la implantacion de
normativas para instaurar el uso de polimeros biodegradables. Aunque algunos paises
ya estan tomando medidas para paliar la problematica y en paises como Italia ya es
posible adquirir cubiertos biodegradables en los supermercados, en Espana parece que
se tardaran algunos afios en tomar la problematica en serio y solamente parecen
intentarlo con las bolsas de plastico que, desde el 1 de julio de 2018, son cobradas en
todos los establecimientos de manera obligatoria. Francia también esta concienciada y
para 2020 los cubiertos de plastico tendran que estar fabricados en un 50 % con material

biodegradable y en 2025 en un 60 %.
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[.3.1. Polimeros termoplasticos.

Los polimeros termoplasticos tradicionales, a pesar de presentar la virtud de
poderse fundirse y moldearse varias veces, también generan problemas de
contaminacion, ya que durante el proceso repetido de fusion se debilitan sus enlaces y
disminuyen sus propiedades, llegando a terminar en vertederos o en los mares. Este
problema podria mitigarse con la utilizacion de materiales biodegradables. No obstante,
por otra parte, se afnade la problematica suscitada por la gran mayoria de los
termoplasticos procedentes del petréleo. A ello cabe sumar el cercano agotamiento del
petroleo si bien se estan aplicando nuevas tecnologias para su localizacion y extraccion a
mayores profundidades tales como la fracturaciéon o estimulacion hidraulica que, a su
vez, también genera problemas para el ecosistema con usos abusivos de agua y productos
quimicos que provocan que esté prohibida en Europa y muchas regiones del mundo [73].
Cobran importancia por lo tanto las investigaciones que actualmente se estan llevando a
cabo sobre la obtencion de materiales integramente derivados de recursos renovables y

biodegradables.

Si se emplea el término de bioplastico, segiin la European Bioplastics es aquel
que tiene una base biologica (derivado de la biomasa), es biodegradable o presenta
ambas propiedades. La fabricacién de bioplasticos en 2014 fue de 1,7 millones de
toneladas, pero con respecto a los plasticos obtenidos a partir del petroleo fue una
insignificante parte puesto que en el afio 2015 se produjeron 300 millones de toneladas.
En cuanto a la utilizacion de los bioplasticos, en el afio 2014, casi el 75 % del total se

destind al mercado del envasado [74].

Aunque se esta avanzando en el desarrollo de materiales a partir de fuentes
renovables, a nivel industrial segin los datos aportados por Lligadas et al. sitian su
produccion en valores inferiores al 5 % principalmente por su elevado precio e inferiores
propiedades con respecto a los polimeros petroquimicos [75]. Este hecho supone un reto
para la industria de los polimeros renovables. Dada su relevancia se explicaran los cuatro

grupos de materiales segiin su procedencia y biodegradabilidad.
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succinato), PBS; poli(butilén succinato-co- POLIMEROS BACTERIANOS
adipato PBSA Poli(hidroxi butirato), PHB
POLIESTERES AROMATICOS Poli(hidroxi butirato-co-valerato), PHBV,
Poli(butilén adipato-co-tereftalato), PBAT etc. .
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DE USO COMUN Bio polipropileno, BioPP

Polietileno, PE; polipropileno, PP; Bio poliamida, BioPA

policloruro de vinilo, PVC, poliestireno, Bio polietilén tereftalato, BioPET

PS, ete. Bio policarbonato, BioPC

TECNICOS Bio poliuretano, BioPUR

Poli(butilén tereftalato), PBT; poliamida,

PA; policarbonato, PC; poliéxido de

metileno, POM, etc.

ALTAS PRESTACIONES

Poli(éter cetona), PEK; poli(éter imida),

PEL poli(éter sulfona), PES; poli(éter éter  §

cetona), PEEK

No biodegradable

Figura 1.3.1. Clasificacién de materiales polimérios termoplasticos en funcion de su
respuesta medioambiental en origen (petroquimico o renovable) y al final del ciclo
de vida (biodegradable o no).

I Polimeros petroquimicos/no biodegradables.

Los polimeros provenientes del petrdleo son ampliamente empleados en la
industria por su gran disponibilidad, bajo coste y buenas propiedades barrera. Sin
embargo, problemas medioambientales como el calentamiento global y el efecto
invernadero son causados por la producciéon de polimeros a partir de recursos fosiles
[75]. Existen infinidad de polimeros obtenidos a partir del petréleo y no biodegradables,
entre los cuales encontramos poli(etileno) (PE), poli(propileno) (PP), poli(estireno) (PS),
poli(cloruro de vinilo) (PVC), y poli(etilén tereftalato) (PET). Estos son los mas
representativos de los plasticos de uso comun. No obstante, en este grupo también se

contemplan los plasticos técnicos y los de altas prestaciones (Figura 1.3.2).
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Figura 1.3.2. Clasificaciéon de los polimeros termoplasticos en funcion de sus
aplicaciones técnicas.
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I Polimeros petroquimicos/biodegradables.

Los polimeros de origen petroquimico y biodegradables se presentan como una
interesante alternativa a corto plazo para paliar la contaminacion que generan los
productos al finalizar su vida til si bien, tanto el aumento del precio del petréleo como
su agotamiento en el futuro, los hacen poco atractivos y por lo tanto no se presentan

como la solucion definitiva para los problemas medioambientales.

WMM%W )

poli(écido lactico)-PLA poli(caprolactona)PCL poli(butilén succinato)-PBS
poli(acido glicolico)-PGA poly(hidroxibutirato)-PHB poly(hidroxibutirato-co-valerato)-PHBV
o e}
O S~ ~_-0
O n o) m

poli(butilén succinato-co-adipato)-PBSA
Q e}

O\/\/\ O
O O/\/\/
n O m

poli(butilén succinato-co-tereftalato)-PBAT

Figura 1.3.3. Estructura quimica de diversos poliésteres de origen petroquimico y/o
potencialmente biodegradables.

Entre los polimeros biodegradables (Figura I.3.3) logrados a partir del petroleo
encontramos dos grupos: los poliésteres alifaticos y los aroméaticos. Como poliésteres
alifaticos se dispone la poli(caprolactona) — PCL, acido poliglicolico — PGA, poli(butilén
succinato) — PBS, y poli(butilén succinato-co-adipato) — PBSA [76, 77]. Y como poliéster

aromatico biodegradable se encuentra un polimero con una alta ductilidad conocido
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como poli(butilén adipato-co-tereftalato) — PBAT [78]. Estos polimeros son capaces de
biodegradarse gracias a las reacciones de hidrdlisis, las cuales actian bajo unas
condiciones apropiadas en la desintegracion de los poliésteres alifaticos e incluso algunos
aromaticos como el PBAT. Aunque no todos los poliésteres aromaéticos son
biodegradables, el politereftalato de butilenglicol (PBT) y el politereftalato de etilenglicol
(PET) con altos puntos de fusiéon no lo son. Por el contrario, la policaprolactona es
biodegradable, pero presenta problemas en muchas aplicaciones debido a su bajo punto
de fusion en torno a 60 °C aunque su biocompatibilidad ha propiciado su estudio en los

campos biomédicos [79].

I Polimeros renovables/no biodegradables.

Este tipo de polimeros no provienen del petroleo y tienen un origen a partir de
fuentes renovables como las plantas, animales o microorganismos. Por lo tanto, su
procedencia en mayor parte a partir de la biomasa producida por la agricultura les otorga
el nombre de agropolimeros. Estos polimeros obtenidos a partir de recursos renovables
pueden competir o incluso aventajar a los polimeros provenientes del petréleo en
sustitucion parcial o total de los polimeros tradicionales [75]. Pero estos polimeros, a
pesar de ser mas sostenibles, contintian presentando la problematica para gestionarlos
al finalizar su ciclo de vida. Entre los polimeros renovables, pero no biodegradables
encontramos el bio-poli(etileno) (BioPE), bio-poli(propileno) (BioPP), bio-poliamida
(BioPA), bio-poli(etilén tereftalato) (BioPET), bio-poli(carbonato) (BioPC), bio-
poli(uretano) (BioPUR). Pero entre los nombrados el mas conocido es el bio-poli(etileno)
(BioPE), logrado a partir de la cafa de azticar y producido en gran volumen por la

empresa Braskem.

I Polimeros renovables/biodegradables.

Para solucionar los incesantes aumentos de la contaminacién ambiental, las

investigaciones se estan centrando en obtener materiales biodegradables e integramente
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de recursos renovables. En la actualidad existe una gran diversidad de este tipo de
polimeros para conseguir polisacaridos, polimeros bacterianos y proteinas a partir de
microorganismos y plantas. Los polisacaridos permiten lograr entre otros
homopolisacaridos como el almidén, la celulosa, la quitina y los quitosanos o
heteropolisacaridos como pectinas y gomas naturales [80]. Entre los homopolisacaridos
destacamos el almidon termoplastico (TPS) [81, 82] y los quitosanos adquiridos a partir

de los exoesqueletos de crustaceos [83].

Los polimeros bacterianos (Figura 1.3.4) o poliésteres alifaticos pueden ser
producidos a partir de la sintesis de mondémeros naturales como el acido poli(lactico)
(PLA) o a partir de microorganismos como el poli(hidroxi butirato) (PHB) [83] y el
poli(hidroxi butirato-co-valerato) (PHBV) [84, 85]. Entre los poliésteres alifaticos,
aunque el PHB se presenta como un interesante biopolimero por su facilidad para
biodegradarse y por su biocompatibilidad, su elevado coste limita su aplicaciéon [86] y a
dia de hoy a nivel industrial para la produccién de piezas en serie solamente puede

competir el PLA con los polimeros tradicionales, a pesar de sus problemas de fragilidad.

ESNESEN|

poly(hidroxibutirato)-PHB poly(hidroxibutirato-co-valerato)-PHBV

Figura 1.3.4. Estructura quimica de diversos poliésteres obtenidos mediante
fermentacion bacteriana.

El PLA ha sido producido a gran escala durante los altimos afios; muestra de ello
lo reflejan las grandes cantidades que se producen, asi como los diferentes grados
existentes en el mercado para la produccion de infinidad de productos. Los sectores en
los que se encuentra el PLA son muy variados y van desde el sector médico, envase
embalaje, sector textil, sector agricola y como filamento para impresoras 3D [87-91]. El
PLA se obtiene a partir de la fermentacién de productos agricolas tales como el maiz o la
cana de azdcar [92]. Ademaés, posee buenas propiedades barrera y propiedades
mecanicas a la carta dependiendo del grado seleccionado. Los diferentes grados

permiten obtener PLA desde el estado amorfo hasta el semicristalino, modificando las

Tesis doctoral — Alfredo Carbonell Verda 63



I. Introduccién.

composiciones de L-acido lactico y D-acido lactico, la copolimerizacién y los pesos
moleculares [93]. Por lo tanto, un PLA amorfo presenta un contenido de D-acido lactico
superior al 7% mientras que en un PLA semicristalino los valores son inferiores. Un PLA
amorfo se suele utilizar para la produccion de films y filamentos, ya que un PLA de menor
peso molecular facilita el procesado y permite lograr productos mas ductiles. En cambio,
el PLA semicristalino es interesante para productos que requieren altas propiedades
mecanicas. En funciéon del grado podemos encontrar PLA para la producciéon de

productos por inyeccion, extrusion y filamento.

Finalmente, el grupo de las proteinas, se dividen en vegetales y animales. Entre
las de origen vegetal, obtenidas a partir de las plantas, se encuentran el gluten y la soja.

Entre las de origen animal se dispone de la caseina, el colageno y la gelatina.

[.3.1. Polimeros termoestables.

Si bien, los desarrollos en el campo de los polimeros termoplasticos “bio” ya son
una realidad, el campo de los polimeros termoestables ecol6gicos o “bio” no esta tan
desarrollado, sobre todo a nivel comercial debido a la naturaleza de estas resinas. Se ha
trabajado intensamente en los Gltimos afnos en el desarrollo de polimeros termoestables
a partir de recursos renovables, pero a nivel comercial son escasas las iniciativas y, el
coste de estos materiales, estd todavia muy lejos de ofrecer precios competitivos. Los
materiales termoestables se caracterizan por elevados grados de entrecruzamiento que
se consiguen cuando la funcionalidad de los mondémeros es superior a 2, de tal manera
que la estructura puede crecer en diferentes direcciones dando lugar a la formacion de

redes tridimensionales altamente tupidas.

En la Figura 1.3.5 se muestra de forma esquematica el proceso de formacién de
una red termoestable o plastico reticulado a partir de monémeros con funcionalidad

superior a 2.
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: POLIMERO RETICULAR
estructura .
n - condensada
monomero A condensacion >y __._ condensacion
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monémero B puntos activos de desprendida
crecimiento de la cadena

Figura 1.3.5. Representacién esquematica de la formacion de una estructura de red
tridimensional de naturaleza termoestable.

En general la formacién de redes termoestables se basa en la reactividad de
determinados grupos funcionales que en determinadas condiciones pueden dar lugar a
reacciones quimicas de condensacion, adiciéon y combinadas; teniendo en cuenta que se
trata de mondémeros con funcionalidad superior a 2, el crecimiento de la estructura se
lleva a cabo en las 3 dimensiones dando lugar a la tipica red tridimensional mediante

procesos de adicion, de condensacién y combinados.

Desde un punto de vista industrial, las resinas termoestables que mayor

aplicacion encuentran a nivel industrial son las siguientes:

« Epoxi (EP).

« Poliéster insaturado (UP).

« Resinas de vinil-éster (VE).

» Fenol-formaldehido (PF).

» Melamina-formaldehido (MF).
» Urea-formaldehido (UF).

Muchas de estas resinas encuentran importantes usos como adhesivos,
recubrimientos, barnices, lacas, aglomerantes o “binders”, etc. No obstante, su
versatilidad se ha ampliado de forma notable con el desarrollo de materiales compuestos

con refuerzo de fibra, donde el empleo de resinas epoxidicas (EP), vinil-éster (VE) y
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poliéster insaturado (UP) estd ampliamente extendido por la versatilidad en cuanto a
procesado que ofrecen (resinas de colada a temperatura ambiente) y el equilibrio de
propiedades que aportan (Figura I.3.6). En general, las resinas de poliéster insaturado
se emplean en aplicaciones corrientes ya que se trata de resinas con un buen equilibrio
entre propiedades y coste. Por su parte, las resinas epoxidicas ofrecen mayor calidad y se
emplean en aplicaciones donde se requiere mayor responsabilidad técnica; ahora bien,
el coste de las resinas epoxi supera de forma importante el de las resinas de poliéster
insaturado. Las resinas de vinil-éster son resinas con procesos de entrecruzamiento
similares a los de las resinas de poliéster insaturado, pero no se sintetizan de la misma
manera ya que proceden de la reaccion de resinas epoxidicas con diversos tipos de acidos

acrilicos.

fo) O,
o O/\/ o

resina de poliéster insaturado (UP)

o, oo, o

resina epoxi (EP) derivada de diglicidil éter de bisfenol A (DGEBPA)

OH OH OH
)\”/ O\%O qu/o OVK/O\H/K
O n O
resina de vinil éster (VE) derivada de DGEBPA)

Figura 1.3.6. Representacion esquematica de las estructuras quimicas de diversos
tipos de resinas termoestables ampliamente utilizadas en la fabricacién de
materiales compuestos.
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I Resinas epoxi de alto rendimiento medioambiental.

Las resinas epoxi son un importante grupo a resaltar puesto que representan el
70% del mercado de resinas termoestables [95]. Su produccion se inici6 a mediados del
siglo XX evolucionando con el paso de los anos e introduciéndose en mayor niimero de
sectores industriales como los materiales compuestos, pinturas, adhesivos, aplicaciones
nauticas, sistemas eléctricos y electronicos entre otros debido a sus excelentes
propiedades mecénicas, eléctricas, resistencia quimica y minima contraccion después del
curado [96, 97]. Pero dichas ventajas estan favorecidas tanto por la estructura quimica
de las resinas epoxi como por la correcta eleccion de los aditivos necesarios (agentes de
reticulacion, pigmentos, materiales de relleno, plastificantes, catalizadores, etc.) [14, 98].
Aunque un importante inconveniente es su fragilidad debido a la alta densidad de

reticulacién [55].

Las resinas epoxis a partir de recursos bio presenta ventajas como la ausencia de
bisfenol A en su formulacion. Aunque el diglicidil éter de bisfenol A (DGEBA) es el
mondémero més empleado para la elaboraciéon de epdxidos debido a su precio y
versatilidad. El DGEBA puede ser sintetizado a partir de epiclorhidrina y Bisfenol A en
presencia de hidréxido de sodio, y el producto resultante, posee un grupo epoxi en cada
uno de los extremos de la cadena. Pero el Bisfenol A proveniente de recursos fosiles es el
que se encuentra en mayor proporcion y representa mas del 67% de la masa molar de
DBEBA [95]. Pero sumado al problema medioambiental se encuentra su efecto negativo

sobre la salud [99-101].

Las resinas epoxi contienen al menos dos grupos epoxido o también conocidos
como oxirano o glicidilo. Los monomeros epoxidicos se pueden curar utilizando
diferentes agentes de curado como anhidridos o acidos, aminas alifaticas o aromaticas y
alcoholes mediante homopolimerizacion cationica o anidnica por ellos mismos [94, 102].
Los aditivos o rellenos también se suelen emplear durante la mezcla para lograr las
propiedades y procesamiento deseado, aunque el ratio resina — reactivo (agente de
curado) y la temperatura de curado marcara claramente las propiedades finales de las

resinas epoxidicas.

Una de las lineas de investigaciéon mas interesante en el campo de las resinas

epoxi es la que plantea el empleo de epdxidos derivados de aceites vegetales para la
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formacion de resinas termoestables mediante procesos de curado con diferentes agentes
de entrecruzamiento. Algunos aceites vegetales, como el aceite de vernonia, presentan
en su estructura algin grupo epoxido, lo cual lo convierte en una resina epoxi natural
(Figura 1.3.7). No obstante, son pocos los grupos epoxi que aparecen en la molécula de
triglicérido de tal manera que su eficiencia como resina epoxi para matrices en
compuestos es muy baja. Con aproximadamente 3 grupos epoxi por triglicérido, el aceite
de vernonia se puede entrecruzar mediante polimerizacion cationica con acido
fluorosulfénico a temperaturas relativamente bajas. Los materiales asi obtenidos pueden

emplearse como espesantes en formulaciones de lubricantes [103].

N\/&\/:MO

acido vernolico

Figura 1.3.7. Representacion esquematica de la estructura del aceite de vernonia con
acido verndlico que presenta grupos epdxido de forma natural sin modificacion
quimica.

Por ello, se prefiere trabajar con aceites epoxidados, aceites vegetales en los que
se consigue la incorporacién de grupos epéxido en los dobles enlaces que presentan los
diferentes acidos grasos. El aceite de soja y el aceite de linaza ofrecen un elevado nimero
de insaturaciones en la estructura y mediante un proceso de epoxidacion adecuado, es
posible obtener el derivado epoxidado correspondiente. De hecho, comercialmente es
facil encontrar aceite de linaza y de soja epoxidado, ELO y ESBO respectivamente. Este
tipo de aceites epoxidados encuentran muchas aplicaciones en el campo de la
plastificacidon y estabilizacion de formulaciones de termoplasticos y su empleo en

materiales compuestos no es extensivo.

Industrialmente, el proceso de epoxidacion de triglicéridos es bien conocido y en
la actualidad se pueden encontrar numerosos proveedores de diferentes aceites
epoxidados, fundamentalmente aceite de soja, ESBO, de linaza, ELO y de ricino, ECO.
Los aceites de linaza y de soja epoxidados son los que mayores posibilidades ofrecen en
la preparacion de resinas epoxi derivadas de triglicéridos ya que el nimero de
insaturaciones presentes en las estructuras es elevado y ello permite obtener elevados

grados de epoxidacion. Aunque se han descrito diversos procesos de epoxidacion [104-
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107], el proceso mas empleado a escala industrial emplea peroxiacidos generados in situ

(ver secci6n 1.1).

Normalmente, las resinas epoxi se emplean en aplicaciones bastante técnicas
debido a la calidad intrinseca de este grupo de resinas de colada. Por ello, se esta
empezando a trabajar en el desarrollo de resinas ecologicas mediante mezclado de
resinas convencionales derivadas del petréleo (fundamentalmente derivadas del bisfenol
A) con resinas epoxi derivadas de triglicéridos o, lo que es lo mismo, aceites vegetales

epoxidados.

Entre las soluciones con cierto contenido ecologico, algunas investigaciones se
centran en la obtencién de resinas epoxi mediante mezclado en diferentes proporciones
de epoxi derivada del petroleo y epoxis derivadas de aceites vegetales epoxidados.
Algunos autores han trabajado con mezclas de resina epoxi derivada del bisfenol A
(DGEBA) con epoxis derivadas de aceites de soja y de ricino epoxidados con el empleo
de hexafluoroantimonato de N-benzilpirazinio (BPH) [108, 109]. Estos aceites
epoxidados pueden ofrecer posibilidades interesantes como diluyentes reactivos
pudiendo adaptar las caracteristicas del producto entrecruzado. Destaca el empleo de
aceite de maiz epoxidado, ECO como diluyente reactivo de compuestos derivados de la
reaccidn entre resinas epoxi petroquimicas derivadas de DGEBPA con 4cido pimérico
derivado de la colofonia [110]. Otras investigaciones han desarrollado resinas de elevado
interés tecnologico con el empleo de resinas epoxi derivadas del bisfenol F (DGEBF -
diglicidil éter del bisfenol F) con aceite de linaza y de soja epoxidados. El proceso de
curado se lleva a cabo con anhidridos ciclicos como el anhidrido metil tetrahidroftalico
(MTHPA) en presencia de un acelerador del tipo imidazol. La presencia de los aceites
vegetales funcionalizados incide de forma positiva en la mejora de las propiedades a
impacto de estas resinas debido a la estructura de los aceites [111]. Por otro lado, el tipo
de agente de curado (amina, anhidrido, mercaptano, acido carboxilico, etc.) afecta de
forma decisiva las prestaciones finales de estas resinas curadas [112, 113]. Entre otros
agentes de curado, se han empleado con éxito aminas como dietilén triamina (DETA) y
la trietilén tetramina (TETA), algunas polialquilén aminas, anhidridos ciclicos, etc.
dando lugar a materiales entrecruzados con propiedades que abarcan amplios rangos
[114, 115]. Concretamente este tipo de compuestos con ESO y THPE-GE se han procesado
de forma satisfactoria mediante un proceso de compresion en caliente previa eliminacion

de burbujas resultantes del mezclado mediante vacio.
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Otros autores han trabajado en el estudio del proceso de curado de resinas
epoxidicas derivadas de aceites vegetales mediante el empleo de agentes de curado de
tipo anhidridos de diferentes acidos dicarboxilicos en presencia de catalizadores de
curado como aminas terciarias, imidazol, etc [116-120]. Los resultados previos con estas
resinas de colada demuestran que se consiguen materiales con propiedades interesantes,
pero con transiciones vitreas en el rango de 43-73 °C, algo inferiores a muchas de las
resinas industriales con T superior a 100 °C. Con el empleo de anhidrido maleico y
anhidrido isoftalico se consiguen estas resinas de tipo rigido. Con el empleo de otros
anhidridos como los del acido hexahidroftalico y del acido succinico se obtienen
materiales con comportamiento elastomérico con valores de T, inferiores a la
temperatura ambiente [121]. En esta misma linea de trabajo, también se han obtenido
compuestos con matrices de aceite de soja epoxidado curado con anhidrido maleico y
refuerzos de fibras naturales. Con ello, se obtienen compuestos completamente
ecologicos que incluso se pueden procesar mediante técnicas tipicas de materiales
compuestos como RTM [122]. Las resinas empleadas han sido fundamentalmente aceite
de soja epoxidado como componente principal y otras resinas derivadas del aceite de
soja. Otros autores han trabajado con mezclas de resinas epoxi y fenoélicas a las que se
incorpora aceite de linaza para formar redes de interpenetraciéon con buenas propiedades
globales. No obstante, las propiedades finales estan algo lejos de las que se obtienen con

el empleo de resina epoxi sin mezclar [123].

Entre las resinas epoxi de alto rendimiento medioambiental comerciales,
podemos encontrar Greenpoxy, Ecopoxy y Super Sap entre otras. Aunque en bibliografia
se contempla como se realizan resinas epoxi a partir de materiales bio-basados. Tanto el
acido maleopimaérico o 4cido abiético que se encuentran en la colofonia y el 4cido fertlico
disponible en diversas fuentes biologicas no comestibles pueden ser utilizados para

sintetizar polimeros termoestables con buenas propiedades [103-105].
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Resinas de poliéster insaturado de alto rendimiento

medioambiental.

Las resinas de poliéster insaturado son ampliamente utilizadas en la industria por
sus excelentes propiedades. A parte su gran versatilidad en los métodos de fabricacion y
composicion de las resinas, permiten lograr productos con las propiedades deseadas y
generalmente mas econémicas y sencillas de procesar que las resinas epoxi. Para lograr
las insaturaciones en el poliéster se realiza una reacciéon de esterificacion al hacer
reaccionar anhidridos o 4cidos con un grupo de alcoholes denominados polioles. La
reactividad de la resina o rigidez del material curado dependera de la cantidad de
anhidrido o acido saturado incorporado. Como entrecruzador, el mas comun es el
estireno ya que mejora las propiedades finales de los productos y es econémico, aunque
su fuerte olor, volatilidad y toxicidad genera preocupacion y se necesita una alternativa

[127].

Aligual que las resinas epoxi, las resinas de poliéster insaturado (UP) representan
un elevado consumo en el mercado de los termoestables para materiales compuestos.
Las resinas de poliéster insaturado se obtienen mediante un proceso combinado de
policondensacion seguido de un proceso de entrecruzamiento por poliadicién con
estireno (St). Los componentes principales de las resinas de poliéster insaturado son:

glicoles, acidos carboxilicos saturados y acidos carboxilicos insaturados.

Las iniciativas ecoldgicas en el campo de las tecnologias de resinas de poliéster
insaturado se han centrado en la substitucion de algiin componente por otros de origen
renovable. Asi, es posible encontrar resinas de poliéster insaturado en los que parte del
glicol petroquimico se ha substituido por 1,3 propanodiol de origen 100% renovable (Bio
PDO). Otro diol con interesantes aplicaciones en la sintesis de resinas de poliéster
insaturado es la isosorbida que se obtiene a partir de la glucosa [129]. Diversas resinas
de poliéster insaturado se han obtenido tomando como base la isosorbida y bio PDO en
combinacion con diversos acidos dicarboxilicos tales como el acido sebacico, adipico,

succinico (como acidos saturados) y acido itaconico, acido fumarico [130-132].

Los aceites vegetales son interesantes para la sustitucion del problemético

estireno puesto que son triglicéridos con gran cantidad de sitios potencialmente reactivos
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y sin toxidad. Autores como Yili Wu et al. han sustituido el estireno por aceite de soja
acrilado (AESO) en una resina comercial de poliéster insaturado [127]. Yeong Jung et al.
prepararon biopoliester a partir de la lignina epoxidada que usaron como un
macromonomero de lignina reactiva. Pero las resinas de base biologica también pueden
ser utilizadas en aplicaciones como materiales compuestos a partir de fibra de vidrio con
resultados comparables a las resinas de poliéster insaturado [128]. En el mercado existen
resinas de poliéster insaturado, bajo el nombre comercial de Envirez 5000, con una parte

de materiales renovables [43].

Otra de las lineas ligadas a los poliésteres insaturados ecologicos se centra en la
substituciéon del estireno como agente de entrecruzamiento ya que este presenta alta
volatilidad junto con una importante toxicidad. Asi pues, se ha substituido por diversos
monoémeros vinilicos como divinilbenceno (DVB). Sin embargo, estas acciones
simplemente ofrecen, en su mayoria, una reduccién de los compuestos organicos
volatiles (VOCs) emitidos, pero no incrementan el contenido renovable en la resina.
Algunos autores han desarrollado nuevos mon6omeros acrilicos a partir de recursos
renovables que contribuyen de forma doblemente positiva a la obtencion de resinas de

poliéster insaturado ecologicas [129-131].

Resinas fenolicas de alto rendimiento

medioambiental.

Las resinas fenolicas se obtienen por policondensacion de fenoles con el
formaldehido, aunque se puede sustituir el fenol por xilenol o m-cresol. Si nos
remontamos a los inicios de las resinas fendlicas encontramos la bakelita usada en
aplicaciones como teléfonos o radios. Estos elementos construidos con bakelita
disponian de buena estabilidad térmica y elevada dureza. En la actualidad las resinas
fenodlicas son ampliamente utilizadas en aplicaciones donde se requiere aislamiento
eléctrico y térmico (inflamable), resistencia al agua (tanto dulce como salada) y
resistencia a la radiacion UV. En la actualidad se fabrican enchufes, conmutadores,
aparatos de soldadura, mangos de paellas, ceniceros para coches, etc. mediante técnicas

de inyeccion, prensado y laminado.
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La resina fenolica es un agente de curado macromolecular que puede
proporcionar propiedades ignifugas. Por lo tanto Peng Deng et al. en su investigacion
utilizaron resina fenolica e incrementaron sus propiedades ignigufas al incorporar
fosforo para curar resina epoxi y lograr incrementar ain més sus propiedades ignifugas
[96].

Al igual que ocurre con las resinas citadas en anteriores apartados, las resinas
fendlicas también presentan su vertiente realizada con recursos renovables y méas
concretamente los aceites. Investigaciones como las llevadas por Jiaxi Li et al. utilizaron
aceite de soja como plastificante sostenible para caucho curado con resinas fenolicas. Los
autores indicaron que cantidades inferiores al 10 phr de aceite de soja seria un buen

sustituto para el plastificante a base de petroleo curado con resinas fenolicas [136].

Merece la pena destacar el interés del “cashew nut shell liquid”, CNSL que esta
compuesto fundamentalmente por cardanol, cardol y acido anacardico. El principal
interés que presenta el empleo de CNSL es que presenta diversas funcionalidades y ello
permite llevar a cabo una amplia gama de reacciones quimicas: hidroxilo, acido e
insaturaciones en las cadenas alifaticas que permiten que estos productos se utilicen
como resinas o agentes de entrecruzamiento [137-139] tal y como se aprecia en la Figura
1.3.8.

Las resinas de CNSL pueden polimerizarse de diferentes maneras atendiendo a
la funcionalidad principal. Es posible polimerizar estas resinas con compuestos que
presenten hidrégenos activos, como el formaldehido en las posiciones “orto” y “para” de
los anillos fenoélicos en condiciones acidas (4cido sulfdrico, por ejemplo) o incluso en
condiciones alcalinas. Variando la proporcion entre CNSL y el formaldehido es posible
obtener novolacas (1: >1) o resoles (1: <1) [140-142]. Recientemente se han empleado
aminas para llevar a cabo el entrecruzamiento de estas resinas epoxidicas derivadas de

CNSL y ofrecer productos libres de formaldehido [139, 143, 144].

Se han realizado algunos trabajos sobre el empleo de este tipo de matriz para
compuestos de alto rendimiento medioambiental [145, 146] y ademas se ha estudiado el
papel que desempenan estas resinas en el proceso de curado/entrecruzamiento de

resinas comerciales como las resinas epoxi.
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Figura 1.3.8. Representaciéon esquematica de las estructuras quimicas de los
principales componentes de los residuos liquidos de la industria del anacardo
(CNSL).
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[.4. TERMOESTABLES DERIVADQOS DE ACEITES
VEGETALES.

En la actualidad son muchas las investigaciones que se focalizan en lograr
productos a partir de recursos renovables. Prueba de ello se hace visible en las
innumerables publicaciones donde se logran resinas formadas principalmente por
aceites modificados quimicamente. Estos productos tendran un origen respetuoso, méas
sostenible y se postulan como una atractiva alternativa ante el posible agotamiento o
encarecimiento del petroleo si bien se debe tener en cuenta que no comprenderan la
solucion definitiva a la problematica medioambiental dado que los productos no seran

biodegradables.

Hoy en dia los aceites vegetales se utilizan como resinas termoestables para
aplicaciéon en recubrimientos, materiales compuestos, etc. Pero no todos los aceites son
viables para su uso industrial ya que han de ser modificados quimicamente para
aumentar su reactividad. Los procesos usados para lograrlo son la epoxidacion,

acrilacion y maleinizacion.

I1.4.1. Resinas derivadas de aceites vegetales

epoxidados.

Actualmente algunos aceites vegetales, y mas concretamente el aceite de soja
epoxidado (ESO), mejoran las propiedades de la resina epoxidica, logrando un producto
final con un alto contenido bio [147]. No obstante, es facil encontrar investigaciones
donde el uso de otros aceites epoxidados como el de maiz se utiliza para la elaboraciéon
de resinas [110]. Consultando la bibliografia, autores como Sudheer Kumar et al.
lograron buenas propiedades al reemplazar un 20 % de Diglicidil Eter de Bisfenol A
(DGEBA) por aceite de soja epoxidado (ESO) usando anhidrido metil hexahidroftéalico

(MHHPA) como agente de curado y como catalizador 2-metil imidazol (2-MI). Un 20 %
g y
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de ESO incremento la resistencia a la traccion en mas de un 13 % y mejoras tanto en la

tenacidad a la fractura como en calorimetria diferencial de barrido [148].

En otras investigaciones se utilizo el ESO como carga del Diglicidil Eter de
Bisfenol A (DGEBA) curado con 4acido sebacico por su bajo coste, comparado con
endurecedores de aminas, y su capacidad de reaccionar con la resina epoxi y los grupos
oxiranos. Se estudi6 la energia de activacién en las distintas mezclas (DGEBA — 4cido
sebacico) con la adiciéon de 10, 20 y 30 % en peso de ESO. Hallando una mayor energia

de activacion durante el proceso de curado con la adicion de un 30 % de ESO [147].

Durante muchos afios la elaboracion de materiales compuestos se ha investigado
en la creacion de biocompuestos a partir de fibras de plantas, pero como fase matriz se
ha utilizado la resina epoxi [149]. No obstante, autores como M.D. Samper et al.
realizaron materiales compuestos laminados usando como matriz aceite de linaza (ELO)
y aceite de soja epoxidado (ESBO) con fibra pizarra mediante la técnica RTM obteniendo
materiales compuestos con propiedades mecanicas superiores a materiales tradiconales
epoxi-fibra de vidrio [150]. En otras investigaciones se emplearon fibras de sisal y aceite
de soja epoxidado (ESO) para incrementar tanto el médulo como la resistencia a la

traccion con el aporte de un 15 % en peso de fibra [151].

1.4.2. Resinas derivadas de aceites vegetales

epoxidados-acrilados.

En referencia a los aceites acrilados, también han sido usados en diferentes
aplicaciones. En los ltimos afios el AESO se ha convertido en una de las resinas
industriales de base biologica que pueden ser curadas con radiacion ultravioleta (UV).
Bowen Dong et al. utilizaron aceite de soja acrilado (AESO) como recubrimiento usando
la técnica de curado mediante radiacion UV. Pero también incorporaron grafeno
funcionalizado para mejorar tanto las propiedades mecanicas como térmicas, logrando

mejorar las propiedades con un 1% de carga de grafeno [152]. El curado con UV ha
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experimentado un gran auge en la industria de los recubrimientos puesto que es
respetuoso con el medio ambiente y no emite compuestos organicos volatiles durante el
proceso de curado [153]. Ademas de poseer ventajas como bajo consumo de energia y
alta velocidad de curado, en comparacion con los métodos de recubrimiento

tradicionales [154].

También ha sido estudiado por otros autores el efecto del contenido de AESO en
presencia de diferentes endurecedores sobre las propiedades mecénicas y térmicas.
Suheyla Kocaman el al. en su investigacion lograron incrementar el alargamiento a la
rotura al incorporar AESO a la resina epoxi diglicidil éter de bisfenol (DGEBA) con
respecto a la resina pura de DGEBA. Para demostrar la resistencia quimica la resina
epoxi modificada con AESO se cur6 con cinco endurecedores, logrando las pruebas mas
satisfactorias con los agentes de curado MXDA- m-xilendiamina y anhidrido MA-

maleico [155].

1.4.3. Resinas derivadas de aceites vegetales

maleinizados.

En referencia a los aceites maleinizados también existen diversas publicaciones
sobre su uso como recubrimiento. Dan Rosu et al. emplearon el aceite de ricino
maleinizado como reticulante de diglicidil eter de bisfenol A (DGEBA) en presencia de

cloruro de bencil trimetil amonio para su uso como recubrimiento [14, 55].
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[.5. PLASTIFICANTES DERIVADOS DE ACEITES
VEGETALES.

La principal funcion de los plastificantes es proporcionar ductilidad o
flexibilidad. Por lo tanto, aumentan el indice de fluidez y mejoran la procesabilidad del
material. Desde un punto de vista mas técnico, su incorporacién favorece la cristalizacion
en frio y reduce la temperatura donde el material se reblandece (Tg) [156].
Repercutiendo en un menor coste de energia y de maquinaria debido al descenso de la

temperatura de procesabilidad.

Habitualmente, los plastificantes estan compuestos por pequefias moléculas
organicas y con baja volatilidad. A nivel molecular, el plastificante se sitia entre las
cadenas disminuyendo la interaccion entre estas y facilitando su movimiento, y por lo
tanto disminuyendo la rigidez de la estructura. Para dar una explicacion al fenémeno de
plastificaciéon existen las siguientes teorias: teoria del volumen libre, teoria del gel y la

teoria de la lubricacién.

La teoria del volumen libre ocurre cuando el plastificante se intercala entre las
cadenas poliméricas. A mayor volumen libre se lograra mayor flexibilidad y menor Tg,
debido a la facilidad en el movimiento de las cadenas. Aunque la eficiencia de uno u otro
plastificante dependera de la compatibilidad con la matriz polimérica y la estructura

quimica de su molécula.

La teoria del gel se basa en el debilitamiento que el plastificante ejerce sobre las
fuerzas intermoleculares. De esta forma, el plastificante dificulta las interacciones
moleculares entre las cadenas y, por lo tanto, el material polimérico se hace méas

procesable y dictil. Esta teoria se aplica a polimeros amorfos.

La teoria de la lubricacion, tal y como la misma palabra apunta, se basa en el uso
del plastificante como un lubricante que disminuye la fricciéon intermolecular de las

cadenas y por lo tanto facilita su movimiento.

Aunque existen diferentes tipos de plastificantes como los monoméricos,
oligoméricos y poliméricos en funcién de su estructura y peso molecular, nos

centraremos en los siguientes plastificantes derivados de los aceites vegetales.
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1.5.1. Aceites vegetales epoxidados.

En la actualidad se han demostrado los buenos resultados logrados con aceites
epoxidados como plastificantes de PLA y PVC [156]. Entre los usos del PLA plastificado
con aceites epoxidados destacan sus aplicaciones alimentarias debido a su baja toxicidad
y gran abundancia [157]. Tanto los aceites epoxidados de soja (ESBO) [158], palma (EPO)
[159], semilla de girasol [160] y semilla de algodén (ECSO) [46] han indicado un
incremento de la flexibilidad del PLA. Pero también se ha demostrado que la adicion del

plastificante logra materiales mas estables térmicamente [157].

En cuanto al uso de los aceites vegetales como plastificantes de PVC la principal
aplicaciéon se produce en la elaboracion de plastisoles sin ftalatos con baja toxicidad y
bajo impacto ambiental. La problematica de la migracion de los ftalatos y sus problemas
de toxicidad han limitado su uso en aplicaciones que estén en contacto con juguetes,
alimentos, elementos médicos, etc [44]. Consultando en bibliografia se han realizado
plastisoles con aceites epoxidados de linaza (ELO) [44], semilla de algodon (ECSO) [161]
y soja (ESBO) [162] con un contenido de plastificante entre 50 y 80 phr y unas
temperaturas de curado comprendidas entre los 160 °C y 220 °C con tiempos de curado
entre los 6 y 17,5 min. La investigacion llevada a cabo por Fenollar et al. relejo los mejores
resultados con una temperatura de curado de 70 phr durante 8 min y 220 °C, mientras
que la investigacion desarrollada con ECSO indic6 como resultados 6ptimos de curado
los logrados durante 15 min a 205 °C con el mismo porcentaje de plastificante. En el caso
del PVC plastificado con ESBO el porcentaje de plastificante se redujo a 50 phr y las

condiciones de curado 6ptimas se consiguieron durante 8 min a 170 °C [161].

1.5.2. Aceites vegetales maleinizados.

Los aceites maleinizados también se presentan como una interesante alternativa,
a partir de recursos renovables, para incrementar y mejorar la flexibilidad del PLA. En el
trabajo llevado a cabo por Ferri et al. se observé como la incorporacion de un 15-20 phr
de MLO ala matriz de PLA incrementaba durante los ensayos de traccion el alargamiento

por encima del 1000 % debido a la reduccion de las fuerza intermoleculares, el efecto de
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la lubricacion y el incremento del volumen libre propiciado por un elevado phr de

plastificante, el cual conduce a una mayor movilidad de las cadenas [163].

Otro aceite maleinizado que presenta buenos resultados como plastificante de
PLA es el de semilla de cahamo. En la investigacion llevada a cabo por Quiles-Carrillo et
al. la accion plastificante de dicho aceite mejora tanto la resistencia al impacto y el
alargamiento a la rotura como la resistencia a la tracciéon y el modulo elastico. También
observaron una disminucién de la temperatura de transicion vitrea desde valores de 62,8
°C para el PLA puro hasta 59,8 °C al incorporar un 10 % phr de aceite de cahamo
maleinizado. Estos hechos, estan provocados por la extensidon, ramificacion o
reticulacion de los grupos hidroxilos de las cadenas de PLA con los grupos de anhidrido
maleico del MHO [164].

1.5.3. Aceites vegetales epoxidados-

acrilados.

En relacion al empleo de aceites acrilados se encuentra el uso del aceite de soja
epoxidado acrilado (AESO) como plastificante con la virtud de poseer grupos epoxi,
hidroxilo y acrilato [165]. Si recordamos cuando se trat6 la acrilacion, esta podia ser
lograda directamente en una sola etapa o mediante una previa epoxidacién y posterior

apertura del anillo oxirano para incorporar la estructura acrilica.

Autores como Sheli C. Mauck et al. emplearon el aceite de soja epoxido y acrilado
(AESO) con el objetivo de incrementar la dureza del PLA. Aunque los resultados
muestran como la matriz de PLA se endureci6, también el efecto plastificante se
demostroé. Las muestras de PLA puro son fragiles y presentan un pobre alargamiento con
valores del 4,1 % mientras que la incorporacion de un 5 % en peso propicio valores del 31
% [51].
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I1.1. MARCO DE LA INVESTIGACION.

En este apartado se lleva a cabo una descripcion breve de la trayectoria del grupo
de investigacion en el que se ha desarrollado esta tesis doctoral, trayectoria que define el

marco en el que se plantea esta investigacion.

Reciclado y revalorizacion de residuos de materiales

poliméricos.

Esta representa la primera linea de trabajo en el &mbito de la investigacion en la
que se integro el doctorando. La razon de ser de esta linea de trabajo se fundamenta en
las caracteristicas del entorno socioeconémico mas cercano a la Escuela Politécnica
Superior de Alcoy, con un peso muy relevante del sector juguetero y sectores crecientes
como el mueble y los accesorios, auxiliar del automovil, envase y embalaje. En este
entorno empiezan a desarrollarse iniciativas empresariales de fuerte implicacion
medioambiental, ligadas a la revalorizacion de los residuos de estas industrias. Bajo este
marco, el grupo empieza a desarrollar una actividad intensa en el ambito del reciclado
de materiales poliméricos con un marcado enfoque empresarial con el fin de ofrecer una
investigacion claramente aplicada con potencial de transferencia a nivel de empresa. De
hecho, gran parte de los esfuerzos en el seno del grupo van dirigidas hacia la
revalorizacion de residuos de materiales poliméricos de naturaleza técnica (plasticos
técnicos o de ingenieria), intentando ofrecer una doble ventaja: dar soluciéon a la
problematica ligada a la generacion y acumulacion de residuos y ofrecer una nueva vida

a los residuos de materiales poliméricos en nuevas aplicaciones de ingenieria.

Aditivos  fundionales y de Dbajo impacto

medioambiental en materiales poliméricos.

Esta linea de investigacion representa una de las principales apuestas del grupo.

Se ha trabajado en diversas actuaciones tal y como se resume a continuacién:
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”LASTIFICANTES DE BAJO IMPACTO MEDIOAMBIENTAL

PARA FORMULACIONES DE POLI(CLORURO DE VINILO) (PVC)”

Por su relevancia a nivel industrial, el grupo siempre ha enfocado su actividad
investigadora hacia la resoluciéon de problemas industriales. El sector del poli(cloruro de
vinilo) (PVC) es un sector que representa un consumo importante en el global, con
amplios usos en la industria de la construccion, sector eléctrico, industria del juguete,
etc. Las formulaciones industriales de PVC contienen importantes cantidades de aditivos
tales como plastificantes, antioxidantes, colorantes, estabilizantes térmicos, etc.
Concretamente, los plastificantes, representan cantidades bastante elevadas en las
formulaciones ya que se requieren para aportar flexibilidad al PVC cuya estructura
quimica le confiere alta rigidez y fragilidad. Tradicionalmente, se han empleado
productos derivados del petrdleo con excelentes resultados de plastificacion, siendo los

ftalatos los plastificantes que se han empleado de forma extensiva.

El problema del empleo de los plastificantes radica en su potencial migracion,
sobre todo, en sectores donde se produce un contacto directo del consumidor con el
producto (sector de juguetes, mordedores de bebés, sector médico) o bien, un contacto
indirecto (sector envase-embalaje). Los problemas ligados a la toxicidad de los productos
migrados, ha actuado como fuerza impulsora hacia el desarrollo, uso y validaciéon de
nuevos plastificantes para formulaciones industriales de PVC. La experiencia del grupo
en el campo del PVC ha permitido abordar estos retos centrando su actividad en el
empleo de diferentes tipos de plastificantes de menor impacto medioambiental y menor
riesgo toxicologico. Asi pues, destacan las actuaciones llevadas a cabo con plastificantes
derivados de aceites vegetales y explorando otras alternativas a los plastificantes

tradicionales como el empleo de ésteres del acido citrico, sebacico, succinico, etc.

”DITIVOS FUNCIONALES DERIVADOS DE

NANOPARTICULAS”

Una de las primeras actuaciones que se llevo a cabo en el grupo, en materia de
nanoparticulas, se centr6 en el potencial de las nanoarcillas derivadas de

montmorillonita modificada (OMM) como aditivo funcional en fibras de polipropileno
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obtenidas mediante procesos de hilatura en fundido (“melt spinning”), en colaboraciéon
con el Instituto Tecnologico Textil (AITEX). Se trabajé en los procesos de intercalacion
y/o exfoliacion y su efecto sobre las propiedades finales de las fibras obtenidas y los

tejidos fabricados con dichas fibras.

Otras actuaciones se han centrado en la encapsulaciéon de pigmentos y colorantes
organicos en nanoparticulas. Los colorantes organicos ofrecen una enorme versatilidad
en cuanto a posibilidades de color; sin embargo, su naturaleza organica conlleva una
estabilidad térmica limitada. Con la encapsulacion de las moléculas de colorante en el
interior de nanoparticulas se pretendia mejorar su estabilidad en condiciones térmicas

agresivas, incrementando el rango de aplicacion de estos colorantes organicos.

También en la linea del empleo de nanoparticulas en formulaciones de materiales
poliméricos, se han desarrollado diversos trabajos en colaboracion con el Instituto
Tecnologico Textil (AITEX) centrados en el potencial de las nanoparticulas conductoras
para la mejora de las propiedades de apantallamiento electromagnético y de
conductividad eléctrica. Se ha trabajado con nanotubos de carbono de pared simple
(SWCNTSs) y de pared multiple (MWCNTSs), nanofibras de carbono (CNFs) asi como con
nanoparticulas de 6xidos metélicos como el 6xido de zinc. Estas nanoparticulas se han
utilizado para la fabricaciéon de “masterbatches” o concentrados y, posteriormente, se
han realizado diluciones de dichos concentrados en diversas matrices poliméricas
mediante procesos de “compounding” para su posterior caracterizacion prestando
especial atencion al estudio de los procesos de percolaciéon ligados a la conductividad

eléctrica proporcionada por las nanoparticulas conductoras.
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I Polimeros biodegradables y aditivos ecoldgicos.

La optimizacion de formulaciones de alto rendimiento medioambiental, no solo
se ha centrado en el campo del PVC. En los ultimos anos, el grupo ha realizado
importantes esfuerzos en el desarrollo de formulaciones industriales derivadas de
polimeros biodegradables (més correctamente, “biocompostables” en condiciones
controladas) asi como el empleo de aditivos de bajo impacto ambiental y posible origen

removable.

”ORMULACIONES DE POLIMEROS BIODEGRADABLES”

Bajo este marco, se ha trabajado intensamente en formulaciones derivadas de

polimeros biodegradables de distinta naturaleza:

i. Polimeros derivados de la biomasa.

En esta categoria se incluyen las investigaciones realizadas con polimeros
directamente extraidos de la biomasa como los polisacaridos y su potencial en la
fabricacion de almidones termoplésticos (TPS), asi como los trabajos realizados
con estructuras de proteinas como el gluten, proteina de soja, ovoalbiimina,
caseina, etc. También se incluye en esta categoria el acido poli(lactico) (PLA)
obtenido a partir de la fermentacion de almidones y posterior polimerizaciéon del

lactato obtenido.

ii. Polimeros obtenidos mediante fermentacion bacteriana.

Se ha trabajado con poli(hidroxialcanoatos) (PHAs) entre los que se
incluye el poli(hidroxibutirato) (PHB) y el poli(hidroxibutirato-co-
hidroxivalerato) (PHBV).
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iii. Poliésteres de origen petroquimico biocompostables.

En esta categoria se incluyen un amplio rango de materiales poliméricos
de tipo poliéster que son susceptibles de procesos de biodegradacion mediante
hidrolisis de los grupos éster. Concretamente se ha trabajado con poli(butilén
succinato) (PBS), poli(caprolactona) (PCL), poli(butilén adipato-co-tereftalato)
(PBAT), poli(butilén succinato-co-adipato) (PBSA).

Los trabajos desarrollados en el marco de esta linea se han centrado en el
desarrollo de formulaciones industriales. Actualmente, a pesar de la amplia variedad de
polimeros de alto rendimiento medioambiental, el acido poli(lactico) (PLA) es el que esta
introducido a nivel comercial en mayor intensidad por un excelente equilibrio de
propiedades (mecanicas, quimicas, barrera), facilidad de procesado y coste. No obstante,
la industria del PLA se enfrenta a un importante reto ligado a la escasa capacidad de
deformacion de este, que se traduce en baja tenacidad, aspecto que limita algunas
aplicaciones industriales. En este sentido, numerosas investigaciones a nivel
internacional se estan llevando a cabo con la finalidad de reducir al maximo la fragilidad

intrinseca de los polimeros de PLA.

El grupo en el que el doctorando desarrolla su actividad investigadora ha
intensidifcado acciones para el desarrollo y aplicacion de plastificantes de origen
renovable derivados de aceites vegetales. En concreto, se ha trabajado con aceites
vegetales epoxidados (al igual que se han empleado en las formulaciones de PVC). Sin
embargo, el rendimiento de plastificacion de los aceites vegetales epoxidados es limitado
debido a la separacién de fases. Con el objetivo de mejorar las propiedades ductiles de
los polimeros de PLA se ha trabajado con otros plastificantes derivados de aceites
vegetales, concretamente en aceites vegetales maleinizados (MVO) obteniendo un
rendimiento muy superior a los aceites vegetales epoxidados (EVO). En particular, se
han obtenido resultados muy atractivos con aceites maleinizados comerciales como el de

linaza (MLO) y otros de sintesis derivados del aceite de semilla de algodon (MCSO).
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”DITIVOS FUNCIONALES DE ORIGEN RENOVABLE”

En el marco de esta actuacion se han realizado esfuerzos por incrementar el
contenido renovable en las formulaciones de uso industrial de los materiales
poliméricos, no solo a nivel de plastificantes, sino a nivel de otros aditivos que, aunque
incorporados en cantidades bajas, pueden presentar problemas de toxicidad ligados a su
migracion. Asi, se ha trabajado en el potencial de diversos compuestos organicos de
origen natural y explotar sus intrinsecas propiedades antioxidantes, antibacterianas,

estabilizantes, etc.

Destacan los trabajos realizados con timol y carvacrol como antioxidantes y
antibacterianos, asi como los resultados obtenidos con a-tocoferol (vitamina E) y 4cido
tanico en el campo de la estabilizacion frente a la oxidacién con una notable mejora en la
estabilidad a altas temperaturas proporcionada por la capacidad de dichos compuestos
para la captacion de radicales libres formados en los procesos termo-oxidativos. Junto
con estas acciones, destacar los excelentes resultados de proteccion frente a la radiacion
ultravioleta proporcionados por compuestos organicos tipo flavonoides en la
estabilizacion de polimeros como el poli(propileno) (PP) altamente sensible a la

fotodegradacion.

I Materiales compuestos ecoldgicos.

En el marco de esta linea se contemplan dos actuaciones claramente
diferenciadas. Por un lado, el desarrollo de compuestos con matrices de tipo

termoplastico y por otro, compuestos con matriz termoestable.

”OMPUESTOS ECOLOGICOS DE MATRIZ TERMOPLASTICA”

Esta linea de investigacion inicia su actividad en torno a un trabajo desarrollado
en el seno del grupo en el marco de los plastisoles vinilicos o formulaciones de

poli(cloruro de vinilo) plastificado (P-PVC). En esta investigacion se trabajo en el
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desarrollo de materiales que imitaban la madera mediante la incorporacién de cascara
de almendra de diferentes granulometrias. En esta investigacion se determiné el gran
potencial que tenian los materiales poliméricos como matrices para materiales
compuestos con acabados similares ala madera (WPC — “wood plastic composites”), con

refuerzos de tipo lignocelulésico.

A partir de estas investigaciones, el grupo empieza a hacer extensivo el empleo de
residuos de tipo lignoceluldsico como refuerzos o cargas funcionales en un amplio rango
de matrices poliméricas y se trabaja con materias de tipo lignocelulésico de diferentes
naturalezas. Asi, se inicia una linea de trabajo con el empleo de refuerzos de origen
natural. Bajo este marco, se trabaja con residuos industriales de cascara de almendra,
residuos de fabricacién de cerveza, cascara de avellana, residuos de café, cantueso o
tomillo alicantino, cascara de cacahuete, tegumento de cacahuete y también se
desarrollan investigaciones con diversos residuos de biomasa no industrial tales como el
plumero de la pampa, pinocha y pifias de pino, residuos de alga de Posidonia oceanica,
etc. Junto a estas investigaciones en las que intervienen materiales lignocelulosicos, se
amplia el rango de cargas/refuerzos con materiales de naturaleza inorgénica como
carbonato calcico procedente de conchas marinas o el obtenido a partir de las cascaras
de huevo. Entre las matrices poliméricas, se barre un amplio abanico que contempla
polimeros derivados del petrdleo como el poli(etileno) (PE), poli(propileno) (PP) y, en
los tltimos afnos, se amplia el conjunto de matrices con polimeros biodegradables como
el acido poli(lactico) (PLA), poli(butilén succinato) (PBS), poli(hidroxibutirato) (PHB),
estructuras de proteina de gluten y soja, etc. Entre los procesos de fabricacion, se trabaja
en sistemas de mezclado mediante extrusién y posterior inyeccion. También se trabaja
con el método de termocompresion o prensado en caliente. El principal reto al que se
enfrentan el grupo en estas investigaciones se centra en la naturaleza tan dispar de los
componentes: por un lado, un polimero altamente hidrofébico y, por otro lado, una carga
lignocelul6sica altamente hidrofilica. Con ello, aparecen problemas de concentracion de
tensiones y efectos de refuerzo de baja intensidad. Con este objetivo se empieza a trabajar
en los fenomenos de intensificacion de las interacciones polimero-carga celuldsica y se

aborda el reto desde diferentes planteamientos.
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i. Utilizacion de agentes compatibilizantes.

Derivados de copolimeros de poliolefinas con anhidrido maleico (PE-g-
MA, PP-g-MA, SEBS-g-MA) o con mondémeros acrilicos como el acido acrilico
(AA), metil metacrilato (MMA), etil acrilato (EA), entre otros, asi como sintesis

de otros de bajo impacto medioambiental.

ii. Utilizacion de agentes de acoplamiento.

Se ha trabajado con diversos silanos seleccionados especificamente para
intensificar los fen6menos de entrecara y con tratamientos de esterificacion de
los compuestos lignocelul6sicos con compuestos derivados de acidos grasos como
el acido palmitico con resultados excelentes en cuanto a mejora de las
propiedades globales de los compuestos. Ademéas de los acidos grasos, en los
ultimos afios se ha estado trabajando con aceites vegetales o triglicéridos
previamente sometidos a diversas modificaciones quimicas como la acrilacion,
maleinizacion, etc. y que estan siendo validadas en investigaciones actuales en el

seno del grupo, a través de diversas tesis doctorales.

Ademas de la problemética ligada a compatibilidad de los componentes, se ha
tenido que abordar un reto adicional ligado a la fragilidad intrinseca de muchos de estos
polimeros debido a sus altos niveles de cristalinidad. En el caso de las formulaciones
basadas en acido poli(lactico) (PLA), se han realizado investigaciones con diferentes
compuestos quimicos que cumplan, simultineamente, una funcién de compatibilizacion,
de extension de cadena y de plastificacion para disponer de materiales de amplias
posibilidades en la industria del envase y de la construcciéon. En relacion a los
poli(hidroxi alcanoatos), entre los que destacan los trabajos con poli(3-hidroxibutirato)
(P3HB), los retos que se estan abordando intentan cubrir diversos frentes. Por un lado,
la temperatura de fusion del P3HB se sitia en torno a 170 °C, muy cercana a la
degradacion, que comienza a los 180-190 °C dejando una ventana de procesado muy
estrecha. Por otro lado, al disponer de una temperatura de transicién vitrea muy baja (en

torno a 0 °C), se produce un proceso de cristalizacion fria que conduce a un
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envejecimiento fisico de los materiales a temperatura ambiente, lo cual repercute en una

mayor fragilidad de los materiales.

”OMPUESTOS ECOLOGICOS DE MATRIZ TERMOESTABLE”

En el &mbito de los compuestos ecologicos con matrices termoestables, la apuesta
del grupo es de gran magnitud. Actualmente la mayoria de los materiales compuestos de
matriz polimérica se fabrican con matrices termoestables derivadas del petréleo (resinas
epoxi-EP, poliéster insaturado-UP, fenolicas-PF, viniléster-VE, etc.) y con fibras de
refuerzo que cubren diversos segmentos de mercado: fibra de carbono (CF) cuando se
requieren maxima rigidez, fibras de aramida (AF) para aplicaciones que requieren
resistencia a impactos y fibra de vidrio (GF) cuando se busca un buen equilibrio entre
coste y prestaciones. A lo largo de los afios, el grupo ha trabajado con algunos de estos
sistemas convencionales, pero en los ultimos anos, se ha intensificado la investigaciéon

en compuestos termoestables ecolégicos con diferentes planteamientos.

Se ha trabajado en el desarrollo y optimizacién de nuevas matrices termoestables
de alto rendimiento a partir de aceites vegetales. Una de las lineas mas so6lidas se ha
centrado en el desarrollo de formulaciones altamente eficientes derivadas de aceites
vegetales epoxidados (EVOs) tales como el aceite de linaza y de soja epoxidados, ELO y
ESBO respectivamente. Se han estudiado los procesos de entrecruzamiento de estos
materiales con diferentes anhidridos ciclicos, acidos carboxilicos, aminas y
combinaciones con el fin de incrementar el contenido renovable y garantizar niveles de
curado o entrecruzamiento adecuados para la industria. En estas investigaciones
también se ha trabajado con los sistemas de catélisis e iniciacién con el empleo de
alcoholes polihidricos (glicerol, propanodiol, etanodiol) asi como regulacion de las
velocidades de reaccion con el empleo de aminas terciarias, fundamentalmente
imidazoles. Junto a estos sistemas, se han llevado a cabo investigaciones con resinas de
tipo acrilico termoestable con aceite de soja epoxidado-acrilado (AESBO) con diluyentes
reactivos de tipo estireno. Ademas de estos triglicéridos, se ha caracterizado un amplio
rango de aceites con potencial uso en la fabricacion de termoestables (aceite de cafiamo,

jojoba, semilla de uva, etc.).
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Figura II.1.1. Esquema de las lineas de investigacidon activas en el grupo de
Investigacion en Polimeros y Compuestos Ecoldgicos (GiP-Eco) y Grupo de
Investigacion en Procesos de Modificacion de Superficies (GiPROSUP) en el que se
ha desarrollado la presente tesis doctoral.

En cuanto a las fibras de refuerzo, ademaés de las fibras convencionales (carbono,
vidrio, basalto, aramida, fundamentalmente), el grupo ha intensificado su investigacion
en otras fibras para actuar como elemento de refuerzo en materiales compuestos. Estas
investigaciones se han dirigido hacia el empleo de fibras naturales como lino, yute,
cafamo, ramio, bamb, entre otras y los procesos de mejora de la interaccién matriz-
refuerzo con sistemas de acoplamiento, agentes compatibilizantes, modificacion de
fibras con tecnologias de plasma, etc. Ademas de estas fibras naturales, se han

desarrollado investigaciones con otras fibras de marcado caracter medioambiental, como
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es el caso de las fibras de pizarra (SF — “slate fiber”) puesto que se obtienen a partir de
los residuos de la industria de la construccién y dan solucién al problema de generacion
de residuos en este sector. En la Figura II.1.1 se muestra un resumen esquematico de
las lineas mas relevantes que se desarrollan en el grupo en el que se ha realizado la

presente tesis doctoral.

En el marco de estas lineas de investigacion, previamente a la realizacion de la
tesis doctoral, el doctorando particip6 en el desarrollo de formulaciones de materiales
compuestos ecologicos con matrices termoplasticas. Concretamente, se trabajé con
matrices de biopolietileno (obtenido a partir de la cafia de aztcar) y refuerzos de fibras
de pizarra, procedentes de residuos de la industria de la pizarra. Estas investigaciones
previas pretendian mejorar la interacciéon entre la matriz de poli(etileno) y las fibras de
pizarra. Ademas de la fibra de pizarra se trabajo con fibras naturales procedentes de una
planta invasora, el plumero de la pampa o Cortaderi selloana. En ambos trabajos se
evalu6 la influencia del contenido en fibra de refuerzo y la necesidad de empleo de

agentes de acoplamiento o compatibilzantes para mejorar los fenémenos de entrecara.

Los aspectos mas relevantes de esta investigacion previa se plasmaron en las

siguientes publicaciones, todas ellas con un marcado caracter medioambiental:

Capitulo II.2.

A. Carbonell, D. Garcia-Garcia, A. Jorda, M.D. Samper, R. Balart,
“Development of slate fiber reinforced high density polyethylene
composites for injection molding” Composites Part B. Engineering,

(2015) 69, 460-466.

Capitulo II.3.

A. Carbonell-Verdu, T. Boronat, E. Fages, S. Girones, E. Sanchez-Zapata,
J.A. Perez-Alvarez, L. Sanchez-Nacher, D. Garcia-Sanoguera, “Wet-laid
technique with Cyperus esculentus: Development, manufacturing and

characterization of a composite” Materials & Design (2015) 86, 887-893.
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Capitulo I1.4.

A. Jorda-Vilaplana, A. Carbonell-Verdu, M.D. Samper, A. Pop, D. Garcia-
Sanoguera, “Development and characterization of a new natural fiber
reinforced thermoplastic (NFRP) with Cortaderia selloana (Pampa

grass) short fibers” Composies Science and Technology (2017) 145, 1-9.
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“Development of slate fiber reinforced high density

polyethylene composites for injection molding”

ﬁbstract.

During the last decade the use of fiber reinforced composite materials has consolidated
as an attracting alternative to traditional materials due to an excellent balance between
mechanical properties and lightweight. One drawback related to the use of inorganic fibers such
as those derived from siliceous materials is the relative low compatibility with conventional
organic polymer matrices. Surface treatments with coupling agents and the use of copolymers
allow increasing fiber-matrix interactions which has a positive effect on overall properties of
composites. In this research work we report the use of slate fiber treated with different coupling
agents as reinforcement for high density polyethylene from sugarcane. A silane (propyltrimethoxy
silane; PTMS) and a graft copolymer (polyethylene-graft-maleic anhydride; PE-g-MA) were used
to improve fiber-matrix interactions on HDPE-slate fiber. The effect of the different
compatibilizing systems and slate fiber content were evaluated by scanning electron microscopy
(SEM), dynamic thermo mechanical analysis (DTMA) as well as mechanical properties (tensile,
flexural and impact). The results show that the use of silane coupling agents leads to higher fiber-
matrix interactions which has a positive effect on overall mechanical properties. Interesting
results are obtained for composites containing 30 wt.% slate fiber previously treated with
propyltrimethoxy silane (PTMS) with an increase in tensile and flexural strength of about 16%

and 18% respectively.

eywords.

Fibres; mechanical properties; microstructures; injection moulding; thermoplastic resin.
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I1.2.1. Introduction.

In the last decade a remarkable increase in concern about the environment has
been detected and different topics related to petroleum depletion, recycling,
biodegradation, waste upgrading, etc. act as leading forces for the development of new
and environmentally friendly materials. This situation has been particularly marked in
the field of polymers and polymer-based composites which traditionally use petroleum-
based polymers characterized by non-biodegradability. In the case of composite
materials, research has been focused on the use of low environmental impact polymer

matrices and reinforcing fibers [1-5].

Commodity plastics such as polyolefins (polyethylene, polypropylene, etc.) find
attracting uses in medium to low technical applications due to excellent balance between
overall properties (mechanical, thermal, chemical resistance, etc.) and easy processing
by conventional techniques such as extrusion and injection molding. Nevertheless, these
polymers do not reach, in general, typical properties of technical or engineering
polymers. For this reason, it is quite usual to reinforce commodity plastics (and also,
engineering plastics) [6] with short or long fibers such as natural (flax, sisal, coir, jute,
henequen, etc.) [7-13], inorganic (glass fiber) [14-17], synthetic (aramid, polyamide,
polyester, etc.) [18], carbon fiber [19], etc. in order to provide them with improved
properties such as stiffness, thermal resistance, shrinkage reduction, etc. in order to offer
materials in the frontier line separation between commodity and engineering/technical
plastics. Although glass fiber has been the most used reinforcing fiber for thermoplastics,
in the last years new inorganic fibers have invaded the composite’s industry as
alternatives to glass and carbon fibers for industrial, medical, electrical, etc. applications
[20]. This is the case of basalt fiber obtained from widely spread basalt mineral, which
offers some advantages with regard to glass fiber by considering Life Cycle Assessment
(LCA) approach or nature silica [21-24]. Another recent initiative is the slate fiber (SF)

obtained from slate wastes.

Slate is a widely used material for roofing; this industry is characterized by a large
waste generation (one-ton end product could generate almost 30 tons of waste) thus
leading to a high environmental impact. For this reason, the survival of this industry is

directly linked to its capacity to upgrade wastes [25]. Some attempts have been used in
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order to upgrade slate powder as filler for polymers [26] or even as a filler for
thermosetting resins such as unsaturated polyesters or epoxies. Galicia is one of the
largest producers of slate in Europe with about 90% production in Europe. Being aware
of the high environmental impact of the generated slate wastes, important efforts focused
on slate waste upgrading have been made in the last years. Mifibra is a Galician company
which commercializes a novel fiber obtained from slate wastes with potential uses in
composite’s industry (pultruded bars and profiles, fabrics for laminates, isolation panels,
twisted yarns, etc.). This contributes twice to environment: on one hand the large volume
amounts of slate wastes are reduced and on the other hand, wastes represent the base

material for fiber production with new and attractive industrial and technical uses.

The main aim of this work is manufacturing of new environmentally friendly
thermoplastic reinforced composites by using high density polyethylene from sugarcane
and slate fiber from slate wastes. Slate fibers treated with a hydrophobic silane namely,
propyltrimethoxy silane (PTMS) are used in combination with and without conventional
compatibilizer copolymer (polyethylene graft maleic anhydride, PE-g-MA) to evaluate
the influence on overall properties for a fixed slate fiber content of 20 wt.%. In addition,
the effect of the slate fiber content in the 5-30 wt.% on mechanical properties of HDPE-

slate fiber composites is evaluated.

I1.2.2. Experimental.

I Materials.

Base polymer for composites was high density polyethylene (HDPE) commercial
grade SHA7260 from Braskem (BRASKEM, Sao Paulo, Brasil) supplied by FKuR (FKuR
Kunststoff GmbH, Willich, Germany) with a minimum biobased content of 94% (as
determined by ASTM D6866). It is characterized by a melt flow index (MFI) of 20 g/10

min at 190 °C and a density of 0.955 g cm3. And it is suitable for injection molding.
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Slate fiber (SF) from Mifibra (MIFIBRA S.L., Ourense, Espana) 15 mm in length
and a diameter in the 15-23 pm range was used as reinforcing fiber for HDPE-based
composites. Before composite manufacturing, slate fibers were washed with distilled
water and subsequently they were placed in an oven at 350 °C for 3 h to remove organic
sizings. Chemical characterization of slate fiber was carried out with X-ray fluorescence
spectroscopy in a sequential X-ray spectrometer PHILIPS MAGIX PRO PW2400
equipped with a rhodium tube and a beryllium window. Results of chemical composition
were analyzed by using the SuperQ analytical software. Table I1.2.1 shows a summary

of the chemical composition of slate fiber obtained by XRF.

Table I1.2.1. Chemical composition of slate fiber obtained by X-ray fluorescence

spectroscopy.

Composition wit.(%)
SiO: 53.50
Fe-05 15.70
Al,O4 15.11
CaO 10.05
TiO- 3.02
K-0 2.38
MnO 0.25

A hydrophobic silane coupling agent was used to improve fiber-matrix
interactions: propyl trimethoxy silane; PTMS supplied by Sigma Aldrich (Sigma Aldrich,
Madrid, Spain). A typical graft copolymer polyethylene-graft-maleic anhydride; PE-g-
MA supplied by Sigma Aldrich was also used to increase compatibility between the

inorganic slate fiber and the organic HDPE matrix.

I Hbpre-sr composite manufacturing,.

Four different HDPE-SF composite formulations were manufactured by varying

the compatibilizing system at a constant slate content (see Table I1.2.2).
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Table I1.2.2. Composition of HDPE-slate fiber composites and their code.

Code (Ijvlt)l")/f:) Silane type: Slate fiber content(wt.%) Pf‘:;f:%[)A
SF 80 Untreated: 20 -
SF-MA 78 Untreated: 20 2
SF-PTMS 80 Silane treated TMPS: 20 -
SF-PTMS-MA 78 Silane treated TMPS: 20 2

Silane treatment was carried out as follows: 1 wt.% silane with respect to the slate
fiber to silanize, was dissolved in a 50/50 water/methanol solution and the final solution
was stirred for 10 min to ensure homogenization and hydrolysis of alkoxy groups. After
this, slate fiber was immersed in this solution for 15 min and subsequently, slate fiber

was removed and was washed with distilled water and dried at room temperature for 24
h.

HDPE-SF composites were manufactured with a twin screw extruder with 4
temperature stages (160 °C, 160 °C, 165 °C and 170 °C from the feeding to the dye) at a
rotating speed of 40 rpm and subsequently pelletized. Standardized samples for testing
were obtained with an injection molding machine Meteor 270/75 (Mateu and Solé,

Barcelona, Spain) at an injection temperature of 190 °C.

Mechanical characterization of HDDPE-slate fiber

composites.

HDPE-SF composites were characterized by standardized mechanical tests:
tensile, flexural, hardness and impact. Tensile and flexural tests were carried out at room
temperature in a universal test machine Ibertest ELIB 30 (S.A.E. Ibertest, Madrid,
Espana) following the guidelines of the ISO 527-5 and ISO 178 respectively. A 5 kN load
cell was used and the crosshead speed was set to 5 mm min-. Al least five samples were

tested and average values of different parameters were calculated.

With regard to the impact test, a 1 J Charpy’s pendulum (Metrotec S.A., San
Sebastian, Spain) was used as indicated in the ISO 179:1993 standard. Five different
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notched samples (“V” notch type at 45° with a notch radius of 0.25 mm) were tested and

average values of absorbed energy were calculated.

Hardness characterization was obtained with a Shore D durometer 673-D
(Instrumentos J. Bot S.A., Barcelona, Spain) following the ISO 868. At least five different

measurements were taken and average values were calculated.

Characterization of HDPE-slate fiber fractured

surfaces.

Fractured surfaces of HDPE-SF composites from impact tests were analyzed by
scanning electron microscopy (SEM) with a FEI mod. Phenom (FEI Company, Eindoven,
The Netherlands). All fractured samples were previously coated with a thin gold-
palladium alloy with a sputter coater EMITECH model SC7620 (Quorum Technologies,
East Suseex, UK).

Dynamic mechanical thermal analysis of HDPE-slate

fiber composites.

Mechanical dynamical properties of HDPE-SF composites were evaluated in an
oscillatory rheometer AR G2 (TA Instruments, New Castle, EEUU) equipped with a DMA
accessory (torsion mode) for solid samples. Samples sizing 40x40x4 mm3 were subjected
to a temperature program from -50 °C up to 100 °C at a heating rate of 2 °C min-1under

controlled strain of 0.1%.at a frequency of 1 Hz.
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I1.2.3. Results and Discussion.

I Study of the effect of compatibilizing system.

Firstly, the effect of the compatibilizing system on overall mechanical properties
of HDPE-SF composites was evaluated at a constant slate fiber content of 20 wt.%. Table
I1.2.3 shows a summary of the main mechanical properties obtained in tensile and

flexural tests and impact tests.

Table I1.2.3. Mechanical properties of HDPE-slate fiber composites obtained by
tensile, flexural and impact tests in terms of the compatibilizing system for a
constant slate fiber content of 20 wt.%.

Property HDPE SF SF-MA SF-PIMS °F PTMS
Tensile strength (MPa) 19.6 20.2 22,7 22.8 21.8
Tensile modulus (MPa) 373 1483 1253 1701 1642
Elongation at break (%) 520 18.7 11.7 12.8 13.1
Flexural strength (MPa) 23 23.2 25.4 26.7 26.3
Flexural modulus (MPa) 805 1707 2554 2622 2558
Charpy impact energy (J m-=2) 2.6 3.2 3.2 3.5 3.0

As expected, tensile strength values of HDPE-SF composites are higher for all
composites if compared to unreinforced HDPE matrix. In addition, all tensile strength
values of compatibilized HDPE-SF composites are higher than the value corresponding
to uncompatibilized HDPE-SF composites. Uncompatibilized HDPE-SF composite is
characterized by a tensile strength of about 20.2 MPa and this value is increased up to
values of 22.8 MPa for composites containing PTMS silane treated slate fiber which
represents a percentage increase of about 13% with regard to the uncompatibilized
HDPE-SF composite. Silanes can be attached to hydrophilic substrates by reaction of
hydrolyzed alkoxy groups with hydroxyl groups such as Si-OH (in slate and other
siliceous fibers) and C-OH (in natural fibers) thus leading to tailored functionalities [27-
29]. Different research works focused on basalt fiber have shown the effectiveness of a
silane treatment to improve fiber-matrix interactions [30-32]. Even in the case of the

compatibilizing system consisting on a combination of silane treatment with
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propyletrimethoxy silane and a polyethylene-graft-maleic anhydride copolymer (PTMS-
MA), the tensile strength is still higher with regard to the uncompatibilized HDPE-SF
composite with values of 21.8 MPa (percentage increase of 8%). Some research works
have proved the effectiveness of combination of silanes and copolymers to improve
interactions between fiber and polymer matrix as in the case of polyethylene and glass

fiber or nanoclays [33-35].

As it can be observed, addition of conventional compatibilizer (SF-PTMS-MA)
does not lead to an increase in tensile strength but a small decrease can be detected which
is accompanied by a slight increase in elongation at break. Obviously, as the elastic
modulus is directly related to tensile strength and inversely related to elongation at
break, the overall effect of the combination of hydrophobic silane and conventional graft

compatibilizer is a slight decrease in elastic modulus.

Regarding the evolution of the tensile modulus, similar tendency can be observed.
The only addition of slate fiber without any compatibilizer leads to a remarkable increase
in stiffness. The initial elastic modulus of the unreinforced HDPE is close to 373 MPa
and this value is increased up to values of about 1483 MPa by the only addition of 20
wt.% uncompatibilized slate fiber. One can observe that the silane treatment (alone or
combined with the maleinized copolymer) promotes an increase in stiffness up to values

of 1701 and 1642 MPa respectively.

With regard to flexural tests of HDPE-SF composites we observe the same
behavior as previous tensile results. Composite samples with slate fiber subjected to
silane (PTMS) treatment show the highest flexural strength with values of 26.7 MPa
which is slightly higher to the value corresponding to composites with combined
compatibilizer system (PTMS silane treatment combined with 2 wt.% polyethylene graft
maleic anhydride). In the case of flexural tests, the effectiveness of the compatibilization
is clearly evident as both flexural strength and modulus are higher for HDPE-slate fiber
composites with different compatibilization systems compared to the uncompatibilized
system. The flexural modulus is increased up to values of about 2622 MPa which
represents almost 54% higher than uncompatibilized HDPE-SF composites and 325%

increase with regard to the unreinforced HDPE matrix.

As expected, the addition of reinforcing fiber into HDPE matrix leads to a

remarkable decrease in elongation at break as observed in Table I1.2.3. Short fibers
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randomly dispersed into the HDPE matrix provide good stiffness but they act as stress

concentrators thus leading to dramatic decrease in elongation at break.

Concerning to impact energy, all HDPE-SF composites (notched samples) show
higher energy absorption than the unreinforced HDPE matrix. HDPE-SF composites
with slate fibers subjected to surface treatment with PTMS offer the maximum energy
absorption with values of about 3.4 J m which represents a percentage increase of 13%
with regard to the untreated slate fiber and 35% with regard to unreinforced HDPE

matrix.

Scanning electron microscopy can be useful to evaluate interaction phenomena
among fiber-matrix. Figure II.2.1 shows SEM images corresponding to fractured

surfaces of HDPE-SF from impact tests.

Figure I1.2.1. SEM images of fractured surface (1000X) of HDPE-SF composites with
different compatibilization systems: a) untreated slate fiber (SF), b) untreated slate
fiber and use of 2 wt.% PE-g-MA copolymer (SF-MA), c) slate fiber subjected to silane
treatment with propyltrimethoxy silane (SF-PTMS) and d) slate fiber subjected to
silane treatment with propyltrimethoxy silane (SF-PTMS) in combination with 2
wt.% PE-g-MA copolymer (SF-PTMS-MA).
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As we can see, HDPE-SF composites with untreated slate fiber (SF) are
characterized by a very low fiber-matrix interaction as observed in Figure II.2.1[a].
This is evidenced by presence of gaps at fiber-matrix interface. In addition, big holes and
cavities related to removed slate fiber during impact tests can be observed thus
evidencing low interaction between the organic matrix and the inorganic reinforcing
fiber. The absence of fiber-matrix interactions does not allow load transfer from the
matrix to the fiber so that, the fiber has a stress concentration effect which is responsible
for relatively poor mechanical properties. The use of different compatibilizer systems
leads improved fiber-matrix interactions as it can be observed in Figure I1.2.1[b], [c]
& [d]. Presence of cavities due to removed slate fiber during fracture is less intense as
compared to untreated slate fiber (SF). As a consequence, load transfer between matrix
and fiber occurs in a higher extent and this is responsible for higher tensile and flexural
strength values for HDPE-SF composites with different compatibilizing systems. This
effect is more evident for silane-treated samples as observed in Figure I1.2.1[c] & [d]
since fewer cavities can be detected in the fractured surface. Another evidence of the
better interface interaction is the amount of material (HDPE matrix) that remains
adhered to the fiber after the fracture by impact; this can be seen in Figure I1.2.1[c] &
[d] in which, a small amount of polyethylene matrix can be detected along the fiber
surface. HDPE-SF composites without previous silane treatment offer clean and smooth

surfaces representative for low fiber-matrix interaction.
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Figure I1.2.2. Plot evolution of the storage modulus (G’) of HDPE-SF at a fixed slate
fiber content of 20 wt.% for different compatibilizing systems.
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The effect of the compatibilizing system can also be observed by following the
evolution of the storage modulus (G’) with temperature. Figure II.2.2 shows plots
evolution of the storage modulus for unreinforced HDPE and HDPE-SF composites with
different compatibilizing systems. As it can be observed the only addition of 20 wt.% slate
fiber leads to a remarkable increase in G’ and this phenomenon is more intense at low
temperatures. In general terms we can see that silane-treated slate fiber (alone and
combined with PE-g-MA) leads to slightly higher G’ values which is in total accordance
with previous tensile and flexural results. With regard to the use of PE-g-MA as unique
compatibilizer, once again we observe slightly lower G’ values (even lower than the
uncompatibilized HDPE-SF composites). The highest G’ values for all the temperature
range are obtained for HDPE-SF composites with previous silane treatment (PTMS) for

slate fibers.

Effect of slate fiber content on properties of HDPE-SF

composites.

As we have clearly observed, silane-treated (propyletrimethoxy silane, PTMS) is
the best compatibilizing system for the HDPE-slate fiber system. The silane treatment
allows chemical anchorage of hydrophobic groups (propyl) as a consequence of the
reaction between the hydrolyzed methoxy groups and hydroxyl groups in the topmost
layers of the slate fibers thus leading to increase affinity with hydrophobic polyethylene
chains. In general terms, propyletrimethoxy silane provides dual functionality to

increase polyethylene (hydrophobic)-slate fiber (hydrophilic) interaction.

Once the optimum compatibilizing system has been selected, the influence of the
slate fiber content on HDPE-slate fibers was studied by varying the slate fiber content in
the 5-30 wt.% range).
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Figure I1.2.3 shows the plot evolution of different mechanical properties of
HDPE-SF composites as a function of the slate fiber content (previously treated with
propyletrimethoxy silane, PTMS). With regard to mechanical resistant properties we
observe an increase in strength and modulus values (for both tensile and flexural tests)
as the slate fiber content increases. By considering the tensile test results, the tensile
strength is increased from 19.6 MPa (unreinforced HDPE) up to values of about 22.7
MPa for HDPE-SF composites containing 30 wt.% slate fiber and this represents a
percentage increase of about 16%. These values indicate the reinforcing effect of slate
fiber. In addition, the addition of slate fiber leads to a remarkable increase in stiffness as
detected by the increase in the elastic modulus which changes from 373 MPa
(unreinforced HDPE) up to 2150 MPa for HDPE-SF (30 wt.% SF) which represents a
percentage increase of almost 476%. This increase is elastic modulus is also a
consequence of the decrease in elongation at break which is dramatically reduced from
520% (unreinforced HDPE) up to values of about 10-12% for composites containing 20-
30 wt.% slate fiber. If we consider that the elastic modulus relates the strength and
elongation in the linear region, an increase in strength and a decrease in elongation at
break have a positive effect on increasing stiffness. Similar results are observed for
flexural tests. The flexural strength of the unreinforced HDPE is 23 MPa and this value
is increased up to values close to 30 MPa for composites containing 20-30 wt.% slate
fiber. In a similar way, the flexural modulus suffers a noticeable increase of about 356%,
as it changes from 805 MPa (unreinforced HDPE) up to 2864 MPa for HDPE-SF

composites containing 30 wt.% slate fiber.

With regard to the ability of the material to absorb energy (impact conditions),
we observe a slight decrease in the Charpy’s impact energy values for low slate fiber
contents in the 5-10 wt.% range. In this case, it seems that it is not possible to transfer
impact load from the HDPE matrix to the fiber as slate fiber appears as short dispersed
fibers in the HDPE matrix and this low content is not enough to support all the impact
stress. On the other hand, composites containing 20 and 30 wt.% slate fiber show a clear
increase in the absorbed energy. Charpy’s impact energy reaches maximum values for
HDPE-SF composites containing 30 wt.% slate fiber with values of about 4.2 kJ m~

which represents a percentage increase of almost 61%.

As we have described previously, the slate fiber content has a positive effect on

mechanical resistant properties such as strength, modulus, stiffness but a decrease is
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detected for mechanical ductile properties such as elongation at break. Figure I1.2.4
shows different SEM images of fractured surfaces after impact tests for HDPE-SF
composites with different slate fiber content. With regard to HDPE-SF composites with
5 wt.% slate fiber, we have previously observed a slight decrease in Charpy’s absorbed

energy and this can be explained by observing the corresponding fracture surface

(Figure I1.2.4[a]).

Figure II.2.4. SEM images of fractured surface from impact tests (400X) for HDPE-
SF composites with different wt.% of slate fiber coupled with propyltrimethoxy
silane, PTMS: a) 5 wt.%, b) 10 wt.%, c) 20 wt.% and d) 30 wt.%.

When impact occurs, the composite is subjected to high stress; then, the matrix
tries to transfer load/stress to the stiffer component (slate fiber) but in this case, the slate
fiber content is too low to support all the transferred loads so that, the composite breaks
with relatively low energy absorption. As the slate fiber content increases, the impact
strength is transferred to more slate fibers which can dissipate some additional impact

energy thus leading to increased Charpy’s absorbed energy values. Fractured surfaces for
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HDPE-SF composites with 20-30 wt.% slate fiber (Figure I1.2.4[c] & [d]) show clear
evidence of the potential distribution of the impact stress between a high amount of short

slate fibers and this has a positive effect on impact absorbed energy as described before.

The improvement on stiffness is also evident from DMA (torsion) tests as
observed in Figure II.2.5. The addition of very low weight percentages of slate fiber
does not provide reinforcing properties. It is important to take into account the relative
density of both components: HDPE (0.955 g cm3) and slate fiber (2.68 g cm3); so that 5
wt.% slate fiber represents only a 1.8 v/v %. The non-reinforcing effect can be clearly
observed by following the evolution of the storage modulus, G’ for HDPE-SF composites
containing 5 wt.% slate fiber which overlaps the unreinforced material. The reinforcing
effects can be observed for slate fiber contents over 10 wt.% as G’ is shifted to higher

values.
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Figure I1.2.5. Plot evolution of the storage modulus (G’) of HDPE-SF composites
containing different wt. % of slate fiber (silanized with propyltrimethoxy silane,
PTMS).
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[1.2.4. Conclusions.

High environmentally friendly thermoplastic composites were manufactured by
using high density polyethylene (HDPE) from sugarcane and new siliceous fiber namely
slate fiber (SF) from slate wastes. Composites were manufactured by extrusion-
compounding followed by injection molding. Different compatibilizing systems were
tested in order to improve fiber-matrix interactions: silane treatment with hydrophobic
propyltrimethoxy silane (PTMS) and a polyethylene graft maleic anhydride copolymer
(PE-g-MA), alone and in combination. Optimum results were obtained for HDPE-SF
with silane-treated (PTMS) slate fibers as described by mechanical properties and SEM
analysis. On the other hand, the real reinforcing effect of slate fibers can be observed for
fiber contents over 10 wt.% slate fiber as all mechanical resistant properties (strength,
modulus, stiffness) are remarkably increased but, in addition, the Charpy’s absorbed
energy is higher than the unreinforced matrix. Due to the nature and density of the slate
fiber, it is possible to add it in conventional extrusion and subsequent injection molding
processes up to a total content of about 30 wt.% with attraction increase in stiffness. As
a general conclusion, we report new attractive materials from technical, economical and
environmental points of view which can compete with conventional glass fiber (GF)
reinforced petroleum-based polyolefins such as polyethylene and polypropylene but with
a marked environmental efficiency as the matrix is obtained from renewable resources
and slate fiber gives a solution to an increasing problematic linked to slate wastes

accumulation.
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During the last decade the use of fiber reinforced composite matenials has consolidated as an attracting
alternative to traditional materials due to an excellent balance between mechanical properties and
lightweight. One drawback related to the use of inorganic fibers such as those derived from siliceous
materials is the relative low compatibility with conventional organic polymer matrices. Surface
treatments with coupling agents and the use of copolymers allow increasing fiber-matrix interactions
which has a positive effect on overall propertics of compasites. In this research waork we report the
use of slate Aber treated with different coupling agents as reinforcement for high density polyethylense
from sugarcane. A silane (propyltrimethoxy silane; PTMS) and a graft copolymer (polyethylene-
graft-maleic anhydride; PE-g-MA] were used to improve fiber-matrix interactions on HDPE-slate fiber.
The effect of the different compatibilizing systems and slate fiber content were evaluated by scanning
electron micrascopy (SEM), dynamic thermomechanical analysis (DTMA) as well as mechanical proper-
ties (tensile, flexural and impact). The results show that the use of silane coupling agents leads to higher
fiber-matrix interactions which has a positive effect on overall mechanical properties. Interesting results
are obtained for composites containing 30w % slate fiber previously treated with propylirimethoxy
silane {PFTMS) with an increase in tensile and flexural strength of about 16% and 18% respectively.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

In the last decade a remarkable increase in concern about the
environment has been detected and different topics related to

typical properties of technical or engineering polymers. For this
reason, it is guite usual to reinforce commeodity plastics (and also,
engineering plastics) |6| with short or long fibers such as natural
(flax, sisal, coir, jute, henequen, etc.) | 7-13|, inorganic (glass fiber)

petroleum depletion, recycling, biodegradation, waste upgrading,
etc. act as leading forces for the development of new and environ-

mentally friendly materials. This situation has been particularly
marked in the field of polymers and polymer-based composites

which traditionally use petroleum-based polymers characterized
by non-biodegradability. In the case of composite materials,

research has been focused on the use of low environmental impact

polymer matrices and reinforcing fibers [1-5].

Commedity plastics such as polyolefins (polyethylene, polypro-
pylene, etc.) find attracting uses in medium to low technical
applications due to excellent balance between overall properties
(mechanical, thermal, chemical resistance, etc.) and easy process-
ing by conventional techniques such as extrusion and injection
molding. Nevertheless these polymers do not reach, in general,

= Corresponding author. Tel.: +34 96 652 84 00,
E-mail mdfdress: rhalam@memeupees (R Balart),

e ! fdoed
1350-E368)

/101016 {pcompositesh 2014 10,026
2014 Elsevier Ltd. All righis reserved.

| 14-17|, synthetic {aramid, polyamide, polyester, etc.) [ 18], carbon
fiber |19, etc. in order to provide them with improved properties
such as stiffness, thermal resistance, shrinkage reduction in order
to offer materials in the frontier line separation between commod-
ity and engineering/technical plastics. Although glass fiber has
been the most used reinforcing fiber for thermoplastics, in the last
years new inorganic fibers have invaded the composite’s industry
as altermatives to glass and carbon fibers for industrial, medical,
electrical, etc. applications [20]. This is the case of basalt fiber
obtained from widely spread basalt mineral, which offers some
advantages with regard to glass fiber by considering Life Cycle
Assessment (LCA) approach or nature silica [21-24| Another
recent initiative is the slate fiber (SF) obtained from slate wastes.

Slate is a widely used material for roofing; this industry is
characterized by a large waste generation (one ton end product
could generate almost 30 tons of waste) thus leading to a high
environmental impact. For this reason the survival of this industry
is directly linked to its capacity to upgrade wastes |25). Some
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“Wet-laid technique with Cyperus esculentus:
Development, manufacturing and characterization of a

composite”

ﬁbstract.

Biobased composite were fabricated with waste of tiger nut natural fibers, different binder
fibers (Lyocell and Cotton) and thermo-bonding fibers (PLA, HDPE, PA6-CoPA). These
composites were processed by wet-laid process and hot-press molding process. The obtained
composites were characterized by flexural, hardness and Charpy impact tests. The internal
structure of the composite was analyzed by SEM observing a significant heterogeneity. The high
fiber content (80% wt) and the absence of a continuous matrix phase makes the mechanical
response of the material is not high. Thermo-bonding fibers kind are more influential than the
binder fibers. The best mechanical responses were obtained with additions of PLA fibers thermo-
bonding fibers. Flexural modulus was maximum (865 MPa) for 80%wt tiger nut/10% wt binder
fiber / 10% PLA fiber composite.

eywords.

Polymer-matrix composites; particle-reinforcement; thermomechanical; thermal

properties; tiger nut.
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I1.3.1. Introduction.

The depletion of oil resources and the stricter environmental regulations, are
acting synergistically to boost new materials and products which are compatible with the
environment and independent of fossil fuels. In the field of composite materials widely
used in engineering, the increasing environmental concerns have encouraged the
replacement of synthetic fibers by natural fibers. Natural fibers, as its name suggests, are
extracted from natural resources, and may be from mineral, vegetable or animal source.
In recent years, there has been substantial growth in the research, development and
application of the so-called "biobased composites" or NFRP (Natural Fiber Reinforced
Plastics). Such composites are applied in major industrial application sectors such as
construction, automobile, interior design, packaging, toy, etc. These materials show

interesting characteristics of sustainability, recyclability and even biodegradability.

The global consumption of natural fiber composites reached 2.1 billion in 2010,
which represents an annual growth of 5% over the past 5 years. It is forecasted a 10%
growing trend until 2016. It is expected to reach a 3.8 trillion dollars consumption
volume of such materials in 2016. Cellulosic fibers of kenaf, hemp, flax, sisal, coir, and
jute are being used successfully in NFRP. Most of these fibers are readily available,
lightweight and inexpensive, and they are generated as waste from various industrial
processes. The NFRP offer additional advantages such as low density, high
strength/weight ratio, no brittle fracture, and good acoustic and thermal insulation
properties. These characteristics make them interesting materials mainly for the

construction industry and the automobile [1-5].

On the Mediterranean coast, due to the special nature of the climate, a native
variety called "Cyperus esculentus L." is grown. The plant requires sandy soil and a mild
climate; as such, Valencia's Mediterranean climate is particularly suitable for its
cultivation. This herbaceous plant produces an edible tuber known as tiger nut as shown
in Figure II.3.1[a]. Its most appreciated use is for the development of a milk-like
beverage called “Horchata”. For the production of this beverage, the tuber is ground, and
after its processing a wet solid waste is generated without any kind of application, as
shown in Figure I1.3.1[b]. For the producers, the residue of ground tiger nut in making

horchata is a problem because it generates large volumes without any economic value.
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Also, such residue is capable of rapid fermentation. This involves costs for the producer,
and environmental damage. According to the data provided by the Regulatory Council
‘Chufa de Valencia' (Tiger nut from Valencia) the horchata production is close to 3.3

million euros, equivalent to the generation of 4.2 tons of tiger nut waste.

The tiger nut is also cultivated in areas with temperate climates such as Brazil,

Chile, and the states of Louisiana, Florida, Missouri, New Mexico in USA [6-8].

Figure I1.3.1. (a) Tiger nut tuber. (b) Waste generated in the manufacture of horchata.

One way to minimize this problem, is the revaluation of this lignocellulosic waste
using it as natural fillers on "biobased composites". In order to incorporate very high
levels (= 50%) of this residue in a polymer matrix it is planned the use of compression

molding technique from several layers of nonwoven with high content in tiger nut.

American Standard Test Materials, ASTM, qualifies as nonwoven the textile
structures obtained by bonding or cross-linking of fibers, or both at once, achieved by
mechanical procedures, dissolution or combination thereof. Papers and tissues that have
been obtained by weaving, knitting or felting based wool are expressly excluded. The
rapid progress in technological processes for the manufacturing of nonwoven fabrics has
allowed them to be incorporated into consumers daily. Such tissue is characterized by
very low density, to be porous and be formed of fibers or filaments which are joined by
chemical, thermal or mechanical forming network-like structures. Its production cost is
low as well as being very versatile materials, easy to form, recyclable, flexible, etc. They

are widely used as filters, hygiene and personal care, automotive components, elements
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for thermal and acoustic insulation, etc. and every day appear new products which use

this type of tissue [4, 9-14].

In this work wet-laid nonwoven processing technology has been chosen in order
to obtain fabric using tiger nut waste. The traditional technique of paper processing has

been applied and the tiger nut waste in an aqueous medium became a nonwoven sheet.

The Wet-Laid technology is used in order to develop nonwoven composites of all
fibers which have the ability to be dispersed in fluids. The Wet-Laid technology lets to
produce products with very good homogeneity, versatility in product finish and high

production.

In general, the process follows next steps: Fiber dispersion in water, continuous
formation of the nonwoven filtering on a mesh, consolidation and drying of the
nonwoven. The dispersion of the fibers in a liquid is extremely important in the
production method for the nonwoven Wet-Laid technology. Raw materials must be able
to be separated homogeneously in loose fibers to form a slurry and remain evenly
distributed during its transport to the formation of nonwoven. The mixture of fibers
suspended in an aqueous medium is deposited on a porous conveyor belt which allows
the pass of water. The conveyor belt transports the nonwoven to the next stage where the

material is consolidated by a thermal process.

As a result, it is obtained a uniform sheet of nonwoven fibers that have not been
damaged during processing distribution. In addition, this technology is environmentally
friendly and lets to produce nonwovens with high volume of fiber and low quantity of

matrix, so the final costs are also reduced because the polymeric matrices are expensive

[15-20].

These nonwovens are the base of laminated composites by hot pressing of several
layers. During the processing, pressure and temperature are applied and the thermo-
bonding materials that were added merge in order to unite the composite. Such
composites do not have a continuous matrix and are characterized by high amounts of
fiber, sometimes they are greater than 9o wt% fiber, but the mechanical behavior is

adequate for many technical applications that not require high resistance [1, 4, 21].

Thus, the main objective of this study is to obtain and characterize mechanically

the composite material obtained by hot-press molding. The material is made of layers of
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nonwoven which are rich in tiger nut waste and are obtained using a wet laid process.
The influence of different binding fibers and thermo-bonding over the properties of the
material will also be determined. It is intended to determine whether the biocomposite

rich in tiger nut residue is suitable for application as technological material.

I1.3.2. Experimental.

I Materials.

The tiger nut residue from the production of horchata has been provided by the
University Miguel Hernandez (Elche, Spain). In order to obtain the nonwoven, it is used
the wet original waste (without drying) since in the wet laid technology, in the first stage
it is mixed with water. The moisture of the tiger nut waste is about 80%, so it is plasticene
like. Particles of this residue have an average size of 1.5mm with polygonal shapes, as

shown in Figure I1.3.2.

Figure I1.3.2. Tiger nut particles from the manufacture of "Horchata" (8X).

Cotton fibers and Lyocell fibers have been used as binding materials in order to
give cohesion to the tiger nut fiber sheet, both supplied by STW Fibers (Schwarzwilder
Textil-Werke GmbH, Schenkenzell, Germany). The cotton fibers are natural fibers with

reference FB1 / 150 and 1.3 mm in length. Lyocell fibers are spun cellulose fibers,
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reference GL1.7 / 4 and a length of 4 mm. It is advisable that the length of the fibers
should not exceed 15 mm, since otherwise it is very likely that the dispersion thereof is

not adequate and a nonuniform sheet will be obtained with a large number of defects.

Different materials have been used as thermo-bonding component of the
composite, such as high density polyethylene (HDPE), polylactic acid fibers (PLA) and
bicomponent fibers Polyamide6/Copolyamide.

HDPE has been acquired from the company STW Fibers. The sales reference is
FPE 910F. The fiber length is 1.3-2 mm and 30 um in diameter, with a melt temperature
of 132 °C.

PLA fibers were supplied by the company Trevira GmbH (Germany), and its

reference is 260, the fiber length is 6mm and melting temperature is 160°C.

The bicomponent fibers PA6/CoPA have been provided by the company EMS-
GRILTECH GmbH (EMS-CHEMIE, Neumiinster, Germany), whose sales reference is BA
140. They have a core/shell structure in which the fiber core is composed by PA6 and
sheath or outer layer is formed by CoPA. The shell or sheath has a melting point of 135°C
with 6 mm fiber length.

In addition, flax fiber has been used as reference material in order to compare the
characteristics of the obtained composite with tiger nut fiber. STW Fibers also provides
the Commercial flax fibers, reference F513, with 6 mm in length and with a diameter

between 10 and 5o00um.

I Processing of nonwoven sheets.

The formulations proposed for the study of the composite materials with tiger nut
are shown in Table I1.3.1. Each one of these formulations was processed by wet laid
technique following the steps shown in Figure I1.3.3, obtaining nonwoven sheets rich

in natural fiber.
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Table I1.3.1. Materials for manufacturing of the nonwoven sheets.

natural fibers binder thermo-bounding
sample tiger nut flax lyocell cotton PLA PA6/CoP HDPE gramn?age
code fiber fiber %wt %wt %wt A %wt g.m2
%wt %wt %wt
1 8o - 10 - 10 - - 342
2 8o - 10 - - 10 - 307
3 8o - 10 - - - 10 352
4 8o - - 10 10 - - 295
5 8o - - 10 - 10 - 314
6 80 - - 10 - - 10 -
7 - 8o 10 - 10 - - 422
8 - 80 10 - - 10 - 428
9 - 80 10 - - - 10 409
10 - 8o - 10 10 - - 348
11 - 80 - 10 - 10 - 336
12 - 80 - 10 - - 10 360
13 40 40 10 - 10 - - 345
14 40 40 10 - - 10 - 395
15 40 40 10 - - - 10 361
16 40 40 - 10 10 - - 336
17 40 40 - 10 - 10 - 324
18 40 40 - 10 - - 10 -

Short Fibers mixture
(natural fibers+binder fibers+thermo-bonding fibers)

'

Dispersion in water

'

Wet-laid nonwoven process

I

Drying

!

Calendering of nonwovens

v

Nonwoven sheets

Figure I1.3.3. General outline of the process of obtaining nonwovens with wet laid

technology.
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Each one of the fiber blends proposed in the study, with a dry weight of 800 g, is
dispersed in water (1g 1) in a high shear stirrer in order to separate and uniformly
disperse the fibers. The used stirrer was provided by PILL Nassvliestechnik (PILL
Nassvliestechnik GmbH, Reutlingen, Germany). It has a capacity of 800 liters, and
stirring was performed at 2400 rpm for 10 minutes. Once the fibers are well dispersed in
the aqueous medium, the mixture was transported to the area of formation of the

nonwoven using of hydraulic pumps.

The fiber/water mixture is deposited on a porous conveyor belt with a feed rate
of 1 m min* which acts as a filter. The porous belt drains water and the fibers remain
deposited over the belt forming the nonwoven sheet. The consolidation of the obtained
sheet is done in two steps: The first one through a drying oven, and the second one
passing the material between two hot rollers that apply pressure and heat to the
nonwoven. The drying oven used was supplied by Tacome SA, mod. SDT-600 (Tacome
SA, Valencia, Spain). In this first drying step the nonwoven is maintained at 180°C for
the PLA blend, 150 °C for PA6/CoPA, and the HDPE at 152 °C all of them for 10 minutes
long. The second process is the calendering of the nonwoven through rollers which are
maintained at 200 °C with a linear fixed pressure on the sheet of 0.124 MPa m. The
calendering is performed in an equipment provided by Tacome SA, mod. CL-600
(Tacome SA, Valencia, Spain). After the consolidation phase, the nonwoven sheet is
rolled up on a machine supplied by the same company Tacome SA mod. EN-600, as
shown in Figure I1.3.4. The average thickness of the obtained nonwoven is 1.18 mm,

and the grammage for each one of the different formulations is shown in Table II.3.1.

[

Figure I1.3.4. Nonwoven sheet rich in natural fiber rolled up, obtained by wet laid
technology.
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I Manufacture of the composite materials.

Composite materials are processed by hot pressing. For the hot pressing 8
sheets sized 12.5x12.5 cm? are superimposed inside the press in order to obtain
laminates with 3 mm thickness. The press is set at different temperatures
depending on termoconformante used (165 °C PLA, 135 °C PA6/CoPA and 150 °C
HDPE) and it is set at a constant pressure of 8T for 8 min. After that the mold is
cooled for 20 min at room temperature before demolding the biocomposite. The

hot molding press used was supplied by Robima SA (Valencia, Spain).

I Characterization of the biocomposites.

The bending tests were performed in a universal testing machine
IBERTEST ELIB 30 (SAE Ibertest, Madrid, Spain) according to the UNE EN ISO
178, applying a constant load speed of 2 mm min and a load cell of 5 kN. The
specimens used were sized 10x80x3 mm3. Impact tests were performed using a 6J
Charpy pendulum manufactured by Metrotec (Metrotec SA, San Sebastian, Spain)
following the ISO 179:1993. Biocomposites hardness is determined by a durometer
Shore D scale, mod. 673D (J. Bot Instruments SA, Barcelona, Spain) according to
the guidelines of the UNE-EN-ISO 868.

The scanning electron microscope SEM used for the morphological
characterization of the fracture of the biocomposites obtained by hot pressing, was
supplied by FEI Company, model Phenom (FEI Company, Eindhoven,
Netherlands). Before the morphological study, samples are coated with a layer of
gold-palladium using a sputter coater Emitech mod. SC7620 (Quorum
Technologies, UK).
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I1.3.3. Results and discussion.

I Nonwoven morphology.

The different biocomposites proposed in this work (Table I) have been
obtained in order to determine the influence of different binding and thermo-
bonding fibers on the properties thereof. A first series with high content in tiger
nut waste (80 wt%) has been produced which is the objective of the work. A second
series is formulated with 80% wt of flax as reference material. The bio-component
rich in flax lets to compare the mechanical properties and also validate if the
composite of tiger nut is optimal for technological applications. The third group
(40% wt tiger nut + 40 wt% flax) is used as a comparative reference of the type of
natural fibers. It should be noticed that two proposed samples have not been
analyzed. The sample number 6 (80% wt tiger nut/10% wt cotton/10% wt HDPE)
and the sample number 18 (40% wt tiger nut+40% wt flax/10% wt cotton/10% wt
HDPE) lacked consistency after the wet laid process. The sheet obtained with these
compositions with cotton and HDPE did not consolidated in the drying process
and it breaks down. This problem occurs when HDPE is used as thermoplastic
fiber. It may be because the HDPE is in the form of very short fiber, almost powder
and hinders the bonding entanglement with tiger nut particles. The other two
thermomolders, PLA y PA6/CoPA, are in the form of threads and it is produced a

better interaction with the different fibers.

The structure in the obtained sheets by wet laid is characterized by a very
heterogeneous appearance, without continuity in matrix form. Due to the use of
high contents of natural fiber/particle and low amounts of thermoplastic fiber, the
nonwoven consolidation occurs mainly by mechanical entanglement of binder
fibers-thermo-bonding fibers together with bonding partial melting of the thermo-
bonding fibers, as shown in the examples of Figure II.3.5. Figure 11.3.5[a]
shows the irregular particle shape of the tiger nut residue "hooked" on the network
formed by the lyocell fibers and bicomponent in a nonwoven with 8o wt% waste of
tiger nut. Figure I1.3.5[b] shows in detail the junctions between the fibers by
heat fusing thereof. Comparatively, the SEM image in Figure II.3.5[c] of
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nonwoven with 80% wt of flax fiber, presents fibers of different thicknesses
irregularly distributed. Figure I1.3.5[d] shows with higher magnification the
"links" between fibers, they are caused by thermal fusion of the thermo-bonding
fibers during the manufacturing of the nonwoven. From the structural point of
view, there is not difference in spatial arrangements of the phases of the composite

with tiger nut or with flax. They are structurally equivalent.

Figure II1.3.5. SEM micrographs of the nonwoven surface. (a) 80%wt tiger nut +
10%wt Lyocell+10%wt PA6/CoPA, 320X. (b) 80%wt tiger nut + 10%wt
Lyocell+10%wt PA6/CoPA, 700X. (c) 80%w flax fiber + 10%wt Lyocell +10%wt
HDPE, 320X. (d) 80%w flax fiber + 10%wt Lyocell +10%wt HDPE, 700X
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This type of irregular structures without internal continuity determine the
behavior of the biocomposites obtained with these nonwovens. The few unions by
thermal fusion of the thermo-bonding fibers give consistency and consolidate the
nonwoven for its processing, but also influence in a poor mechanical response of

the biocomposite.

I Biocomposites flexural properties.

Figure I1.3.6 depicts the flexural modulus of the bicomposites with high
contents of natural fibers (80%wt tiger nut, 80%wt flax, 40%wt tiger nut+ 40%wt

flax) for different binders and thermo-boundings used.
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Figure II.3.6. Flexural modulus of the biocomposites with high natural fiber content
(80% wt), based on different binders and thermo-bondings.
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The behavior for each of the three systems is similar in each mixture
binder/thermo-bonding. The higher elastic modulus is obtained using PLA as
thermo-bonding, and it presents similar values regardless of the binder fiber used:
cotton or Lyocell. The behavior for each one of the three systems is similar for each
mixture binder/thermo-bonding. The higher elastic modulus is obtained using
PLA as thermo-bounding, and their values are very similar when binder fiber
varies: Lyocell or cotton. When PA6/CoPA or HDPE are used as thermo-bounding
nonwoven fiber, the flexural modulus values obtained are half or even less of those
for the PLA. From the viewpoint of the types of natural fibers, the tiger nut/PLA
exhibit the maximum value of flexural modulus. Its flexural modulus is 28% higher
for tiger nut/Lyocell/PLA that obtained in flax/Lyocell/PLA. In the case of using
cotton as a binder, this parameter is 18% higher for tiger nut too.
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Figure I1.3.7. Flexural strength of the biocomposites with high natural fiber content
(80% wt), based on different binders and thermo-bondings.

Figure I1.3.7 shows the flexural strength of the biocomposites with high

natural fiber content in accordance with different binders and thermo-boundings

Tesis doctoral — Alfredo Carbonell Verda

151



II. Investigacion previa.

used. The behavior for each of the three systems is similar for each binder/ thermo-
bounding mixture. The greatest resistance against bending are obtained using PLA
fibers, and the lowest for the bicomponent fibers PA6/CoPA. The Flexural strength
presents similar values to the biocomposites of tiger nut and flax. But, for

laminated tiger nut+ flax the flexural strength is lower.

From the viewpoint of the types of natural fibers, the tiger nut/Lyocell/PLA
reach the maximum value of flexural strength. Its flexural modulus is 12% higher
than that one obtained in flax/Lyocell/PLA. When cotton is used as a binder, this
parameter is 10% higher for flax/Lyocell/PLA. It can be concluded that the
response to bending stresses in the biocomposites studied, the most influential
component is the thermo-bonding used. The use of fibers of PLA provides

maximum performance against bending.

It has to be considered that the flax fiber bicomposites are used as
benchmark in this paper. Analyzing the graphs, it can be determined that laminates
with high contents of tiger nut waste can perfectly replace the rich flax fiber

composites since their behavior is very similar.

The hardness obtained for the three systems biocomposite tested: 80%wt
Tiger nut, 80%wt Flax, 40%wt Tiger nut+40%wt Flax, is shown in Table I1.3.2.
The Shore D hardness obtained are very similar for all tested samples. Only it is

observed a slight increase in hardness with the use of PLA as thermo-bonding.
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Table I1.3.2. Values of Shore D hardness of the biocomposites of high content of
natural fiber (80% wt), based on different binders and thermo-bondings.

Binder/th Tiger nut Flax ;lA‘ritgerFI;ut 405’
mnder/thermo- o o + Flax 407%
bonding Fibers 80% wt 80% wt wt
Shore D SD ShoreD SD ShoreD SD
Lyocell/PLA 46.3 2.4 45 1.5 47.6 2.3
Lyocell/PA6-CoPA 45.0 0.5 45.3 2.0 44.0 1.7
Lyocell/HDPE 47.0 0.5 38.3 0.8 45.0 2.5
Cotton/PLA 55.3 1.1 55 2.5 45 2.1
Cotton/PA6-CoPA 47.3 1.0 39.3 1.7 37.3 0.3

I Biocomposites impact properties.

The results obtained for the biocomposites for the Charpy impact test are
shown in Figure II.3.8. In it is depicted the energy absorbed in the impact test,
for the proposed natural fibers: T80%wt Tiger nut, 80%wt Flax, 40%wt Tiger
nut+40%wt Flax, based on the various binders and thermo-bonders. Despite the
fiber content are very high (80% wt), they are not embedded in a continuous matrix
(Figure 9), so the the biocomposites studied absorb low impact energy. Continuous
matrices absorb most of the energy before failure, partly because their possibility

of deformation when forces are transmitted to the fiber.

The biggest impact energy absorption corresponds to the composites with
PA6/CoPA bicomponent as thermo-bonding, they present values above twice the
value presented using PLA. HDPE fiber has an intermediate impact behavior
regarding the two previous ones. The most fragile composites under impact
conditions are those with PLA as thermo-bounding. In such cases there is no
significant difference between different natural fibers. The impact resistance is

similar in bicomposites with tiger nut fiber, flax fiber or mixture of the both.

Regarding binder fiber used in the nonwoven, Lyocell and cotton, there is
no clear influence regarding the impact resistance of the composite. The obtained
values are very similar for the two different binders, maintaining the same thermo-

bonding.
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Figure I1.3.8. Variation of the energy absorbed in the impact test of the
biocomposites with high natural fiber content (80% wt), based on different binders
and thermo-boundings.

The morphology study of the fracture surfaces obtained after the impact test
(Figure I1.3.9) show a lack of continuity in the internal structure of the

biocomposites studied.
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Figure I1.3.9. SEM micrographs of the impact fracture surface of biocomposites with
80% wt waste tiger nut. (a) 80%wt tiger nut + 10%wt Lyocell+10%wt PLA, 300x. (b)
80%wt tiger nut + 10%wt Lyocell+10%wt PA6/CoPA, 300x. (c) 80%wt tiger nut +
10%wt Lyocell +10%wt HDPE, 300x. (d) 80%wt tiger nut + 10%wt Cotton +10%wt
PLA, 300X. (e) 80%wt tiger nut + 10%wt Cotton+10%wt PA6/CoPA, 300x.
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The morphologies of impact fracture surfaces f biocomposites rich in tiger
nut residue, are characterized by a very irregular and heterogeneous appearance.
The particles of tiger nut are embedded in the fibers used as a binder and thermo-
bonding. The fibers do not have a preferred orientation, are disposed in all
directions. Due to the length of fibers and its ripple, tiger nut particles remain
"trapped" by the effect of entanglement of the fibers. It is not observed a uniform
structure by the absence of matrix phase. This discontinuity causes the existence
of many voids in the internal structure of biocomposite. Such structures are
responsible for the low impact strength of the analyzed composites. This
morphology is similar in all samples although the used fibers as binders and/or

thermo-bonding are different.

I1.3.4. Conclusions.

A nonwoven material has been obtained applying wet-laid technology with high
content of tiger nut waste. This technique of obtaining nonwoven in a wet manner
presents the advantage that it is possible to use waste in the form of short fibers or
particles and only needs water in order to process the material, so it is an eco-efficient
technology. The use of such high contents of tiger nut, 80% wt, permits the revaluation

of a major industrial waste.

Obtaining wet laid sheets requires the addition of binder fibers, Lyocell and
cotton, and thermo-bonding, PLA; HDPE; PA6-CoPA.

The subsequent forming of several layers of nonwoven by thermoconpresion lets
to obtain biocomposites. Such composites are characterized by not filing a continuous
matrix, which has negative effects on the mechanical response of the material. In the
response to the bending stresses in the biocomposites studied, the most influential
component is the thermo-bonding used. The use of PLA fibers provides maximum
performance against bending. Tiger nut/Lyocell/PLA exhibits the maximum flexural
modulus, 861.78 MPa, and 28% higher than that obtained with flax/Lyocell/PLA. In the
case of using cotton as a binder, this parameter reaches a value of 872.04 MPa, 18%
higher than flax/cotton/PLA.
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The results obtained in this study determine that the biocomposites with high
contents of tiger nut residue, are suitable materials for many technical applications that
not require high strengths. Its manufacturing is optimal using the wet-laid technique and
compression molding. This material comes from an agri-food waste and it is very
interesting from an environmental and sustainability point of view. It would be suitable
for applications such as soundproofing panels or thermal insulation for interior cladding

in construction, automotive industry, furniture, etc.
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Biobased compasites were fabricated with waste of tiger nut natural fibers, different binder fibers (lyocell and
cotton) and thermo-bonding fibers [PLA, HDPE, PAS-CoPA). These composites were processed by wet-laid
process and hot-press molding process. The obtained composites were characterized by flexural, hardness and

The internal structure of the composite was analyzed by SEM observing a significant heterogeneity. The
high fiber content [ 80 wit.%) and the lack of a continuous matrix phase cause mediocre mechanical response
of the material. Thermo-banding fibers are more influential than the binder fibers. The best mechanical
responses were obtained with additions of PLA fibers and thermo-bonding fibers. Flexural modulus was
maximum (865 MPa) for 80 wt X tiger nut, 10 wt % binder fiber/10% PLA fiber composite.

0 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The depletion of oil resources and the stricter environmental regula-
tions, are acting synergistically to boost new materials and products
which are compatible with the environment and are independent
of fossil fuels. In the field of composite materials widely used in engi-
neering. the increasing environmental concerns have encouraged the
replacement of synthetic fibers by natural fibers. Natural fibers, as the
name suggests, are extracted from natural resources, and may be from
mineral, vegetable or animal source. In recent years, there has been
substantial growth in the research, development and application of
the so-called “biobased compasites™ or NFRP {Natural Fiber Reinforced
Plastics). Such composites are applied in major industrial application
sectors such as construction, automobile, interior design, packaging,
and toy. These materials show interesting characteristics of sustainabil-
ity, recyclability and even biodegradability. The NFRP offer additional
advantages such as low density, high strength/weight ratio, no brittle
fracture, and good acoustic and thermal insulation properties. These
characteristics make them interesting materials mainly for the con-
struction and automobile industries [1-5].

On the Mediterranean coast, due to the special nature of the climate,
a native variety called “Cyperus esculentus L™ is grown. This herbaceous
plant produces an edible tuber known as tiger nut as shown in Fig, 1(a).

= Corresponding author.
E-mail oddress: thoronas@dimm.upy.es [T. Boronag ).

hirp:/fdx dot org 10 1006j.matdes 201508013
0264-1275/0 2015 Elsevier Lud. Al rights reserved.

Its maost appreciated use is for the development of a milk-like beverage
called “Horchata". For the production of this beverage, the tuber is
eround, and after its processing a wet solid waste is generated without
any kind of application, as shown in Fig. 1{b). For the producers, the
residue of ground tiger nut in making Horchata is a problem because
it generates large volumes without any economic value. Also, such
residue is capable of rapid fermentation, This involves costs for the pro-
ducer, and environmental damage.

The tiger nut i also cultivated in areas with temperate climates such
as Brazil, Chile, and the states of Louisiana, Florida, Missour, and New
Mexico in the USA [6-8].

One way to minimize this problem, is the revaluation of this ligno-
cellulosic waste using it as natural fllers on “biobased composites”,
In arder to incorporate very high levels (= 50%) of this residue in a poly-
mer matrix the use of compression molding technique from several
layers of nonwoven with high content in tiger nut is planned. Nonwo-
ven materials are characterized by very low density, to be porous and
be formed of fibers or filaments which are joined by chemical, thermal
or mechanical forming network-like structures. lis production cost is
low as well as being very versatile materials, easy to form, recyclable,
flexible, ete. They are widely used as filters, used for hygiene and per-
sonal care, automotive components, elements for thermal and acoustic
insulation, etc. and new products which use this type of tissue x appear
every day.

In this work, Wet-Laid nonwoven processing technology has been
chosen in order to obtain fabric using tiger nut waste. The traditional
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“Development and characterization of a new natural
fiber reinforced thermoplastic (NFRP) with Cortaderia

selloana (Pampa grass) short fibers”

ﬁbstract.

In this work, fully bio-based thermoplastic composites are manufactured with bio-based
polyethylene (from sugarcane) and short fibers coming from Cortaderia selloana (CS) wastes.
These wastes are characterized by high cellulose content, which can provide high stiffness to the
polymeric matrix. The effect of Cortaderia selloana short fibers on thermal properties has been
evaluated by differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). The
effect of the filler load on mechanical properties has also been evaluated by tensile and impact
tests as well as the effects of different coupling agents. Fiber-matrix interactions have been
studied by scanning electron microscopy (SEM). The addition of 15-30 wt. % Cortaderia selloana
short fiber leads to high elastic and flexural modulus without remarkable changes in thermal

degradation of the polymer composite.

eywords.

Cortaderia selloana; natural fiber reinforced plastics (NFRP); bio-based polyethylene;

mechanical properties.
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I1.4.1. Introduction.

In recent decades, society has raised awareness regarding the need to preserve
the environment. The way of life of modern societies based on consumption is
responsible for the high production of wastes from both the manufacturer and the final
consumer. This generates significant environmental and pollution problems.
Governments in developed countries have the need to implement laws to protect the
environment against the generation of waste and allow their controlled management [1,
2]. This is the main aim in the research on biodegradable and environmentally friendly

materials.

It is evident that within the industrial sector the largest volume of waste
generated will correspond to polymeric materials, mainly for their wide range of
applications and their short life cycle, in areas of high consumption of materials like
packaging, household goods, toys, leisure, construction, automotive, medical and
catering, etc. Taking into account the petrochemical origin of most polymeric materials
and their non-biodegradable nature, these become an interesting material to replace.
Petroleum depletion is another factor that positive influence on the interest in developing
new polymeric materials from renewable sources. Currently polymeric materials from
renewable sources (bio-based polymers) are marketed both thermoset and thermoplastic
nature. Their properties are virtually the same as petroleum-based polymers, but derived
from natural oils, sugars, proteins, starches, polysaccharides, etc. These biopolymers are

perfect substitutes for traditional polymers, in any industry and application [3-6].

One of the technological applications with high demand for traditional polymers
is as composites matrices. Most industrial composites are constituted by two
components: the matrix and the reinforcing fiber. This structure is responsible for its

virtually impossible recyclability and therefore it has become an environmental problem.

Thus, the possibility of obtaining materials that do not damage the environment
promotes the use of reinforcement fibers from natural origin [7]. Several studies have
analyzed the so-called “green composites” made from lignocellulosic fibers such as jute,
sisal, flax, sunhemp, pineapple, flax, kenaf, wood, rice or seaweed and different polymer
matrices [8-10]. In addition, optimizing the composition of these composites together

with its low cost, has led to a new family of composite materials called Natural Fiber
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Reinforced Plastics (NFRP) and Wood Plastic Composites (WPC, being wood and wood
wastes the lignocellulosic component of the composite) with highest growth in the

plastics industry in recent years [11, 12].

Just in the USA, WPC have generated 5.3 billion dollars in revenue and more than
1 billion tons of production. The largest consumer of WPC is USA with 73% of the total,
followed by China with 15%. The main applications are in the building industry, which
represents almost 70% of total consumption on items such as handrails, railings,
deckings, outdoor benches, fences, wall coverings or window frames [12-14]. The
European Union has a demand on WPC of about 5% of the global production, mainly for
applications in the automotive sector such as side interior panels, dashes, roofs, seats,

acoustic panels or glove boxes [15-18].

The most widely used polymer matrix in these commercial WPC is polyethylene
(PE), both low density (LDPE) and high density (HDPE), followed by the PP and PVC. In
USA the PE use represents 83% of the total, while the PP and PVC represents 9% and 7%

respectively.

These thermoplastic matrices give the composite versatility and easy processing.
Furthermore, compared with natural wood, WPC have greater dimensional stability and

longer service life without maintenance [16, 19].

The main drawback of WPC is the lack of interaction between the lignocellulosic
fiber and the polymer matrix. Due to the different hydrophilic behavior of the fiber and
the polymer matrix, there is not a good adhesion/interaction between them. The
mechanical behavior of the composites depends directly on the matrix-fiber interface
[20, 21]. A solution to this problem is the surface pretreatment of the fibers to improve
adhesion to the matrix through the use of so-called coupling agents. Recent studies
demonstrate the effectiveness of alkaline treatments coupled with isocyanates, acrylates,

silanes and peroxides, which enhance matrix-fiber interaction [17, 19, 22, 23].

In the present study, we used natural fiber from the plant Cortaderia selloana
usually called Pampa Grass. Pampas grass is a hemicryptophyte that develops in clumps
up to 3 meters high. It presents inflorescence in white-gray panicles of 60x15 cm high.
This kind of natural fiber has been selected to manufacture the composite because it

allows revalue the large volume of waste generated by pruning this plant. In addition,
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Pampa grass is an allochtoon gramineae, which is considered "invasive species" with
strong dominance that can become invasive on important native ecosystems. In addition,
it drastically reduces biodiversity, changes the landscape and competes with native
species. The most effective method for control is cutting or pruning, which generates

large amounts of waste, with no use or value.

This work aims to characterize a new NFRP for uses in the WPC industry based
on the use of Cortaderia selloana as reinforcing lignocellulosic material into a bio-based
high-density polyethylene (HDPE) thermoplastic matrix. The first objective is to analyze
the effects of compatibilizers to improve fiber-matrix interface adhesion. Secondly, the

influence of the relative amounts of fiber added to the polymeric matrix has been studied.

11.4.2. Experimental.

I Materials.

The HDPE used in this work as composite matrix was bioPE SHA7260 supplied
by Braskem (Braskem Ideasa, Sao Pablo, Brasil). This HDPE is characterized by a
minimum of 94 wt% bio-based content measured following the ASTM D6866 standard
as indicated by the manufacturer. The melt flow index is the 20 g/10 min at 190 °C and

the density is 0.955 g cm-3, making it a suitable polymer for injection molding.

The lignocellulosic reinforcing component was Cortaderia selloana collected
from locally pruning and harvesting on Valencia, Spain. Different coupling systems were
used to evaluate their influence on fiber-matrix interactions: a maleated polyethylene
copolymer, polyethylene-graft-maleic anhydride (PE-g-MA) CAS 9006-26-2, and
previous silanization with a hydrophobic silane, trimethoxy-propyl silane CAS 1067-25-
0. Both coupling agents were supplied by Sigma-Aldrich (SIGMA-ALDRICH Chemie
Gmbh, Steinheim, Germany). Sodium hydroxide, 99% purity, was provided by Scharlab

(Shacharlab, SL, Barcelona, Spain) and was used for alkali treatment.
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I Composite processing.

Firstly, Cortaderia selloana fibers were cut in an industrial mill to obtain short
fibers. The final length of the fibers was in the 1-4 mm range. After this, they were washed
with distilled water and then dried in oven at 60 °C for 24 hours. Different formulations
were prepared for manufacturing as described below in Table I1.4.1 together with the

corresponding designations.

Table I1.4.1. Composition and designation of the four different formulations of Bio-
PE/Cortaderia selloana composites.

. Cortaderia selloana fiber PE-g-MA
Bio-PE compatibilizer
Designation Wt %) Previous (wt. %)
- treatment (wt. %)
Bio-HDPE/CS-UT 85 Untreated 15 -
Bio-HDPE/CS-NaOH 85 NaOH® 15 -
Bio-HDPE/CS-MA 82 NaOH 15 3
Bio-HDPE/CS-Silane 85 NaOH +silane* 15 -

(*) NaOH treatment. Treatment of Cortaderia selloana fibers in a 5 wt. % NaOH
solution with distilled water, for 24 hours with stirring followed by washing with
distilled water and subsequent drying in oven at 60 °C for 24 hours.

(**) NaOH+silane treatment. Same as NaOH treatment followed by hydrophobic
silanization process in a bath containing 3 wt. % trimethoxy-propyl silane in
aqueous-alcohol solution (50 wt. % distilled water - 50 wt. % methanol) for 15
minutes with vigorous stirring. Finally, the silanized fiber was washed with distilled
water and dried in oven at 60 °C for 24 hours.

The four different formulations were extruded in a twin-screw extruder with the
temperature in each of the four heating zones of 155, 160, 165 and 170 °C (from hopper
to die) respectively and a screw speed of 30 rpm; finally the extruded material was
pelletized. Rectangular samples (80x10x4 mm3) and standard tensile test samples were
obtained by injection molding using an injection machine Meteor (Meteor 270/75,

Mateu and Sole, Barcelona, Spain) at an injection temperature of 190 °C.
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I Thermal characterization.

Thermal transitions were studied by differential scanning calorimetry (DSC)
using a Mettler-Toledo 821 (Mettler-Toledo Inc., Schwerzenbach, Switzerland). Samples
ranging 5-10 mg in weight were used. A heating program from 30 to 300 °C at a heating
rate of 10 °C min™ in an air atmosphere was used for all composites. Thermogravimetric
analysis (TGA) was carried out in a TGA/SDTA 851 (Mettler-Toledo Inc.,
Schwerzenbach, Switzerland) and the temperature ranged from 30 °C to 9oo °C with a
heating rate of 20 °C min*. TGA tests were performed in nitrogen environment at a flow

rate 60 mL min-.

I Mechanical characterization.

Tensile and flexural properties of the different samples of bio-HDPE/CS were
measured with a universal test machine Ibertest Elib 30 (Ibertest S.A.E., Madrid, Spain)
with a load cell of 5 kN and crosshead speed of 10 mm min (ISO 527) for tensile test,
and 5 mm min-1 crosshead speed for flexural test (ISO 178). Hardness of bio-HDPE/CS
composites was measured with a Shore D hardness durometer model 676-D (J. Bot
Instruments, Barcelona, Spain) according to the impact energy of notched samples was
determined using a 1 J Charpy pendulum following the guidelines of the ISO 179

standard.
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Fractography by Scanning Electron Microscopy
(SEM).

Fractured surfaces from impact tests of bio-HDPE/CS composites were observed
with a scanning electron microscope (SEM) model Phenom (FEI Company, Eindhoven,
Netherlands). Before observation, samples, mounted on a conductive adhesive tape,
were covered with a thin gold-palladium layer. The coating process lasted 120 seconds
using a sputter-coater Emitech mod. SC 7620 (Quorum Technologies Ltd, East Sussex,
UK).

Woater uptake characterization of bio-HDPE/CS

composites.

Water uptake of bio-HDPE/CS composites was determined with samples sizing
80 x 10 x 4 mma3. Three different samples were tested to obtain average values. Prior to
the water uptake test, HDPE/CS composite samples were dried at 80 °C for 4 h. After
this, samples were immersed in distilled water at room temperature for a period of 60

days. The percentage water uptake was calculated by using the following expression:
Water Uptake (%) =

(an;‘Mi) £ 100 Equation I1.4.1

Where Myis the final weight after a certain immersion period and M; is the initial

weight of the sample before immersion.
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I1.4.3. Results and discussion.

Eftfect of compatibilizing system on the bio-HDPE/CS

composite properties.

Figure II.4.1 shows the DSC calorimetric curves of the bio-HDPE/CS

composites using different compatibilizing system.
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Figure II.4.1. Comparative plot of the differential scanning calorimetry
thermograms (DSC) of unfilled bio-HDPE and bio-HDPE/CS composites with
different compatibilizing system.

As it can be observed, the compatibilizing system does not significantly modify
the melting temperature (Tm) and the degradation onset. Bio-HDPE from natural
resources shows a melt peak at 135 °C, and this is decreased to 132.8 °C with the addition
of 15 wt% of CS fiber without treatment, probably due to the nucleating effect of the filler.

Compatibilizing system maintain the melt peak between 132 °C and 133 °C, so that they
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have no effect on Tm. The same applies to the degradation temperature, as no significant
changes are observed. Furthermore, the addition of CS fiber without treatment and with

PE-g-MA, has no influence on the thermal behavior of bio-HDPE/CS composite [24].

Regarding to results obtained by thermogravimetric analysis of bio-HDPE/CS
composites, Figure II.4.2 shows similar behavior for the different compatibilizing
system used. Degradation of unfilled bio-HDPE occurs in the 350-520 °C range and
above 520 °C the amount of residual char is very small, since the degradation of
polyethylene generates large amount of gaseous products by its organic nature. With
regard to Cortaderia selloana, thermogravimetric curve is the typical of a lignocellulosic
material: at a relative low temperatures (50-150 °C), residual moisture evaporation takes
place. At intermediate temperatures ranging from 220 °C to 350 °C decomposition of
low molecular weight species (hemicelluloses, glycosidic bonds typical of cellulose and
other volatile compounds) are removed and a remarkable weight loss takes place (about
40-50 wt.%). Finally, thermal degradation of cellulose occurs and lignin degradation

proceeds slowly with final residual char of about 20 wt.%.
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Figure I1.4.2. Comparative plot of the thermogravymetric curves (TGA) of Cortaderia
selloana (CS) fiber, unfilled bio-HDPE and bio-HDPE/CS composites with different
compatibilizing system.
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Bio-HDPE/CS composites show the typical degradation steps of both
components, but in the thermograms, we can observe two main different steps: the first
one corresponds to a temperature range 250-350 °C and it is attributable to degradation
of the reinforcement fiber. The second main step is located in the 350-500 °C
temperature range, which corresponds to the degradation of polyethylene. In general
terms, the compatibilizing system does not affect the thermal stability at high
temperatures although some delay is achieved by silane and PE-g-MA compatibilizing
system. As expected, the residual char in bio-HDPE/CS composites increases from 2.05
wt.% (raw unfilled bio-HDPE) up to values in the 5-6 wt.% range due to char formation

from lignocellulosic component [19, 25].

Figure I1.4.3 and Figure I1.4.4 show the effect of the treatment on tensile and
flexural properties respectively. In general terms, very small differences are detected.
With regard to tensile modulus, the maximum values are reached for untreated bio-
HDPE/CS (559 MPa). This value is higher to unfilled bio-HDPE with typical values of
373 MPa. It is important to remark that all composites (with same Cortaderia selloana
content and different compatibilizing system) are stiffer than unfilled bio-HDPE. By
analyzing tensile strength results, we observe similar values in the 17.4 — 20.1 MPa for
untreated fiber (bio-HDPE/CS-UT) and fiber subjected to NaOH treatment followed by
silanization respectively (bio-HDPE/CS-Silane).

Unfilled polyethylene shows a tensile strength of about 19.6 MPa and, as we can
see, composites show similar tensile strength values independently of the
compatibilizing system. Nevertheless, elongation at break is highly affected by presence
of the reinforcing filler. Unfilled bio-HDPE is characterized by high plastic deformation
with elongation at break values of about 520%. Nevertheless, all composites are
characterized by a high embrittlement process with very low elongation at break values,
even with different compatibilizing system, with values around 1.5%. This is due to the
high stiffness of the lignocellulosic particles if compared to polyethylene and, mainly,

due to lack of interactions between the particles and surrounding polymer matrix.
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Figure I1.4.3. Tensile properties of bio-HDPE/CS with different compatibilizing
system: a) Bio-HDPE/CS-UT; b) Bio-HDPE/CS-NaOH; c) Bio-HDPE/CS-MA; d) Bio-
HDPE/CS-Silane.

This fact can be easily observed in Figure I1.4.4, which shows detailed images
corresponding to fractured surfaces. We can clearly observe absence of matrix-filler
continuity even with the use of compatibilizing system. We observe typical gaps around
the particle perimeter. These gaps are representative for low particle-matrix interactions.
Lead to stress concentration phenomena thus leading to microcracks formation and
subsequent crack growth, and promote early fracture of the composite. All composites
break in a typical fragile way, almost without plastic deformation. The use of the different
compatibilizing system does not show remarkable differences if compared to composite

with untreated fibers [9, 18, 26].
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Figure I1.4.4. SEM images (2000x) of fractured surfaces from tensile tests of bio-
HDPE/CS composites with different compatibilizing system: a) Bio-HDPE/CS-UT
untreated fiber, b) Bio-HDPE/CS-NaOH; c¢) Bio-HDPE/CS-MA; d) Bio-HDPE/CS-
Silane.

With regard to flexural properties, similar behavior to tensile properties can be
observed. The flexural modulus of unfilled bio-HDPE is increased by 60% up to values
of 1290 MPa for bio-HDPE/CS-UT composite without previous treatment. With respect

to flexural strength, an average percentage increase of 13% is detected for all composites
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with values in the 46-47 MPa range. Once again, in the case of Cortaderia selloana fibers,

the compatibilizing system do not lead to remarkable differences in composites’

response.
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Figure I1.4.5. Flexural properties of Bio-HDPE/CS with different compatibilizing
system: a) Bio-HDPE/CS-UT; b) Bio-HDPE/CS-NaOH; c) Bio-HDPE/CS-MA; d) Bio-
HDPE/CS-Silane.

On the other hand, the impact resistance is not remarkably affected by the use of
different compatibilizing system as it can be observed in Table II.4.2. It is important to
remark that unnotched HDPE does not break due to the high plastic deformation that
can support. All results showed in Table II.4.2 are obtained, thus, using notched
sample. Noteworthy that sample Bio-HDPE/CS-UT, carried out using a CS filler without
compatiblizing treatment, obtained the lowest values of impact resistance. This due to
the poor compatibility between polymeric matrix and the used cellulosic filler. On the
other hand, when different compatibilinzg systems are used this impact resistance are

increased, even above to Bio-HDPE. Nevertheless, this increment is reduced (around
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9%). As to the different compatibilizing systems used, negligible differences are obtained,
thus the compatibilizing system choosed does not play a key role on impact resistances

as observed previously with flexural and tensile properties.

Table I1.4.2. Impact resistance values of Bio-PE/CS composites with different
compatibilizing system.

Impact resistance

Sample (kJ mm2) SD
Bio-HDPE 2.75 0.23
Bio-HDPE/CS-UT 233 0.52
Bio-HDPE/CS-NaOH 3.00 0.25
Bio-HDPE/CS-MA 3.00 0.05
Bio-HDPE/CS-Silane 3.00 0.25

These results show that the different compatibilizing system do not play a key role
in improving the overall performance of bio-HDPE/CS composites. This fact could be

directly related to the physical morphology of the fibers themselves.

Figure I1.4.6[a] shows the typical appearance of untreated Cortaderia selloana
fibers with a feather like morphology, with very thin outstretched fibers characterized by
very high surface area. Figure I1.4.6[b] corresponds to the same fibers subjected to
alkali treatment with NaOH. We can clearly see the difference in morphology between
the untreated and NaOH-treated fibers. In the case of the NaOH-treated fibers we can
see that the linear fiber shapes have disappeared and new aggregates can be detected
with more compact fibers and, subsequently, with lower surface area due to the
aggregation state. Although some fiber-matrix interactions can be achieved by the
different compatibilizing system, the treatment leads to breakages of the feather-like
structure and low surface area is obtained thus leading to lower fiber-matrix interactions.
For this reason, we evaluate the influence of the Cortaderia selloana content in
composites without previous treatment and/or compatibilizer as we have corroborated
that the different compatibilizing system do not improve mechanical and thermal

behaviour of bio-HDPE/CS composites.
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Figure I1.4.6. Physical morphology of Cortaderia selloana fibers (10x): a) without
treatment; b) alkali treatment with NaOH.

Effect of Cortaderia selloana content on bio-HDPE/CS

composite properties.

Differential scanning calorimetry (DSC) results are summarized in Table II.4.3.
The melting peak is slightly reduced as the fiber content increases due to the nucleating
effect provided by the lignocellulose component. With regard to the onset degradation
temperature it is important to note the remarkable increase in thermal stability as the
Cortaderia selloana content increases. The onset degradation temperature of the raw
unfilled bio-HDPE is located at about 232.5 °C and this is remarkably increased up to
values of 265 °C for composites containing 30 wt.% CS. DSC study reveals a clear
stabilizing effect against thermo-oxidative processes due to presence of intrinsic

antioxidant components in Cortaderia selloana.

Although addition of Cortaderia selloana leads to a clear thermal stabilization
effect at moderate temperatures, thermal degradation of bio-HDPE/CS composites is
slightly reduced at moderate-high temperatures due to lignocellulosic components
degradation [24]. Thermogravymetric analysis (TGA) of bio-HDPE/CS composites is

shown in Figure I1.4.7. Cortaderia selloana degradation mainly occurs in the 250-350
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°C range with a slight weight loss around 100 °C due to removal of residual water and

quite residual ash at high temperatures (close to 20 wt.%).

Table I1.4.3. Effect of Cortaderia selloana content on thermal properties of Bio-
HDPE/CS composites obtained by differential scanning calorimetry (DSC).

Onset degradation

wt.% Cortaderia selloana fiber ~ Melt Temperature (°C) temperature (°C)

- 135.0 2325
75 133.1 2336
o 132.8 2331
30.0 131.9 265.1
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Figure I1.4.7. Thermogravymetric (TGA) curves of raw Cortaderia selloana fiber and
bio-HDPE/CS composites with different Cortaderia selloana content.

With regard to unfilled bio-HDPE, degradation occurs in the 350-500 °C range
in a single step process with very low char formation. With regard to bio-HDPE/CS
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composites, degradation occurs in two clearly detectable stages. The first stage is located
in the 250 °C-350 °C and corresponds to degradation of lignocellulosic components and
other organic constituents [27-29]. The second stage is directly related to polyethylene
degradation and we can clearly see the stabilizing effect provided by Cortaderia selloana
fibers as the onset degradation temperature of the second stage is higher than unfilled
polyethylene. In addition, as expected, the weight loss of the first degradation step is
directly related to the total amount of Cortaderia selloana fibers. Moreover, the residual
char increases with the total amount of Cortaderia selloana changing from 2.05 wt.%

(composites with 7.5 wt.% CS) up to 11.4 wt.% for composites containing 30 wt.% CS.

The effect of the fiber content on mechanical response can be observed in Figure
I1.4.8. As the fiber content increases, both the tensile and flexural modulus increase. In
the case of tensile modulus, it increases by 86% for composites containing 30 wt.% CS
with regard to unfilled HDPE. The flexural modulus increases up to twice the initial value
of unfilled HDPE for composites with 30 wt.% CS. Addition of short dispersed fiber leads

to a dramatic decrease in plastic deformation.
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Figure I1.4.8. Mechanical properties of bio-HDPE/CS composites in terms of the
wt.% of Cortaderia selloana content.
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The modulus can be defined as a ratio between stress and deformation (in tensile
and flexural conditions). As we can see, the strength values are not highly reduced but
the elongation at break is reduced to minimum values. For this reason, the
stress/elongation ratio increases thus indication more stiffness; so that, addition of
Cortaderia selloana fibers leads to a clear reinforcing effect [19, 24]. With regard to
tensile and flexural strength it is important to remark that the fiber content does not

produce important changes in their values.

The evolution of the elongation at break is similar to that observed in the previous
section with a clear embrittlement effect due to a dramatic decrease in elongation at
break values. The total content on reinforcement fiber does not have significant effects
on elongation at break and very low values, near 1.5%, are obtained for all composites.
Figure I1.4.9 shows the fractured surfaces from tensile tests for different fiber content.
As indicated previously, morphologies are characterized by lack of interaction among the

fiber-matrix interface. Obviously, as the fiber content increases, the total amount of

fibers in the fractured surfaces is more evident.

Figure I1.4.9. SEM images (500x) of fractured surfaces from tensile tests of bio-
HDPE/CS composites with different Cortaderia selloana content: a) 7.5 wt.%; b) 15
wt.%; ¢) 30 wt.%.

Tesis doctoral — Alfredo Carbonell Verda 182



II. Investigacion previa.

Woater uptake of bio-HDPE/Cortaderia fibre

composites.

Differential scanning calorimetry (DSC) results are summarized in Table I1.4.3.
The melting peak is slightly reduced as the fiber content increases due to the nucleating
effe

Figure I1.4.10 shows the time dependences of water uptake for the different
bio-HDPE/CS composites using various coupling agents. bio-HDPE absorbed only 0.021
wt% of water after 60 days, due its hydrophobic character. It was found that the
composite of unfilled bio-HDPE with untreated fiber exhibits very low water uptake even
after 60 days. Comparatively, the fibers with coupling agents show a higher water
absorption levels. The composite unfilled bio-HDPE with fibers pre-treated with NaOH
and PE-g-MA submits values of water uptake of 6.2 wt%, while in composite of unfilled
bio-HDPE with untreated fiber is only 0.844 wt%, after 60 days. For the other fiber
treatment studied, also increases the amount of water absorbed. These results show that
in the bio-HDPE/CS system studied, coupling agents worsen the water absorption
behavior of the material. This phenomenon is due to the certain natural hydrophobic
character of the Cortaderia selloana fibers. While NaOH bath favors a more hydrophilic
behavior of the composite material as shown in Figure 10. These considerations show
that the composite unfilled bio-HDPE with untreated Cortaderia fiber unfilled bio-HDPE

has the best behavior in water uptake phenomenon.
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Figure I1.4.10. Variation of the water uptake as a function of the treatment time for
bio-HDPE/CS composites with different compatibilizing system.

The water uptake of the bio-HDPE/CS composites is a function of amount of fiber
as shown in Figure I1.4.11. Observed graphically as to lower fiber content, the amount
of water uptake is low after 60 days of immersion. During this test time, the composite
with 7.5 wt% and 15 wt% of fiber presents 0.384 wt% and 0.844 wt% of water,
respectively. What is the same, with twice the amount of fiber, water uptake is almost
twice. While high amounts of fiber (30 wt%) the composite behavior is different, showing
high water uptake (5.35 wt%) to the same time test. This involves six times the sample of
fiber 15 wt%, and 14 times for 7.5 wt% respectively. These results may be due to the low
interfacial adhesion between the fiber and the matrix, which increase the rate of diffusion
of water. So that the greater quantity of fiber in the composite, more water absorbency

occurs because the voids formation on the fiber-matrix interface.
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Figure I1.4.11.- Variation of the water uptake as a function of the treatment time for
bio-HDPE/CS composites with different Cortaderia selloana content.

I1.4.4. Conclusions.

Addition of Cortaderia selloana short fiber to bio-based high density
polyethylene leads to a remarkable increase in stiffness while strength (tensile and
flexural) is not highly affected even with relatively high fiber load (30 wt.%). Elastic and
flexural moduli for composites with 15-20 wt.% Cortaderia selloana are almost twice the
values of unfilled HDPE, thus leading to stiff materials with potential use as wood
substitute in applications in which structural properties are not required. The main
advantage of bio-HDPE/CS composites is a high bio-based content provided by
polyethylene from ethanol together with an agroforestal waste from Cortaderia selloana,
natural intrinsic stabilization properties against thermo-oxidation due to Cordateria
selloana natural antioxidants, low maintenance and a water uptake typical of other

Wood Plastic Composites (WPC). The use of compatibilizing system based on alkali
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treatment coupled to maleated copolymer or hydrophobic silane treatment do not
provide better properties. It is important to remark that untreated Cortaderia selloana
fibers have a feather-like structure which gives high surface area and this morphology is
lost after a wet- treatment with silanes. Moreover, Cortaderia selloana it is an invasive
species in Mediterranean Area. It forms dense populations which may exclude the
presence of other plants. Diminishes the quality of pastures and increases the risk of fire.
It has been suggested starting the plant as a preferred method of disposal and the use of
herbicides (glyphosate) although it should evaluate potential impact on amphibian
populations. importantly can influence the dynamics of river systems and control is
essential to keep the channels in good condition. Authors consider that using Cortaderia
selloana as filler a revaluation of cellulosic waste may be carried out, giving an

economical and environmental solutions respect the elimination of this species.
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I11.1. HIPOTESIS Y OBJETIVOS.

Durante los tltimos afios el cada vez mas cercano agotamiento del petroleo y el
incesante y preocupante aumento de los niveles de contaminacion han propiciado un
cambio en nuestra sociedad. Una sociedad cada vez més concienciada en aspectos como
la mejora del reciclaje y la necesidad de busqueda de energias alternativas a las
tradicionales que acaben con la actual dependencia a fuentes no renovables como el

petroleo.

La problematica descrita ha favorecido la multiplicacion de investigaciones y el
desarrollo de nuevos materiales a partir de recursos renovables para su aplicaciéon en
sectores conquistados desde hace afios por productos de origen petroquimico. Es el caso
de las maultiples publicaciones cientificas sobre el desarrollo de materiales poliméricos
ecoeficientes o los esfuerzos para el desarrollo y validaciéon de nuevos materiales con una

huella de carbono inferior y, globalmente, con un mayor rendimiento medioambiental.

En el campo de los materiales poliméricos, los aceites vegetales representan una
fuente renovable con atractivas posibilidades en la sintesis de polimeros u optimizaciéon

de formulaciones de plasticos industriales.

A pesar de conocerse muchos tipos de bioplasticos, solamente algunos pueden
competir con los polimeros tradicionales ya sea por sus propiedades o por su coste.
Necesario resulta recordar el significado del término bioplasticos como aquellos
materiales biodegradables o que provienen de una base biologica o bien que presentan
ambas propiedades. Por lo tanto, que mejor manera de lograr polimeros a partir de los
excedentes de aceite de un subproducto tan conocido y globalmente utilizado como el

algodon.

La semilla del algod6n, con una produccién anual muy estable y sin grandes
variaciones durante los ultimos afios, se situé en el ano 2015 en 4,72 millones de
toneladas. Esta cifra se encuentra, no obstante, muy por debajo del aceite de palma
destinado, principalmente, al sector alimentario; un sector al que no se suele destinarse
el aceite de semilla de algodon debido a la presencia de gosipol. Todo ello da lugar a la
generacion de excedentes de aceite de semilla de algodon que pueden ser aprovechados

para otros usos industriales como el que se propone en la presente tesis. Asimismo, el
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perfil lipidico del aceite de semilla de algodon indica que es un aceite con un 75 %
aproximadamente de 4cidos grasos insaturados y por lo tanto con altas posibilidades

para su uso industrial.

Teniendo en cuenta las consideraciones citadas anteriormente, la principal
hipotesis de trabajo que se plantea es la revalorizacion de un subproducto de la industria
textil para la obtencion de materiales con alto rendimiento medioambiental. Para lograr
estructurar el documento y lograr dar la mayor salida al subproducto se divide el trabajo

en tres bloques:

Bloque I.

“Utilizacion de aceites vegetales derivados de semilla de algodon para la

obtencion de materiales termoestables”.

Bloque II.

“Utilizacion de aceites vegetales derivados de semilla de algodén para la

plastificacion y flexibilizacion de polimeros termoplasticos”.

Bloque III.

“Utilizacion de aceites vegetales derivados de semilla de algodon para la
mejora de propiedades de impacto de mezclas y compuestos derivados de
acido poli(lactico) - PLA”.
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I1.1.1. Objetivo general.

El objetivo general de este trabajo de investigacion es el desarrollo y validacion
de nuevos materiales de origen renovable para la industria de los materiales poliméricos
a partir del aceite de semilla de algodon sometido a procesos de epoxidaciéon y
maleinizacion con potencial uso como resinas epoxi o agentes plastificantes. Asi como
un uso integral derivado de la extraccion del aceite, empleando y utilizando tanto el aceite

extraido como el residuo generado durante su extraccion.

I1.1.2. Objetivos particulares.

Para alcanzar el objetivo general de esta tesis doctoral, se plantean los siguientes

objetivos parciales:

[OP1] Definir, implementar y validar la metodologia de epoxidaciéon y maleinizacion del

aceite de semilla de algodo6n a escala de laboratorio.

[OP2] Optimizar los parametros de epoxidacion de aceite de semilla de algodén en
términos de ratios de componentes (aceite: acido carboxilico: per6xido) asi como

la temperatura y tiempos de reaccion.

[OP3] Optimizar los parametros de maleinizacion del aceite de semilla de algod6n en
términos de exceso de anhidrido maleico, asi como temperatura y tiempo de

reaccion.

[OP4] Desarrollar y validar materiales termoestables utilizando como resina base,
resinas derivadas del aceite de semilla de algodéon epoxidado (ECSO)

entrecruzadas con anhidridos de origen petroquimico.

[OP5] Desarrollar y validar formulaciones de policloruro de vinilo (PVC) de alto
rendimiento medioambiental con el empleo de plastificantes derivados de aceite
de semilla de algodon epoxidado (ECSO).
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[OP6] Desarrollar y validar formulaciones de acido polilactico (PLA) de origen bio y

biodegradable con el empleo de plastificantes derivados de ECSO.

[OP7] Desarrollar y validar films de PLA con el empleo de aceite de semilla de algodon
maleinizado (MCSO) y aceite de semilla de linaza maleinizado (MLO) como

plastificante.

[OP8] Desarrollar y validar formulaciones de mezclas de polimeros biodegradables
(PLA — PBAT) con ECSO y MCSO como compatibilizantes con el objetivo de
comparar los resultados con los logrados al incorporar un oligbmero de estireno

acrilico comercial Joncryl.

[OP9] Desarrollar y validar formulaciones de PLA con el empleo de aceites de semilla
de algodon modificados tanto mediante epoxidacion como maleinizacion con la

incorporacién de cargas derivadas del residuo del proceso de obtencion del CSO.
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I11.2. METODOLOGIA Y PLANIFICACION.

Para lograr los objetivos planteados previamente se plantea el siguiente programa

de trabajo estructurado en fases, tareas y actividades (Figura III.2.1).

lBloque I. “Utilizacion de aceites vegetales derivados de

semilla de algodon para la obtencion de materiales termoestables”.

Capitulo 1. “Development of Environmentally Friendly Composite

Matrices from Epoxidized Cottonseed Oil”

Tarea 1.1. Epoxidacion del aceite de semilla de algodon.

Actividad 1.1.1. Epoxidacion del aceite de semilla de algodon. Optimizacion de
los parametros de epoxidacion de aceite de semilla de algodén
en términos de ratios de componentes (aceite: acido
carboxilico: peréxido) asi como la temperatura y tiempos de

reaccion.

Actividad 1.1.2. Realizacion de mediciones del indice de yodo y oxigeno

oxirano cada 2 horas durante las 8 horas de la epoxidacion.
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Tarea 1.2. Estudio de la cinética de curado del aceite de

semilla de algodén con diferentes mezclas de anhidrido

DDSA — MNA.

Actividad 1.2.1.

Actividad 1.2.2.

Actividad 1.2.3.

Realizacion del seguimiento de curado del aceite de semilla de
algodon con diferentes mezclas de anhidrido DDSA — MNA

Obtencidén del tiempo de gel a 110 °C y 120 °C con diferentes
mezclas de DDSA y MNA mediante redémetro oscilatorio plato-
plato con la evolucion del médulo de almacenamiento (G’),

modulo de pérdidas (G”) y angulo de fase (8).

Obtencion de los perfiles de curado con el uso de la técnica de

calorimetria diferencial de barrido (DSC)

Tarea 1.3. Obtencion de los materiales termoestables a

partir de las condiciones logradas en la tarea anterior.

Actividad 1.3.

Curado de las distintas formulaciones propuestas con
diferentes mezclas de anhidridlo DDSA — MNA bajo las
condiciones obtenidas como Optimas durante la
caracterizacion llevada a cabo en la tarea 1.2 (3 horas a 110 °C).
Obtencion de probetas normalizadas para su posterior

caracterizacion.

Tarea 1.3.1. Caracterizacion mecanica de los materiales

termoestables.

Actividad 1.3.1.1.

Obtencion de propiedades mecénicas mediante ensayos de

flexi6én: modulo de flexion (Ev).
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Actividad 1.3.1.2. Obtencion de las propiedades frente al impacto mediante el

empleo del ensayo de impacto con péndulo Charpy.

Tarea 1.3.2. Caracterizacion de la morfologia de los

materiales termoestables.

Actividad 1.3.2.1. Estudio de la morfologia de fractura mediante el empleo de

técnicas de microscopia electronica (SEM).

Tarea 1.3.3. Caracterizacion termo-mecanica de los

materiales termoestables.

Actividad 1.3.3.1. Estudio de las propiedades mecanico-dindmicas mediante el
empleo de andlisis térmico mecanico-dinAmico (DMTA).
Evolucion del moédulo de almacenamiento (G’) y del factor de

pérdidas (tan 8) en funcién de la composicion.

Tarea 1.4. Analisis y sintesis de resultados.

Actividad 1.4.1. Analisis estadistico de los resultados obtenidos y sintesis de

resultados en documento para su difusion/divulgacién.
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I1I. Objetivos y planificacion.

Bloque II. “Utilizacién de aceites vegetales derivados de semilla

de algodon para la plastificacion y flexibilizacion de polimeros

termoplasticos”

Capitulo 2. “A new biobased plasticizer for poly (vinyl chloride), PVC
base on epoxidized cottonseed oil (ECSO)”

Tarea 2.1 Fabricacion de plastisoles de PVC — ECSO.

Actividad 2.1.1. Seleccion de la formulacion PVC - ECSO con las propiedades
mas equilibradas, tanto a nivel de propiedades mecanicas

como de curado.

Actividad 2.1.2. Realizacion de los plastisoles con un contenido de 70 phr de
ECSO. Mezclado, eliminacion del aire en camara de vacio y
curado en horno con temperaturas comprendidas entre 160 °C

y 220 °C con tiempos de curado entre 7,5 y 17,5 min.

Tarea 2.2. Caracterizacion mecanica de los plastisoles PVC
— ECSO.

Actividad 2.2.1. Obtencion de propiedades mecanicas mediante ensayo de
traccion: alargamiento a la rotura (£,%), modulo de traccion

(Ev) y tension de rotura (ov).
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I1I. Objetivos y planificacion.

Tarea 2.3. Caracterizacion de la morfologia de fractura de
plastisoles PVC —ECSO.

Actividad 2.3.1. Estudio de la morfologia de fractura mediante el empleo de

técnicas de microscopia electronica (SEM).

Tarea 2.4. Caracterizacion de la migracion de plastisoles de
PVC —-ECSO.

Actividad 2.4.1. Estudio de la migracion con la utilizacion del disolvente n-
hexano a temperaturas comprendidas entre 30 °C y 60 °C a

diferentes tiempos: 2, 4, 6 y 8 horas.

Tarea 2.5. Caracterizacion térmica de plastisoles de PVC —
ECSO.

Actividad 2.5.1. Determinacion de las transiciones térmicas de los plastisoles

mediante calorimetria diferencial de barrido (DSC)

Tarea 2.6. Medicion de las coordenadas colorimétricas de
los plastisoles de PVC —ECSO.

Actividad 2.6.1. Determinacién de las coordenadas de color (L*a*b*).

Tarea 2.7. Analisis y sintesis de resultados.

Actividad 2.7.1. Anélisis estadistico de los resultados obtenidos y sintesis de

resultados en documento para su difusion/divulgacion.
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I1I. Objetivos y planificacion.

Capitulo 3. “Plasticization effect of epoxidized cottonseed oil (ECSO)
on poly(lactic acid)”

Tarea 3.1. Fabricacion de formulaciones de PLA con aceite
de semilla de algodon epoxidado (ECSO).

Actividad 3.1.1. Extrusion de formulaciones de PLA con diferentes porcentajes
de plastificante ECSO.
Actividad 3.1.2. Inyeccion de formulaciones de PLA con diferentes porcentajes

de ECSO en molde con probetas normalizadas para su

caracterizacion.

Tarea 3.2. Caracterizacion mecanica de formulaciones de
PLA — ECSO.

Actividad 3.2.1. Obtencion de las propiedades mecanicas mediante ensayos de

traccion y flexion.

Actividad 3.2.2. Ensayo impacto Charpy.

Tarea 3.3. Caracterizacion de la morfologia de fractura de
formulaciones de PLA — ECSO.

Actividad 3.3.1. Estudio de la morfologia de impacto de formulaciones de PLA
con ECSO mediante técnicas de microscopia electronica con

emision de campo (FESEM).
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I1I. Objetivos y planificacion.

Tarea 3.4. Caracterizacion térmica y termo-mecanica de
formulaciones de PLA - ECSO.

Actividad 3.4.1.

Actividad 3.4.2.

Actividad 3.4.3.

Determinacion de las transiciones térmicas de las formulaciones
de PLA con ECSO mediante calorimetria diferencial de barrido
(DSC). Efecto de la composicion en las transiciones térmicas del
PLA: temperatura de transicion vitrea (Tg), proceso de

cristalizacion (T..) en frio y proceso de fusion (Tr).

Estudio de las propiedades mecanico-dindmicas mediante el
empleo de analisis térmico mecanico-dinamico (DMTA).
Evolucion del modulo de almacenamiento (G’) y del factor de
pérdidas (tan ) en funcién de la composicion. Estimacion de la

T, e influencia de la composicion en las curvas DMTA.

Estudio del efecto de la temperatura en las propiedades
mecanicas mediante ensayos de temperatura de

reblandecimiento Vicat (VST) y de flexion térmica (HDT).

Tarea 3.5. Caracterizacion de los niveles de migraciéon en las
formulaciones de PLA-ECSO.

Actividad 3.5.1.

Estudio de la migraciéon con la utilizacion del disolvente n-
hexano a temperaturas comprendidas entre 30 °C y 60 °C

manteniendo un tiempo constante de 8 horas.

Tarea 3.6. Analisis y sintesis de resultados.

Actividad 3.6.1.

Anélisis estadistico de los resultados obtenidos y sintesis de

resultados en documento para su difusién/divulgacion.
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I1I. Objetivos y planificacion.

Capitulo 4. “PLA films with improved flexibility properties by using

maleinized cottonseed oil”

Tarea 4.1. Maleinizacion del aceite de semilla de algodon.

Actividad IV.4.1.1. Maleinizacion del aceite de semilla de algodon. Optimizacion
de los parametros de maleinizacion del aceite de semilla de
algodon en términos de exceso de anhidrido maleico, asi como

temperatura y tiempo de reaccion.

Actividad IV .4.1.2. Realizacion de mediciones del indice de acidez cada 30 min.
durante las 2 primeras horas de la maleinizacion y finalmente
durante la dltima hora del proceso las mediciones se llevaron

a cabo cada 20 min.

Tarea 4.2. Fabricacion de films de PLA con aceite de semilla
de algodéon maleinizado (MCSO) y aceite de semilla de
linaza maleinizado (MLO) como plastificantes.

Actividad 4.2.1. Extrusion de las formulaciones de PLA/MCSO/MLO con los

diferentes porcentajes de aceites maleinizados propuestos

para favorecer la homogeneizacion.

Actividad 4.2.2. Extrusion de film de las mezclas homogeneizadas previamente
de PLA/MCSO/MLO.

Tesis doctoral — Alfredo Carbonell Verda 204




I1I. Objetivos y planificacion.

Tarea 4.2.1. Caracterizacion mecanica de los films de PLA
plastificados con MCSO — MLO.

Actividad 4.2.1.1.

Obtencion de las propiedades mecénicas mediante ensayo de
traccion: alargamiento a la rotura (¢,%), modulo de traccion

(Ev) y tension de rotura (oy).

Tarea 4.2.2. Caracterizacion de la morfologia de fractura de
los films de PLA plastificados con MCSO — MLO.

Actividad 4.2.2.1.

Estudio de la morfologia de fractura mediante el empleo de

técnicas de microscopia electréonica con emisiéon de campo
(FESEM).

Tarea 4.2.3. Caracterizacion térmica de los films de PLA
plastificados con MCSO — MLO.

Actividad 4.2.3.1.

Actividad 4.2.3.2.

Determinacion de las transiciones térmicas los films de
PLA/MCSO/MLO mediante calorimetria diferencial de
barrido (DSC). Efecto de la composicion en las transiciones
térmicas de PLA: temperatura de transicion vitrea (Tg),

proceso de cristalizacion (Te.) en frio y proceso de fusion (Twm).

Estudio de la estabilidad térmica frente a degradacion de films
de PLA/MCSO/MLO mediante analisis termogravimétrico
(TGA). Estudio de las etapas de degradacion y determinaciéon
de las temperaturas -caracteristicas del proceso de
degradacion: Tsy Tso, correspondientes a la pérdida del 5y 50
% de peso.
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I1I. Objetivos y planificacion.

Tarea 4.2.4. Caracterizacion de las propiedades barrera de
los films de PLA plastificados con MCSO — MLO.

Actividad 4.2.4.1. Determinacion de la tasa de transmision OTR de los films de
PLA/MCSO/MLO en un analizador de permeabilidad de

oxigeno.

Tarea 4.2.5. Medicion del angulo de contacto de los films de
PLA plastificados con MCSO — MLO.

Actividad 4.2.5.1. Tras colocar la gota de agua la medicion del angulo de
contacto se realizo a los 30 s y se obtuvo la humectabilidad de

los materiales.

Tarea 4.2.6. Desintegracion de los films de PLA
plastificados con MCSO — MLO.

Actividad 4.2.6.1. Obtencion de los resultados de la simulacion de degradacion
bajo un ambiente de compostaje. A la vista de las imagenes
obtenidas se refleja la desintegracion y la influencia de los

plastificantes.

Tarea 4.3. Analisis y sintesis de resultados.

Actividad 4.3.1. Analisis estadistico de los resultados obtenidos y sintesis de

resultados en documento para su difusion/divulgacion.
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I1I. Objetivos y planificacion.

Bloque III. “Utilizacion de aceites vegetales derivados de semilla

de algodon para la mejora de propiedades de impacto de mezclas y

compuestos derivados de acido poli(lactico) - PLA”

Capitulo 5. “Manufacturing and compatibilization of PLA/PBAT

binary blends by cottonseed oil-based derivatives”

Tarea 5.1. Fabricacion de mezclas binarias de PLA / PBAT
compatibilizadas con ECSO/MCSO/Joncryl.

Actividad 5.1.1. Extrusion de mezclas PLA/PBAT con diferentes
compatibilizantes ECSO, MCSO y Joncryl.

Actividad 5.1.2. Inyeccion de mezclas de PLA/PBAT con ECSO, MCSO vy
Joncryl en molde con probetas normalizadas para su

caracterizacion.

Tarea 5.2. Caracterizacion mecanica de mezclas binarias de
PLA / PBAT compatibilizadas con ECSO/MCSO/Joncryl.

Actividad 5.2.1. Obtenci6n de las propiedades mecanicas mediante ensayos de
traccion: alargamiento a la rotura (ep%), modulo de traccion

(Ey) y tension de rotura (o).
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I1I. Objetivos y planificacion.

Tarea 5.3. Caracterizacion de la morfologia de fractura de

de mezclas binarias de PLA / PBAT compatibilizadas con
ECSO/MCSO/Joncryl.

Actividad 5.3.1.

Estudio de la morfologia de fractura mediante el empleo de
técnicas de microscopia electréonica con emisiéon de campo
(FESEM).

Tarea 5.4. Caracterizacion térmica y termomecanica de

mezclas binarias de PLA / PBAT compatibilizadas con
ECSO/MCSO/Joncryl

Actividad 5.4.1.

Actividad 5.4.2.

Actividad 5.4.3.

Determinacion de las transiciones térmicas de los films de
PLA/PBAT con ECSO/MCSO/Joncryl mediante calorimetria
diferencial de barrido (DSC). (Tg), (Tcc), (Tm) y (3%).

Estudio de la estabilidad térmica frente a degradacion de films
de PLA/PBAT con ECSO/MCSO/Joncryl mediante anélisis
termogravimétrico (TGA). Estudio de las etapas de
degradacion y determinaciéon de las temperaturas
caracteristicas del proceso de degradacion: Ts; y Tso,

correspondientes a la pérdida del 5y 50 % de peso.

Estudio de las propiedades mecéanico-dinamicas mediante el
empleo de analisis térmico mecénico-dindmico (DMTA). (G’)
(tan 8) (Ty).
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I1I. Objetivos y planificacion.

Tarea 5.5. Caracterizacion superficial de mezclas binarias
de PLA / PBAT compatibilizadas con ECSO/MCSO/Joncryl.

Actividad 5.5.1. Determinacion de las coordenadas de color y mas
concretamente de laluminancia (L*) para evaluar los cambios

de transparencia.

Actividad 5.5.2. Medicion del angulo de contacto.

Tarea 5.6. Desintegracion de mezclas binarias de PLA /
PBAT compatibilizadas con ECSO/MCSO/Joncryl.

Actividad 5.6.1. Obtencion de los resultados de la simulaciéon de degradacion
bajo un ambiente de compostaje. A la vista de las imagenes
obtenidas se refleja la desintegraciéon y la influencia de los

compatibilizantes.

Tarea 5.7. Analisis y sintesis de resultados.

Actividad 5.7.1. Analisis estadistico de los resultados obtenidos y sintesis de

resultados en documento para su difusion/divulgacion.
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I1I. Objetivos y planificacion.

Capitulo 6. “Processing and characterization of environmentally
friendly composites from poly(lactic acid) and cottonseed waste

materials”

Tarea 6.1. Fabricacion de formulaciones de
PLA/ECSO/MCSO/Harina de semilla de algod6n (CSF).

Actividad 6.1.1. Preparacion de la harina obtenida del proceso de extracciéon

del aceite de semilla de algodon.

Actividad 6.1.2. Extrusién de formulaciones de PLA con diferentes porcentajes
de plastificante ECSO - MCSO - CSF

Actividad 6.1.3. Inyeccion de formulaciones de PLA con diferentes porcentajes
de ECSO - MCSO - CSF en molde con probetas normalizadas

para su caracterizacion.

Tarea 6.2. Caracterizacion mecanica de formulaciones de
PLA/ECSO/MCSO/Harina de semilla de algodon.

Actividad 6.2.1. Obtencion propiedades mecanicas mediante ensayo de
traccion y flexion.

Actividad 6.2.2. Ensayo impacto Charpy.

Actividad 6.2.3. Ensayo de dureza shore D
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I1I. Objetivos y planificacion.

Tarea 6.3. Caracterizacion de la morfologia de fractura de
formulaciones de PLA/ECSO/MCSO/Harina de semilla de

algodon.

Actividad 6.3.1. Estudio de la morfologia de impacto de formulaciones de
PLA/ECSO/MCSO/Harina de semilla de algodon mediante
técnicas de microscopia electréonica con emisiéon de campo
(FESEM).

Tarea 6.4. Caracterizacion térmica y termo-mecanica de
formulaciones de PLA/ECSO/MCSO/Harina de semilla de

algodon.

Actividad 6.4.1. Determinacién de las transiciones térmicas de las
formulaciones de PLA con ECSO mediante calorimetria
diferencial de barrido (DSC). Efecto de la composicion en las

transiciones térmicas (Tg), (Tec), (Tm) ¥ (Xo)-

Actividad 6.4.2. Estudio de las propiedades mecanico-dinamicas mediante el
empleo de analisis térmico mecanico-dinamico (DMTA). (G’)
(G a40°C) (Tg)

Tarea 6.5. Analisis y sintesis de resultados.

Actividad 6.5.1. Analisis estadistico de los resultados obtenidos y sintesis de

resultados en documento para su difusiéon/divulgacion.
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I1I. Objetivos y planificacion.

PROCESADO

CARACTERIZACION

CSO =2 ECSO
nr)sn’ MNA

Termoestables

Formulacion
Curado (T,t)
Moldeo probetas

C. Mecdnica

TERMOESTABLES
DERIVADOS DE C50

Traccién (E,0,,%)
Impacto Charpy
Dureza (Shore-D)

Bloque II

a) PVC + 70 phr ECSO
- Optimizacion curado (tT).
- Caracterizacion

DSC (T, Te, Ton)
TGA (Ts Ton)

b} PLA + ECSO [0 - 10 % peso]

Extrusion

Secado

Premezclado

Extrusion ¢) PLA + MCSO [0- 10 % pesao]
1

Tet—

Secado
Moldeo probetas

(S0 e W]CSO C. Termo-mecanica

DMTA (G, tan &)
TMA (CLTE)
VST

HDT

PLASTIFICANTES DERIVADOS
DE CS0 PARA TERMOPLASTICOS

C. Morfologia

Bloque 111

a) PLAGPBAT,,
1,0-7,5 % peso ECSO, MCS0

FESEM

Degradacion

Compost

b} WPC: PLA +15% harina SO
7.5 % peso ECS0, MCS0

Secado
Moldeo probetas

N 20 T T 2 R D 2N 2 T N 2 A

COMPATIBILIZANTES DERIVADOS
DE CSO PARA MEZCLAS Y WPCs

Figura IIL.2.1. Representacion esquematica de la fase de investigacion de la tesis
doctoral centrada en el aprovechamiento de residuos de semilla de algodon.

Tesis doctoral — Alfredo Carbonell Verda 212



V. RESULTADOS Y
DISCUSION







IV. Resultados y discusion.

RESUMEN.

Este capitulo muestra un resumen de los resultados de mayor relevancia que se
han obtenido en este trabajo de investigacion. Los resultados, se han clasificado en tres

grandes bloques, cuyo contenido se describe a continuacion:

Bloque I.

“Utilizacion de aceites vegetales derivados de semilla de algodon para la

obtencion de materiales termoestables”.

Este bloque contempla el desarrollo y optimizacion de los procesos de
caracterizacion previa y modificacion del aceite de semilla de algodon mediante procesos
de epoxidacion. Una vez optimizado dicho proceso, se procede a preparar resinas
liquidas termoestables en combinacion con diferentes agentes de entrecruzamiento
liquidos y, finalmente, estas resinas liquidas se someten a procesos de entrecruzamiento
a temperaturas altas con el empleo de diversos iniciadores y aceleradores. El resultado
es un conjunto de resinas entrecruzadas con propiedades variables en funcién del agente
de entrecruzamiento empleado (rigido o flexible), que amplian las posibilidades de los
residuos de la semilla de algod6n en el campo de los materiales termoestables. Se estudia
el proceso de entrecruzamiento mediante técnicas de analisis térmico y, junto con esta
caracterizacion del proceso de curado o entrecruzamiento, se lleva a cabo una completa
caracterizacion mecanica, térmica y termomecanica de los materiales entrecruzados. Los

aspectos mas relevantes de esta investigacion se resumen en el Capitulo IV.1.

Capitulo IV.1. “Development of environmentally friendly
composite matrices from epoxidized cottonseed

oil”
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IV. Resultados y discusion.

Bloque II.

“Utilizacion de aceites vegetales derivados de semilla de algodon para la

plastificacion y flexibilizacion de polimeros termoplasticos”.

Este bloque explora las posibilidades de los aceites vegetales derivados de la
semilla de algodon, en la fabricacion de aditivos plastificantes y agentes flexibilizantes
para diversos polimeros termoplasticos como el poli(cloruro de vinilo) — PVC y el acido
poli(lactico) — PLA. En particular se desarrollan los procesos de epoxidacion y
maleinizacion y se lleva a cabo un completo estudio del efecto de la incorporacion de
estos plastificantes/modificadores de impacto en los diferentes polimeros. En relacion al
PVC se trabaja con formulaciones industriales y se lleva a cabo un estudio detallado del
proceso de curado o gelificacion de los plastisoles vinilicos derivados de las resinas de
PVC con los aceites de semilla de algodon epoxidados (ECSO). En relacion al PLA, se
estudia el efecto de plastificacion, tanto del aceite de semilla de algodon epoxidado
(ECSO) como el de aceite de semilla de algodén maleinizado (MCSO). Se trabaja en
forma de pieza inyectada y en forma de film segin las aplicaciones finales de los
materiales y se lleva a cabo un estudio profundo del efecto de los diferentes derivados del
aceite de semilla de algodon en las propiedades mecanicas, térmicas, termo-mecanicas,
etc. Resultado de este bloque de investigacion, se han obtenido 3 trabajos que se

contemplan en los Capitulos IV.2, IV.3 y IV.4.

Capitulo IV.2. “A new biobased plasticizer for poly (vinyl
chloride), PVC base on epoxidized cottonseed oil
(ECSO)”

Capitulo IV.3. “Plasticization effect of epoxidized cottonseed oil

(ECSO) on poly(lactic acid)”

Capitulo IV.4. “PLA films with improved flexibility properties by

using maleinized cottonseed oil”
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IV. Resultados y discusion.

Bloque III.

“Utilizacion de aceites vegetales derivados de semilla de algodon para la
mejora de propiedades de impacto de mezclas y compuestos derivados de

acido poli(lactico) - PLA”.

Finalmente, este bloque se centra en el empleo de los derivados de la semilla de
algoddn para la mejora de diversas formulaciones industriales basadas en polimeros de
alto rendimiento medioambiental. Partiendo de la fragilidad intrinseca del acido
poli(lactico) se definen diversas hipétesis de trabajo para solucionar o minimizar estos
efectos. Por un lado, se aborda la mejora mediante la fabricaciéon de mezclas binarias con
un poliéster flexible, el poli(butilén adipato-co-tereftalato) — PBAT. En estas mezclas se
valida el empleo de los aceites vegetales derivados de la semilla de algodén como
plastificantes, extensores de cadena, compatibilizantes, etc. a través de las potenciales
reacciones de los grupos funcionales de los aceites modificados (epoxi y anhidrido
maleico) con los grupos hidroxilo de las cadenas terminales de ambos poliésteres. El
segundo planteamiento, va mas alla en el empleo de la semilla de algodo6n, ya que, por
un lado, se emplea el aceite modificado segin los procesos anteriores y, por otro lado, se
emplean los residuos lignoceluldsicos/proteicos obtenidos como subproducto en el
proceso de extraccion de los aceites por prensado en frio. Los resultados méas interesantes

de estas investigaciones se muestran resumidos en los Capitulos IV.5 y IV.6.

Capitulo IV.5. “Manufacturing and compatibilization of
PLA/PBAT binary blends by cottonseed oil-based
derivatives”

Capitulo IV.6. “Processing and characterization of

environmentally friendly composites from

»

poly(lactic acid) and cottonseed waste materials
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IV. Resultados y discusion. Termoestables derivados de CSO

“Development of Environmentally Friendly Composite

Matrices from Epoxidized Cottonseed Oil”

gbstract

The continuous rise in oil prices has led to the use of other ways to obtain polymer
materials. This paper proposes a methodology to obtain a thermosetting resin from cottonseed oil
by epoxidation process. The cottonseed oil contains as most representative fatty acids: 52.5% of
linoleic acid (C18: 2), 23.9% of palmitic acid (C16: 0) and 17.6% of oleic acid (C18: 1); the real
iodine index, which is indicative of the number of double bonds, has a value of 107. Epoxidized
cottonseed oil (ECSO) has been successfully obtained using conventional epoxidation process
with hydrogen peroxide, acetic acid and sulfuric acid, maintaining a constant temperature of 70
°C with homogeneous magnetic stirring. Average oxirane oxygen content (OOC) of 5.32% can be
obtained by conventional epoxidation process which represents a yield over 83%. The epoxidized
oil has been crosslinked with mixtures of two cyclic anhydrides to tailor different properties on
final crosslinked thermosetting resins: on the one hand, methyl nadic anhydride (MNA) which is
characterized by a rigid molecular structure and on the other hand, dodecenylsuccinic anhydride
(DDSA) with a long side chain that can confer flexibility. The crosslinking process has been
followed by dynamic differential scanning calorimetry (DSC), ionic mobility and oscillatory
rheometry (OR) as well as gel time determination. The effect of the hardener mixture (wt. %
DDSA:MNA) on mechanical performance of cured materials has been followed by flexural and
impact tests as well as the evolution of the storage modulus (G’) by dynamic mechanical analysis
(DMA) in torsion mode. By selecting the appropriate hardener mixture, it is possible to obtain
crosslinked materials with different properties ranging from stiff matrices for ECSO crosslinked
with MNA to flexible matrices for ECSO cured with DDSA. This has occurred with other
thermosetting resins like epoxidized soy bean oil (ESBO) or epoxidized linseed oil (ELO).

eywords

Cottonseed oil; Epoxidation; Dodecenylsuccinic anhydride; Biobased epoxy resin.
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IV.1.1. Introduction.

The increasing concern about the environmental impact of polymer materials
together with the problems related to petroleum depletion act as driving forces to replace
petroleum-based polymer materials by others from renewable resources with a marked
environmental efficiency and, in many cases, giving solution to industrial wastes. In the
field of thermosetting resins, important advances have been obtained by using vegetable
oils which can be converted into epoxy resins by different epoxidation methods. [1, 2]
Currently some epoxidized oils are marketed industrially in large quantities such as
soybean with a production of 200,000 t/year [3]. Vegetable oils with high content of
unsaturated fatty acids such as oleic acid, linoleic acid and linolenic acid may be used to
obtain epoxy groups [4] by using several epoxidation processes. [5-7] A schematic
representation of the epoxidation process from cottonseed oil (CSO) is shown in Figure
IV.1.1.

o j\/\/\/\/\/\/\/\
/\/\/\/\__/\/\/\/\H/ 0
g
O)\/\W/\/\

cottonseed oil (CSO)

epoxidized cottonseed oil (ECSO)

Figure IV.1.1. Schematic representation of the epoxidation process from cottonseed
oil (CSO).

In the last decade, different epoxidation processes have been successfully used to
obtain epoxidized vegetable oils (EVOs) being soybean oil (SBO) and linseed oil (LO) the

most used with difference but it has been reported the use of sunflower oil [8, 9] wheat
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oil [10] castor oil [11] or fish oil [12] with attracting uses as industrial plasticizers. The
suitability of a vegetable oil to be subjected to an epoxidation process is directly related
to the total content on unsaturated fatty acids being the iodine index a high
representative value for the presence of unstaurations which can be converted into
oxirane rings. The epoxidation of a fatty acid is a carbon-carbon double bond reaction
with active oxygen, which results in the addition of an oxygen atom, which converts the
original double bond into a three member ring (oxirane) [13]. The obtained epoxides may
have several applications: they can be used as plasticizers for PVC [14], also as

thermosetting resins for composites or as stabilizers for plastics and coatings [2].

Cottonseed oil can be considered as a co-product or by-product of the cotton
industry and it finds some uses as edible oils [15] although there is some controversy on
the potential health effects due to presence of some components such as gossypol [16, 17]
and less strict control than all other plants whose main product is vegetable oil;
cottonseed oil is also used for soap making, cosmetics and pharmaceuticals as well as a
raw material in the manufacture of plastics, fungicides, paper, textiles, fuel, etc. [18, 19]
Epoxidation is another way of using this oil since the global production was 5 million

tons in 2011 [20] and its potential in the composites’ industry is really promising.

Epoxidized vegetable oils can be crosslinked with different compounds. In
contrast to terminal epoxides (typical of petroleum-based epoxies) that can be easily
reacted with amines (even at room temperature) to give fully cured materials, the epoxy
groups in epoxidized vegetable oils are not located in terminal positions so that, reaction
with amines is difficult. [21] Reaction of non-terminal groups proceeds with carboxylic
acids; so that, cyclic anhydrides derived from dicarboxylic acids have been proposed as
attractive curing agents for EVOs. Maleic anhydride (MA) and phthalic anhydride (PA)
have been used as hardeners for epoxy resins; nevertheless, as they have a melt point of
52.8 °C and 131.6 °C respectively, the formulation needs previous heating to homogenize
mixture with the liquid resin. For this reason, low melting temperature cyclic anhydrides
are preferable since they can be easily mixed with the EVO. Some cyclic anhydrides such
as methyl hexahydrophthalic anhydride (MHHPA) and methyl tetrahydrophthalic
anhydride (MTHPA) are liquids at room temperature and they are widely used as epoxy
hardeners for high temperature thermosetting applications such as electric and
electronic industry [22, 23]. In addition to these, other cyclic anhydrides such as alkenyl

succinic anhydrides (ASA) have been proposed as curing agents for epoxy resins and the
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effect of the side chain length on thermal and mechanical properties of crosslinked
materials has been studied. [24-26] In general terms, it has been reported a decrease in
tensile strength as the side chain length in ASA increases. The rigidity of the curing agent
plays a key role on mechanical properties of cured materials. Although MHHPA and
MTHPA are quite rigid molecules, some derived structures offer more rigidity as it is the
case of methyl nadic anhydride (MNA) characterized by the norbornene group which
confers high rigidity [27] and this contributes to higher heat-distortion temperatures as

well as higher stiffness on cured materials. [28]

The final stiffness of a cured epoxy not only depends on the rigidity of the curing
agent molecule but also on the number of epoxy groups per triglyceride. The more epoxy
groups, the higher number of crosslinking points can be achieved thus leading to more
rigidity. The potential stiffness of a cured epoxide can be estimated by the equivalent
epoxide weight (EEW) which represents the ratio between the molecular weight of the
triglyceride and the average number of epoxide groups. Commercial epoxidized linseed
oil (ELO) offers EEW in the 170-190 g equiv-1 range while epoxidized soybean oil (ESBO)
is characterized by lower EEW values in the 230-240 g equiv-1 range (both values can
vary depending on the purity on certain fatty acids such as linolenic and linoleic acids).

In general terms, cured ELO epoxies are stiffer than ESBO cured materials. [29]

The main aim of this work is to evaluate the potential of cottonseed oil (CSO) as
base material for obtaining epoxy-based thermosetting resins by epoxidation with in-situ
generated peracetic acid obtained from hydrogen peroxide and acetic acid. The first part
of the manuscript is focused on characterizing the epoxidation efficiency and the second
part is focused on the study of the curing process of epoxidized cottonseed oil (ECSO)
with mixtures of two cyclic anhydrides as well as the characterization of the final
properties of the crosslinked materials. Anhydride mixtures were prepared with a flexible
anhydride (DDSA- dodecenylsuccinic anhydride) and a highly rigid anhydride (MNA-

methyl nadic anhydride) to tailor the desired properties on fully cured materials.
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IV.1.2. Experimental.

I Materials.

The PLA used in this work was a commercial grade IngeoTM Biopolymer 6201D.

The base vegetable oil for epoxidation was cottonseed oil (CSO) with a iodine

value provided by the manufacturer between 109 and 120 with a density of 0.92 g cms.

The epoxidation process was carried out with in situ generated peracetic acid
from acetic acid (99.7% from Sigma Aldrich) and hydrogen peroxide (30 % v/v supplied

by Panreac Quimica) in acid media: sulfuric acid (96%) supplied by Panreac Quimica.

Formulations to crosslink epoxidized cottonseed oil were based on two different
hardeners: on the one hand, a flexible cyclic anhydride namely dodecenylsuccinic
anhydride (DDSA) with an anhydride equivalent weight (AEW) of 268.39 g equiv* and
on the other hand a rigid cyclic anhydride, methyl nadic anhydride (MNA) with an AEW
of 178.2 g equiv. Both curing agents were supplied by Sigma Aldrich. The EEW:AEW
ratio was set to 1:1 and additional 1 wt. % glycerol (Sigma Aldrich) and 2 wt. % 1-methyl
imidazole, 1-MI (Sigma Aldrich) were added as initiator and accelerator components
respectively. Figure IV.1.2 shows the chemical structures of the different components

used to crosslink the epoxidized cottonseed oil.

For the characterization of the crosslinked resins, liquid resins were placed on a
silicon mold with rectangular shapes (80 x 10 x 4 mm3) for mechanical characterization.

The curing cycle consisted on isothermal curing process at 110 °C for 3 h.
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Figure IV.1.2. Schematic representation of different components used to crosslink
epoxidized cottonseed oil.

I Epoxidation process.

Epoxidation was carried out in a 500 mL three-neck round-bottom flask
equipped with a heating mantle. A thermometer was connected to a neck to ensure
constant temperature during reaction; the second neck was connected to a reflux

condenser and the third neck was used to drop reactives and ensure inert atmosphere.

The procedure is summarized as follows: 188 g of cottonseed oil were added to
the flask and magnetic stirring was maintained until a temperature of 55 °C was reached;
then 19.7 mL of acetic acid was added. After 10 min at 55 °C, 192 mL (for a 3:1 ratio)
hydrogen peroxide were added together with 1.52 mL of sulfuric acid. The mixture was
added drop by drop in order to trigger the onset of the reaction using a dropping funnel
over 30 min. The working temperature was 70 °C for 8 h; special attention was paid to
reaction temperature after peroxide addition. Nitrogen atmosphere was used during
peroxide addition to avoid an abrupt exothermic reaction. Samples were collected every
two hours to analyze the iodine index according to Wij’s method (ISO 3961:2009) [30]
and oxirane oxygen (ASTM D1652-97) [31] with previous cleaning with distilled water
and subsequent purification by centrifugation. Following the considerations of the ISO

3961:2009 the iodine value (W;) has been calculated by the next formula:
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Wi=12.69 C (V;-V,)/m Equation IV.1.1

Where C is the concentration of the sodium thiosulphate (mol/mL), V; is the
volume of standard sample sodium thiosulphate (mL), V. is the volume of sodium

thiosulphate used in the determination (mL), and m is the mass of the analysis (g).

Caracterization of the curing process of ECSO by
oscillatory rheometry (OR). .

Evolution of the curing process was followed by plate-plate oscillatory rheometry
in a AR-G2 rheometer (TA Instruments, New Castle, USA) with parallel plates (D = 25
mm). The smallest possible amount of mixture was prepared and placed between the two
plates by setting the program to an isothermal curing at 110 °C and 120 °C for 4 hours
because these are the minimum temperatures required for initiation of curing process.
The controlled variables were a frequency of 1 Hz and at a constant deformation of 0.1%.
Evolution of the storage modulus (G’), loss modulus (G”) and phase angle (8) were

obtained in terms of time. The last parameters have been calculated by the next formulae:

¢ =% .cos(6) Equation IV.1.2
€o

G = sin(6) Equation IV.1.3
€o

tan(8) = (G;_ Equation IV.1.4

Where o0, is the stress and &, is the strain.
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In addition to this, gel time was also determined by following the guidelines of
the DIN 16945 [32] in a TC-4 Gelnorm Geltimer (Gel Intrumente AG, Germany,

Oberuzwill). Tests were conducted at 110 °C and 120 °C.

The evolution of the curing process was also followed by dielectric measurements
with a Gelnorm DE (Gel Intrumente AG, Germany, Oberuzwill) in isothermal conditions
according to DIN 16945 [32] equipped with a thermocouple sensor to ensure constant
temperature. A small amount of the liquid formulation was placed on a hot plate 50 mm
in diameter. The gold sensor sized 17x55x0.04 mms3 was embedded into the liquid resin
to measure ionic conductivity by dielectric properties. Tests were carried out at 110 °C

and 120 °C.

Additionally, the curing process was followed by dynamic differential scanning
calorimetry (DSC) in a Mettler-Toledo DSC 821e (Mettler-Toledo S.A.E., Barcelona,
Spain). 5-10 mg of the liquid formulations were placed inside standard 40 uL Al crucibles
and subjected to a heating program from 30 °C to 350 °C at a heating rate of 10 °C min-

twith a constant nitrogen flow rate of 40 mL min-.

Mechanical characterization of the crosslinked

resins

The fracture toughness was evaluated using a Charpy pendulum from Metrotec

(Metrotec SA, San Sebastian, Spain) with an energy of 6 J according to ISO 179 [33].

Flexural properties of the cured formulations were obtained in a universal test
machine Ibertest 300 (Elib 30, E Ibertest S.A., Madrid, Spain) following the guidelines
of the UNE-EN-ISO 178 [34]. All the tests were carried out at a speed of 5 mm min-.

Each test was repeated at least five times and average values were used in data analysis.

Additionally, DMA characterization was carried out in a AR-G2 oscillatory
rheometer (TA Instruments, New Castle, USA) equipped with DMA (shear-torsion
mode) for solid samples. Samples 40x10x4 mm3 were subjected to a temperature sweep
program from 30 to 140 °C at a heating rate of 5 °C min™ at a constant deformation (y)

of 0.1% and a frequency of 1 Hz.
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Scanning electron microscopy (SEM) of fractured surfaces from impact tests were
observed in a FEI, mod. Phenom (FEI Company, Eindhoven, The Netherlands) at a 5 kV
accelerating voltage. Samples were covered with an ultrathin gold-palladium alloy with

a sputter coatter EMITECH mod. SC7620 (Quorum Technologies Ltd, East Sussex, UK).

IV.1.3. Results and discussion.

I Optimization of the epoxidation conditions

Initially the cottonseed oil epoxidation was carried out with different equivalent
molar ratio between peroxide and cottonseed oil, 1.5 and 3 to optimize the formulation
for epoxidation. Figure IV.1.3 shows a plot representation of the effect of the excess
H.0. on the efficiency of the epoxidation process. It can be clearly concluded that an
excess molar ratio (peroxide:oil) of 3:1 gives higher values of oxirane oxygen for an

epoxidation time of 8 h than the use of an excess molar ratio of 1.5:1.

The theoretical oxirane oxygen index calculated from the average values of fatty
acid content in cottonseed oil is 6.4%. As we can see, the oxirane oxygen reaches values
of about 5.32% after 8 h (for a peroxide:oil ratio of 3:1 which represents about 83% yield
reaction by taking into account the oxirane oxygen criteria). Nevertheless, the initial
iodine index (107) is reduced up to values of 1.79 after 8 h reaction time which indicates
a 98.3% conversion of double bonds but it is important to take into account some parallel
reactions which involve epoxy homopolymerization among others that do not contribute
to an increase in the oxirane oxygen value but the conversion of double bonds and this
fact leads to disparity in the conversion values by considering different criteria. The
reaction proceeds quickly at the first two hours due to high availability of double bonds

and almost no changes are observed over 8 h reaction time.
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Figure IV.1.3. Influence of peroxide to oil ratio on a) oxirane oxygen change index
during epoxidation of cottonseed oil and b) iodine index change during the

epoxidation reaction.
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Curing of epoxidized cottonseed oil with cyclic

anhydrides.

As we have described previously, dodecenylsuccinic anhydride (DDSA) and
methyl nadic anhydrides (MNA) con provide different properties to the crosslinked
epoxidized cottonseed oil (ECSO) since DDSA could contribute to more flexible
structures than those obtained with MNA due to differences in molecular rigidity. By
combining these two cyclic anhydrides, it is possible to tailor a crosslinked material to
the desired properties. For this reason, DDSA:MNA mixtures have been tested as

crosslinking systems for epoxidized cottonseed oil.

Table IV.1.1 shows a summary of the gel time values for isothermal curing
processes with different DDSA:MNA mixture hardener. The use of anhydride hardeners
needs high curing temperatures in order to trigger the curing reaction and reach the gel
time; so that, gel time at two different temperatures were compared. In addition, the
curing rate is also related to the chemical structure of the cyclic anhydride which can
contribute to accelerate or to delay the curing reaction, depending on chain length, chain

mobility, etc. [35]

On the other hand, it is important to take into account the anhydride equivalent
weight of each cyclic anhydride which can play an important role in the viscosity increase
and, subsequently, decrease in gel time values. DDSA is characterized by a AEW of
268.39 g equiv while MNA possesses an equivalent weight of 178.2 g equiv’. Reaction
of one epoxide group in ECSO with one DDSA molecule leads to higher molecular weight
crosslinked structure than in the case of MNA and this is directly related to viscosity
increase so that, viscosity increase occurs faster for the system cured with DDSA and this

means lower gel time values.
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Table IV.1.1. Gel time values at isothermal conditions for the crosslinking of
epoxidized cottonseed oil (ECSO) with mixtures of dodecenylsuccinic anhydride
(DDSA) and methyl nadic anhydride (MNA) at a constant EEW:AEW of 1.

*Gel time (min) at *Gel time (min) at

o, o,

DDSA (wt %) MNA (wt %) 110 °C 120 °C
100 0 32 19
75 25 35 19
50 50 40 22
25 75 48 27

o 100 61 34

* Gel time values obtained as described in the DIN 16945 standard.

One interesting technique to follow up the curing of a thermosetting resin is by
monitoring the evolution of the ionic mobility (obtained by dielectric measurements)
with time. Figure IV.1.4 shows the plot evolution of the ionic mobility versus time for
different DDSA:MNA mixture hardeners. As time increases, the initial ionic mobility
(expressed as percentage value, 100 %) decreases up to a constant value (asymptotic
curve) which indicates fully curing of the epoxidized cottonseed oil. Initially, the liquid
formulation allows the polar groups to rearrange as the electric field changes of polarity.
As the crosslinking occurs, some polar groups are attached to higher molecular weight
structures and steric restrictions can occur and this can block motions of polar groups

thus making difficult to rearrange with the electric field change.

As expected, DDSA is a flexible molecule that enables ion mobility. As we can see
in Figure IV.1.4[a] and [b], the ionic mobility of ECSO cured with DDSA decreases in
a great extent if compared with the curves corresponding to ECSO cured with MNA.
Presence of a flexible (high chain mobility) hardener allows the ionic mobility to change
from 100% up to values of about 57% after a curing time of about 150 min. In the case of
the curing with rigid (low chain mobility) molecules such as MNA, the ionic mobility is

highly restricted so that, it only changes from 100% up to values of 66%. [36, 37]
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Figure IV.1.4. Plot evolution of the crosslinking of epoxidized cottonseed oil (ECSO)
with mixtures of dodecenylsuccinic anhydride (DDSA) and methyl nadic anhydride
(MNA) at a constant EEW:AEW of 1 in terms of the variation of the ionic mobility
with time a) 110 °C and b) 120 °C.

The ability of each cyclic anhydride to react with epoxidized cottonseed oil can be
also followed by dynamic differential scanning calorimetry (DSC). Figure IV.1.5 shows
a comparative plot of the DSC curing profiles of ECSO with different DDSA:MNA
mixtures. It can be clearly observed that the peak temperature, which corresponds to the
maximum reaction rate, is displaced up to higher values as the rigid anhydride content

increases. The temperature peak for the system cured with DDSA is close to 179.2 °C and
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this is increased up to values of 198.47 °C for the system cured with MNA. These results
indicate that reaction of ECSO with DDSA occurs in a more easy way than using MNA
and these results are consistent with those previously described about the gel time since
we have observed that MNA leads to higher gel time values than DDSA.
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Figure IV.1.5. Comparative plot of the dynamic DSC curing curves of epoxidized
cottonseed oil (ECSO) with mixtures of dodecenylsuccinic anhydride (DDSA) and
methyl nadic anhydride (MNA) at a constant EEW:AEW of 1.

Plate-plate oscillatory rheometry is highly useful to monitor the curing process
by following the evolution of the storage modulus (G’) or the phase angle (5). At the early
stages of the curing process, the liquid formulation is characterized by a high phase angle
(close to 90 °C) and very low values of storage modulus (G’). As the crosslinking process
occurs, the molecular weight of the cured material increases and, subsequently, the phase
angle decreases; on the other hand, the storage modulus increases to due to an increase
in the elastic behavior of the material. This situation can be observed in Figure IV.1.6
for the crosslinking reaction of epoxidized cottonseed oil with DDSA:MNA mixture

hardeners for isothermal curing at 110 °C (Figure IV.1.6[a]) and 120 °C (Figure
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IV.1.6[b]). As it has been described previously, reaction of epoxidized cottonseed oil
with dodecenylsuccinic anhydride is faster than with methyl nadic anhydride. The gel
time values are lower for the system cured with DDSA in comparison to MNA-cured
ECSO. On the other hand, the temperature peak by dynamic DSC is lower for DDSA
cured ECSO if compared to MNA cured ECSO.
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Figure IV.1.6. Comparative plot of the evolution of the storage modulus (G’) for the
curing of epoxidized cottonseed oil (ECSO) with mixtures of dodecenylsuccinic
anhydride (DDSA) and methyl nadic anhydride (MNA) at a constant EEW:AEW of
1, obtained by plate-plate oscillatory rheometry at a constant temperature of a) 110
°C and b) 120 °C.
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This situation can also be observed by plate-plate oscillatory rheometry. The
curing curve (G’ vs time) for ECSO with DDSA is placed at the left while the cure curve
for ECSO:MNA is remarkably displaced to longer times thus indicating that curing with
DDSA occurs in a faster way. This is probably due to the fact that DDSA possesses higher
anhydride equivalent weight and this leads to formation of high molecular weight
crosslinked structures than in the case of MNA with a lower anhydride equivalent weight.
This situation is repeated at both isothermal curing temperatures, 110 °C and 120 °C.
Nevertheless, as the curing temperature increases, the curing profiles (G’ vs time) move
to lower times thus indicating more faster curing reactions. The use of DDSA:MNA
mixture hardeners leads to intermediate curing profiles between the two extreme curves
corresponding to DDSA and MNA-cured ECSO.

The phase angle (8) follows similar tendency. Initially, the phase angle is close to
90° corresponding to typical newtonian liquid behaviour in which the response
(elongation) is 90° delayed with regard to the applied dynamic stress. As the phase angle
decreases, the crosslinking reaction occurs until & reaches values close to 0° which are
representative for typical elastic behaviour of solids in which the response (elongation)
is not delayed (in-phase) with regard to the applied dynamic stress (immediate
response). As we can see in Figure IV.1.7 for two different isothermal curing conditions
(110 °C and 120 °C), curing with DDSA starts at lower times if compared to curing with
MNA. This is in accordance with the gel time values shown before as well as the evolution
of the storage modulus (G’). The chemical structure of MNA and DDSA plays a key role
in both curing reaction rate and mechanical properties of cured materials. In a first
approach, DDSA structre allows reaction at lower temperatures than MNA; this fact is
directly related to the structure since anhydride group in DDSA is more accessible than
anhydride group in MNA due to molecular complexity. In general terms, DDSA possesses

a flexible structure while MNA is characterized by a rigid structure.
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Figure IV.1.7. Comparative plot of the evolution of the phase angle (y) for the curing
of epoxidized cottonseed oil (ECSO) with mixtures of dodecenylsuccinic anhydride
(DDSA) and methyl nadic anhydride (MNA) at a constant EEW:AEW of 1, obtained
by plate-plate oscillatory rheometry at a constant temperature of a) 110 °C and b) 120

°C.
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I Caracterization of of the crosslinked resins.

The final properties of a thermosetting resin highly depend on several issues such
as resin to hardener ratio, hardener structure, curing cycle, post curing, etc. The structure
of the hardener not only influences the curing behavior of ECSO-based thermosetting
resins but also the final properties of the fully cured materials. Table 2 summarizes some
mechanical properties of fully cured ECSO-based thermosetting resins crosslinked with
different DDSA-MNA mixtures using the same resin to hardener ratio (EEW:AEW = 1:1)
and same curing cycle (3 h at 110 °C). So that it is possible to evaluate the influence of
the hardener mixture on final properties of crosslinked materials. In a first approach, as
DDSA is characterized by a flexible structure with a long side chain it could provide
flexibility to crosslinked ECSO while the highly rigid molecule of MNA could restrict

chain mobility thus providing stiffness.

Table IV.1.2. Results of mechanical properties of the ECSO cured resin during
bending and impact tests.

Flexural Max Flexural Impact
DDSA (wt. %) MNA (wt. %) Modulus Strength Resistance
(MPa) N) (kJ m-2)
100 o) 38.95 + 1.34 11.7 + 1.84 3.32 + 0.31
75 25 47.42 + 1.46 14.5 £ 0.1 2.97 £ 0.52
50 50 92.43 + 7.96 19.05 + 3.89 2.55 + 0.44
25 75 110.89 + 7.04 23.15 + 0.35 2.35 + 0.29
0 100 151.19 * 4.15 20.45 + 0.21 1.92 + 0.32

As we can see in Table IV.1.2, the flexural modulus of ECSO crosslinked with
DDSA is 38.9 MPa, which is remarkably lower to the flexural modulus of ECSO cured
with MNA with values of about 151.2 MPa. As expected, as the DDSA content in
DDSA:MNA mixtures increases, we observe a clear increase in flexural modulus. Similar
tendency can be observed in flexural strength. So, that MNA contributes to an increase
in mechanical resistant properties. On the other hand, DDSA contributes to good ductile
properties as observed in Table IV.1.2 with impact resistance which changes from 1.92
kJ m2 (MNA-cured ECSO) up to twice values (DDSA-cured ECSO).
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Figure IV.1.8. SEM images of the fractured surfaces from Charpy test corresponding
with different DDSA:MNA mixture impact fracture of the curing with a) 100%
DDSA, x200, b) 100% DDSA, x500, c) 50% DDSA:50% MNA, x200, d) 50% DDSA:50%
MNA, x500, e) 100% MNA, x200, f) 100% MNA, x500.
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Fracture surfaces of crosslinked ECSO show some differences in topographies
between DDSA-cured ECSO (Figure IV.1.8[a] & [b]) and MNA-cured ECSO (Figure
IV.1.8[e] & [f]) as it is shown in Figure IV.1.8. Fractured surface of DDSA-cured
ECSO (Figure IV.1.8[a] & [b]) shows typical fracture of a rigid thermosetting material
with quite smooth surface together with a fractal edge formation due to fracture
mechanism with a main advancing front of a crack (longitudinal) and multiple
microcracks growing perpendicular to this main axis and so on. With regard to the
fractured surface of MNA-cured ECSO (Figure IV.1.8[ e] & [f]) we also observe a fragile
fracture surface but in this case, due to fragility, we do not observe the typical fractal
formation. It is only observable the main advancing front of the crack. Intermediate
compositions such as 50% DDSA:50% MNA (Figure IV.1.8[c] & [d]) offer a fracture
surface topography intermediate between the two individual (DDSA and MNA) cured
ECSO.

Figure IV.1.9 shows the dynamic behavior of ECSO-based cured materials
subjected to a temperature ramp. The evolution of the storage modulus (G’) is useful to
compare the effect of the hardener composition on final properties. As we can see in
Figure IV.1.9, G’ shows a remarkable decrease in the 50-70 °C range which
corresponds to the glass transition range. G’ curve for DDSA-cured ECSO starts at values
of about 3-107 Pa whilst the G’ curve for MNA-cured ECSO starts at 1-108 Pa thus
indicating that MNA-cured ECSO is stiffer than DDSA-cured ECSO as expected. These
results are in total agreement with previous flexural properties. With regard to
intermediate DDSA:MNA compositions as hardener, G’ curve is placed between the two
extreme curves corresponding to DDSA- and MNA-cured ECSO respectively. As we can
see, all compositions overcome soft as T; is reached but the difference in behavior after
the glass transition temperature is not as remarked as prior to T,. By taking the glass
transition temperature as the tan § maximum, we can see the T; value for the DDSA-
cured ECSO is located at about 57 °C while the Tg value for MNA-cured ECSO is close to
65 °C which is slightly higher.
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Figure IV.1.9. Plot evolution of the storage modulus (G’) and tan e for solid ECSO-
based thermosetting resins cured with different DDSA:MNA mixture hardeners in
terms of temperature.

IV.1.4. Conclusions.

As the cotton industry demands high cotton plant productions, cottonseed oil
(CSO) appears as a by-product of this industry and despite some applications in the food
industry are addressed for this oil (with some controversy on its healthy benefits), new
additional uses must be developed to absorb the high volume of cottonseed oil. This work
reports the potential use of cottonseed oil as base material for obtaining bio-based epoxy

resins for the composites’ industry.

The resins resulting from the cottonseed oil epoxidation can offer attracting
alternatives to some petroleum-derived epoxy resins. The epoxidation of cottonseed oil
with peroxide increased the final yield with a peroxide:oil ratio of 3:1 with final oxirane

oxygen number of 5.32% which is a slightly lower value if compared to conventional
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epoxidized soybean oil (ESBO); so that, epoxidized cottonseed oil (ECSO) can compete
with ESBO for similar applications (flexible thermosetting resin, plasticizer, additive for

high rigidity epoxies, etc.).

Interesting thermosetting solid resins can be obtained by curing ECSO with cyclic
anhydrides. In particular, by combining a flexible anhydride (dodecenylsuccinic
anhydride, DDSA) and a rigid anhydride (methyl nadic anhydride, MNA) it is possible to
tailor the desired properties on final cured materials as DDSA confers some flexibility

whilst MNA leads to more rigid materials.
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The continuous rise in oil prices has led to the use of other ways to obtain polymer mate-
rials. This paper proposes a methodology to obtain a thermosetting resin from cottonseed
o0il by epoxidation process. The cottonseed oil contains as most representative fatty acids:
52.5% of linoleic acid (C18: 2), 23.9% of palmitic acid (C16: 0) and 17.6% of oleic acid (C18:
1); the real iodine index, which is indicative of the number of double bonds, has a value of
107, Epoxidized cottonseed oil (ECSO) has been successfully obtained using conventional

g{ro?;iid oil epoxidation process with hydrogen peroxide, acetic acid and sulfuric acid, maintaining a
Epaxidation constant temperature of 70 °C with homogeneous magnetic stirring. Average oxirane oxy-

gen content (00C) of 5.32% can be obtained by conventional epoxidation process which
represents a yield over 83%. The epoxidized oil has been crosslinked with mixtures of
two cyclic anhydrides to tailor different properties on final crosslinked thermosetting res-
ins: on the one hand, methyl nadic anhydride (MNA) which is characterized by a rigid
molecular structure and on the other hand, dodecenylsuccinic anhydride (DDSA) with a
long side chain that can confer flexibility. The crosslinking process has been followed by
dynamic differential scanning calorimetry {DSC), ionic mobility and oscillatory rheometry
(OR) as well as gel time determination. The effect of the hardener mixture (wt.%
DDSA:MNA) on mechanical performance of cured materials has been followed by flexural
and impact tests as well as the evolution of the storage modulus (G') by dynamic mechan-
ical analysis (DMA) in torsion mode. By selecting the appropriate hardener mixture, it is
possible Lo obtain crosslinked materials with different properties ranging from stilf matri-
ces for ECS0 crosslinked with MNA to flexible matrices for ECSO cured with DDSA. This has
occurred with other thermosetting resins like epoxidized soy bean oil (ESBO) or epoxidized
linseed oil (ELO).

Dodecenylsuccinic anhydride
Methyl nadic anhydride
Biobased epoxy resin

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The increasing concern about the environmental impact
of polymer materials together with the problems related to
petroleum depletion act as driving forces to replace petro-
leum-based polymer materials by others from renewable
resources with a marked environmental efficiency and, in
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many cases, giving solution to industrial wastes, In the
field of thermosetting resins, important advances have
been obtained by using vegetable oils which can be con-
verted into epoxy resins by different epoxidation methods
|1,2]. Currently some epoxidized oils are marketed indus-
trially in large quantities such as soybean with a produc-
tion of 200,000 t/year [3]|. Vegetable oils with high
content of unsaturated fatty acids such as oleic acid, lino-
leic acid and linolenic acid may be used to obtain epoxy
groups |4] by using several epoxidation processes [5-7].
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“A new biobased plasticizer for poly (vinyl chloride),

PVC base on epoxidized cottonseed oil (ECSO)”

gbstract

The use of epoxidized cottonseed oil (ECSO) as plasticizer for poly(vinyl
chloride), PVC was studied. The plasticizer content was set to 70 phr and the optimum
isothermal curing conditions were studied in the temperature range comprised between
160 °C and 220 °C with varying curing times in the 7.5 - 17.5 min range. The influence of
the curing conditions on overall performance of cured plastisols was followed by the
evolution of mechanical properties (tensile tests with measurements of tensile strength,
elongation at break and modulus), change in colour, surface changes of fractured
samples by scanning electron microscopy (SEM), thermal transitions by differential
scanning calorimetry (DSC) and migration in n-hexane. The optimum mechanical
features of cured plastisols are obtained for curing temperatures in the 190-220 °C range.
For these curing conditions, fractography analysis by SEM gives evidences of full curing

process as no PVC particles and free plasticizer can be found.

eywords

Epoxidized cottonseed oil (ECSO); poly (vinyl chloride), PVC; plastisols; mechanical

properties; isothermal curing.
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IV.2.1. Introduction.

Poly(vinyl chloride), PVC is one of the most widely used commodity plastics [1].
It can be manufactured by conventional techniques such as rotational molding,
extrusion, injection molding, blow molding and calendaring, among others, depending
on the final product [2, 3]. PVC can be easily plasticized to give flexible materials (P-PVC)
with tailored properties which find a wide variety of applications such as blood bags,
films and coatings, flexible toys, insulation for electrical wires and soles due to the high
versatility, easy processing and low cost [4-8]. Plastisols, or PVC pastes, are obtained by
mixing a PVC resin with a liquid plasticizer to form a dispersion of resin particles in
plasticizer. With heating, plasticizer diffuses into the resin particle solvating the non-
crystalline parts of the polymer chain and causing the resin particles to swell. With
further heating the plasticizer can solvate (fuse) the crystalline sections of the polymer,
some of which effectively crosslink the resin, allowing polymer molecules originally
found in different resin particles to interact. This paste can be converted into a flexible
solid material by a curing process which involves heating the paste to a certain
temperature for a given time [9]. Vinyl plastisols are characterized by high wear and
corrosion resistance, as well as excellent electric insulation. By varying the plasticizer

content it is possible to tailor the final properties of the cured plastisols [10].

Phthalates, citrates, adipates and carboxylates, among others, have been
traditionally used as PVC plasticizers being phthalates the main group due to low cost
and excellent overall properties [11]. Nevertheless, the use of phthalate-based plasticizers
is being reconsidered due to toxicity problems and plasticizer migration [5, 12]. For this
reason, new environmentally friendly plasticizers are being demanded by the PVC
industry to fulfil the increasingly rigorous requirements of some industrial sectors.
Epoxidized vegetable oils offer interesting possibilities in PVC plasticization. Their use
as main plasticizer or, more often as secondary plasticizers is continually increasing; it is
possible to find recent works based on the use of epoxidized vegetable oils derived from
linseed oil, castor oil, soybean oil, sunflower oil, rubber seed oil, etc. as plasticizers for

vinyl plastisols formulations [13-15].

In this study epoxidized cotton seed oil is used due to the surplus produced in the

industry and also because it is a by-product of the cotton industry, with about 5.12 million
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tons production in 2014/15 [16] being China and India the major producers with 1.396
and 1.320 million tons respectively. Other reasons for its use is the relatively high oxirane
oxygen index achieved after epoxidation process (5.32%). This value is slightly lower
than other readily available epoxidized vegetable oil such as epoxidized soybean oil
(ESBO). ESBO is widely used as secondary plasticizer for PVC, thermal stabilizer for
plastic formulations and base material for polymer synthesis. For this reason, as
epoxidized cottonseed oil (ECSO) has a similar oxirane oxygen index to that of an
epoxidized soybean oil, it is reasonable to expect similar performance although their

respective lipid profiles and other contained chemical compounds are different.

The main concern about the use of phthalate-based plasticizers such as DBP (di-
n-butyl phthalate), DIBP (diisobutyl phthalate), BBP (butyl benzyl phthalate), DEHP
(bis(2-ethylhexyl) phthalate) and DIOP (diisooctyl phthalate) is their volatility and also
their migration promoted by their relatively low molecular weight [17-20] which is also
responsible for good mixing with PVC particles [21]. Typical molecular weight of
phthalate-based plasticizers is lower than 400 g mol™ as it is the case of bis(2-ethylhexyl)
phthalate with a molecular weight of 390.56 g mol* or di-n-butyl phthalate with a
molecular weight of 278.3 g mol. On the other hand, the typical molecular weight of
epoxidized vegetable oils is around 900-950 g mol?, which has a positive effect on
migration restriction. Today, some high molecular weight phthalate-based plasticizers
such as di-isononyl phthalate (DINP), di-isodecyl phthalate (DIDP) and di-2-
propylheptylphthalate (DPHP) are permitted as common plasticizers in such

applications that require low migration [8, 22, 23].

The final mechanical features of the cured plastisols will depend on the curing
cycle in terms of temperature and time. After mixing PVC resin with the plasticizer, the
gelation process begins. This process can be divided into three different stages. Initially,
the plastisol consists of PVC resin fine particles dispersed in a liquid plasticizer. With
heating, the first stage in the gelation process begins. Plasticizer diffuses into the resin
particles solvating the non-crystalline parts of the polymer, swelling the particles and
causing a dramatic rise in the PVC paste viscosity. Plasticizer interacts with the
somewhat polar PVC resin through electrostatic interactions including dipole-dipole and
van der Waals forces [24]. This stage continues until all of the plasticizer has been
absorbed into the resin particles [25]. With continued heating, the second stage of the

plastisol gelation/fusion process begins. At these higher temperatures plasticizer can
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solvate (fuse or melt) the crystalline parts of the PVC resin causing the PVC paste
viscosity to drop and allowing polymer molecules to flow more freely and interact with
polymer molecules from other resin particles. Upon cooling, the final stage in the
gelation/fusion process begins. Crystallites form again effectively crosslinking polymer
molecules. Physical entanglement of the processed flexible PVC polymer chains as well
as crystalline crosslinks between polymer molecules provides its mechanical strength to
the finished product. Plasticizer solvates the non-crystalline parts of the PVC polymer
giving the finished product its particular flexibility [22, 26].

In commercial practice, P-PVC curing conditions affect efficient production and
finished product properties. A low processing temperature profile leads to under-curing,
which leads to poor mechanical performance. On the other hand, a high temperature
profile promotes PVC degradation and, subsequently, a remarkable loss in mechanical

properties [27].

This research work is a preliminary study about the possibilities of epoxidized
cottonseed oil (ECSO) as biobased and environmentally friendly plasticizer for PVC
plastisol formulations with potential use as substitute for conventional phthalates. PVC
plastisols with constant plasticizer content (70 phr) were subjected to different curing
cycles in terms of temperature and time; the effect of the curing parameters on
mechanical performance, change in color, thermal transitions, and migration of PVC

plastisols was evaluated to assess optimum curing conditions for this system.

IV.2.2. Experimental.

I Materials.

PVC plastisols were obtained with a commercial suspension PVC (Lacovyl PB
1172 H) with K-value 67, supplied by Atofina (Atofina UK, Ltd, Midlands, United
Kingdom). The base vegetable oil for plasticizer synthesis was cottonseed oil supplied by

Sigma Aldrich (Sigma Aldrich Espafia, Madrid, Spain). This vegetable oil is characterized
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by an iodine value in the 109-120 range and a density of 0.92 g cm3 which makes it
suitable for epoxidation. In a previous research work the influence of different

epoxidation process parameters were optimized [28].

I Plastisol preparation.

PVC pastes with constant plasticizer content (70 parts per hundred parts of resin)
were prepared in a mixing bowl of 1500 ¢cm3 by mixing the appropriate amounts of each
component (85.72 gr PVC and 60 gr ECSO) at 23 °C for 10 min at 200 rpm in a rotational
mixer KAPL mod. 5KPMS (KAPL, Michigan, USA). Once homogeneous pastes were
obtained, pastes were subjected to degassing in the same container for 1 h in a vacuum
chamber MCP 00/LC (HEK-GmbH, Lubeck, Germany) to remove all entrapped air
bubbles. After that, the liquid plastisols were placed into an aluminum mold with
rectangular shape to obtain sheets sizing 190 x 135 x 4 mm3. As other authors have
reported previously, an aluminum mold with a low thickness (less than 1 mm) has been
used due to low heat dissipation [27]. The curing process was carried out at different
temperatures comprised in the 160 — 220 °C range with varying times in the 7.5-17.5 min
in an air circulating oven mod. Selecta 2001245 (JP Selecta S.A., Barcelona, Spain).
Standard samples for the different tests were obtained with a hot press mod. MEGA KCK-
15A (Melchor Gabilondo SA, Vizcaya, Spain) using an appropriate die.

I M echanical characterization of cured PVC plastisols.

Mechanical properties of cured PVC plastisols subjected to different curing cycles
were obtained in a universal test machine Ibertest ELIB 30 (Ibertest S.A.E., Madrid,
Spain) following the guidelines of the ISO 527. The size of the samples for tensile tests
was obtained as recommended by the previous standard. The specific dimensions used
to calculate the cross section of each sample were 10 mm of width and 4 mm of thickness

+ 0,2 mm. Tensile tests were carried out at a crosshead speed of 20 mm min™ at 23 °C.
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Five different samples were tested and average values of tensile strength, elongation at

break and modulus were calculated.

Surface characterization by scanning electron

microscopy (SEM).

Before observation, the surface of fractured samples from the tensile test was
subjected to a sputtering process in a Sputter Coater EMITECH mod. SC7620 (Quorum
Technologies Ltd, East Sussex, UK) and subsequently, samples were observed in a
scanning electron microscope FEI mod. PHENOM (FEI Company, Eindhoven, The
Netherlands) at an accelerating voltage of 5 kV.

I Solvent extraction test.

The solvent extraction test was carried out in n-hexane and the global migration
was estimated by gravimetric measurements. Circular samples (25 mm diameter) were
immersed in n-hexane and periodically removed to measure weight loss/gain. The
solvent extraction test was carried out at different temperatures between 30 °C and 60

°C and the global migration was obtained for different migration times: 2, 4, 6 and 8 h.

I Thermal characterization of cured plastisols.

Thermal characterization of cured plastisols was carried out by using differential
scanning calorimetry (DSC) in a DSC 821e (Metler-Toledo S.A.E., Barcelona, Spain).
Samples with an average weight of 6-7.5 mg were subjected to a heating program from -

50 °C up to 60 °C in air atmosphere at a heating rate of 5 °C min.
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Measurements of colorimetric coordinates of cured

plastisols.

Color coordinates were measured on cured samples subjected to different curing
conditions using a Hunter Mod. CFLX-DIF-2 colorimeter (Hunterlab, Murnau,
Germany). This equipment provides different colour scales but the selected coordinates
were (L*a*b*). This colorimeter also provides spectral data from 400 to 700 nm so that
it is useful for opaque and translucent materials as it is the case of plastisols cured in

different conditions.

IV.2.3. Results and discussion.

Inﬂuence of curing time and isothermal curing

temperature on mechanical properties of cured PVC
plastisols

The curing cycle of a liquid plastisol is defined in terms of the isothermal curing
temperature and the necessary time to reach optimum mechanical properties on cured
plastisols. Figure IV.2.1[a] shows the plot evolution of the tensile strength as a
function of the curing time for different curing temperatures in the 160-220 °C range.
The tensile strength of plastisols cured at the lowest considered temperature (160 °C) is
lower than 3 MPa which is representative of very poor mechanical properties. The curing
process has not been completed and that is why mechanical performance is very poor
and the cured plastisol behaves as a wax. For this plastisol series it was impossible to test
the material subjected to a curing time of 7.5 min as it collapses easily even with very low
loads (typical of a waxy consistence). This behavior is typical of not fully cured plastisols.
The plasticizer has promoted swelling of individual PVC particles but the temperature

has not been high enough to completely melt the PVC [27]. All PVC plastisols, except the
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one cured at 220 °C, provide increasing tensile strength values as the curing time
increases. Tensile strength values of about 11.6 MPa can be obtained with curing
conditions of 205 °C and a curing time of 17.5 min. Plastisols cured at 220 °C show a
different behavior as initially (for low curing times) the tensile strength increases as
observed with lower curing temperatures; nevertheless, when a certain curing time is
reached, we observe a clear decrease in tensile strength values. This is directly related to
thermal degradation of the PVC and important plasticizer loss as a consequence of the
exposure of a liquid PVC paste to high temperatures and long times. For this reason, the
material becomes brittle and a slight decrease in tensile strength is observed. As it can
be observed in Figure I'V.2.1[a], it is possible to reach a particular tensile strength value
by combining different curing temperatures and times; so that, even accounting standard
deviations, plastisols cured at 205 °C for 15 min offer the same tensile strength than
plastisols cured at 220 °C for 10 min. This could be interesting from industrial point of
view as a reduction in the curing cycle could represent a reduction in manufacturing
cycles; despite this, the use of high curing temperatures is dangerous as slight changes
in the curing time could lead to a noticeable change in mechanical properties as observed
in Figure IV.2.1[a]. Nevertheless, as PVC is highly sensitive to thermal degradation
and this phenomenon has a negative effect on mechanical performance, even more

conservative curing conditions at 205 °C for 15 min could be considered as appropriate.

With regard to elongation at break (Figure IV.2.1[b]) we observe an increase as
both temperature and curing time increases. Again, the lowest elongation at break values
are obtained for plastisols cured at 160 °C and this is representative for under-curing
conditions and, consequently, the typical flexibility of well-cured plastisols is not
achieved. Curing at 190 °C provides the highest slope in elongation at break; this
increases by 625% with a change in curing time from 7.5 min to 12.5 min; after this
remarkable increase, it remains almost constant with values between 130% and 140%.
As indicated previously, the evolution of the elongation at break for plastisols cured at
220 °C offers two clear zones: for low curing times, we observe an increasing tendency
up to curing times of about 12.5 min. Once this curing time is reached, a clear decrease
in flexibility can be detected by a dramatic decrease in elongation at break values up to
30% (for a curing time of 17.5 min). As expected, the combination of high curing
temperatures and long times define over-curing conditions. A clear evidence of over-
curing state is the decrease in both tensile strength and elongation at break. A similar

situation can be observed for plastisols cured at 205 °C.
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Figure IV.2.1. Mechanical properties of PVC plastisols plasticized with epoxidized
cottonseed oil (ECSO) in terms of the curing time for different isothermal curing
temperatures a) tensile strength, b) elongation at break, c) Young’s modulus.
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Regarding to the Young's modulus (Figure IV.2.1[c]), no significant changes
are observed by curing with low temperatures profiles (T<190 °C). Nevertheless, for
curing temperatures over 205 °C, we observed a clear increasing tendency in the Young's
modulus as the curing time increases. Thus, plastisols cured at 220 °C for 17.5 min offer
a Young’s modulus close to 450 MPa which is in the typical range of these type of

materials.

By taking into account tensile strength and elongation at break values, it can be
concluded that under our test conditions, curing the plastisols at a temperature of 220
°C for 10 min provides cured plastisols with optimum-balanced properties. These results
are in total agreement with previous studies as reported by Fenollar et al. [29] An
interesting combination of maximum elongation at break (near 160 %) and high tensile
strength values (over 11 MPa) has been obtained. Nevertheless, it is critical not to exceed

the curing time, as a remarkable decrease in mechanical performance will occur.

Table I'V.2.1 shows a comparison of the main parameters (amount of plasticizer,
curing conditions, sheet size and mechanical properties) of ECSO and different
epoxidized vegetable oils and several commercially available phthalates in plasticized
PVC formulations. Results of tensile strength and elongation at break show similar

values of ECSO providing an overview of the potential use of this biobased plasticizer.

Table IV.2.1. Comparison of the mechanical properties of cured PVC plastisols with
different plasticizers: epoxidized cottonsee oil (ECSO), epoxidized linseed oil (ELO),
epoxidized soybean oil (ESBO), diisononyl phthalate (DINP), bis(2-ethylhexyl)
phthalate (DEHP) and dioctyl phthalate (DOP).

Plasticizer Content Size (mm) Curing Curing Tensile Elongation
(phr) temperature time strength at break

(9] (min) (MPa) (%)
ECSO 70 190X 135X 4 220 10 11 150
ELO [13] 70 190X 125X 5 220 8 11 205
ESBO [6] 50 60 X100 X 3.4 170 8 - -
ESBO [30] 50 - 180 10 18 100
DINP [22] 70 thickness of 2 187 - 16 -
DEHP [17] 70 - 155 10 5 166
DOP [26] 70 thickness of 3 180 15 11 -

ECSO-epoxidized cottonseed oil; ELO-epoxidized linseed oil; ESBO-epoxidized soybean oil; DINP-di-
isononyl phthalate; DEHP-diethylhexyl phthalate; DOP-dioctyl phthalate.
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Influence of the curing conditions on plastisol

structure.

Analysis of surface morphology of fractured samples from tensile tests is a useful
technique to check the optimum curing conditions. As described previously, the plastisol
gelation is a process in which a liquid PVC-plasticizer dispersion is converted into a
flexible solid. To achieve optimum mechanical performance, gelation has to complete
several stages that require combination of high temperatures and times [26]. Figure
IV.2. 2 and Figure IV.2.3 show SEM images of the surfaces of fractured samples from
tensile tests for the lowest (7.5 min) and the highest (17.5 min) curing times respectively.
For short curing times and relatively low temperature profiles (T<200°C) (Figure
IV.2[a], [b] & [c]), we observe the presence of spherical shapes which can be
attributable to swollen PVC particles with the epoxidized cottonseed oil (ECSO)
plasticizer but a homogeneous-continuous polymer matrix cannot be identified. This is
representative of incomplete curing (under-cured plastisol). Individual swollen PVC
particles can be detected; nevertheless, as the curing time and/or temperature increases,
no spherical shapes are observed thus indicating that the curing process has been
complete and a homogeneous matrix can be obtained so that, the plasticizer has been
fully absorbed. For a particular curing cycle of 190 °C and 7.5 min (Figure IV.2.2[c])
slight presence of spherical shapes on the fractured surface can be observed. The effect
of curing time is evident if we compare this structure with the sample corresponding to
a curing cycle of 190 °C for 17.5 min (Figure IV.2.3[c]), which is characterized by a
clear homogeneous surface without spherical shapes; this fact is indicative of optimum
gelation-curing process and, consequently, good mechanical properties as described
before [30]. For curing temperatures over 205 °C (Figure IV.2.2[g] & [e] and Figure
IV.2.3[d] & [e]), the fractured surfaces do not show presence of free plasticizer and
spherical shapes thus indicating that the gelation is complete [31]. The degradation
effects because of exposure to high temperature-time profiles can be observed in Figure
IV.2.3[e] in which, dark regions can be observed due to plasticizer remove and/or

thermal degradation of PVC subjected to high temperature.

Tesis doctoral — Alfredo Carbonell Verda 261



IV. Resultados y discusion. Plastificantes derivados de CSO para termopldsticos

Figure IV.2.2. SEM images (250x) of surfaces of fractured samples from tensile tests
of cured PVC plastisols subjected to curing cycles of 7.5 min and temperatures of a)
160 °C, b) 175 °C, ¢) 190 °C, d) 205 °C and e) 220 °C.

Figure IV.2.3. SEM images (250x) of surfaces of fractured samples from tensile tests
of cured PVC plastisols subjected to curing cycles of 17.5 min and temperatures of
a) 160 °C, b) 175 °C, c) 190 °C, d) 205 °C and e) 220 °C.
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Optimum curing conditions can also be assessed by the solvent extraction test. A
fully cured material is characterized by low migration in comparison to under-cured
plastisol. Figure IV.2.4 shows different plots of the migration evolution in terms of the
curing time and isothermal curing temperatures for different migration times. As one
can see the maximum migration levels are observed for PVC plastisols subjected to mild
curing conditions (160 °C-7.5 min or 175 °C-7.5 min). Figure Iv.2.4[a] shows the
evolution of the migration levels at 30 °C in terms of the curing times for the curing
temperatures comprised between 160 °C and 220 °C. The highest migration values at 2
h are close to 7.6% and correspond to a curing profile of 160 °C and a curing time of 7.5
min. For this particular curing conditions, migration increases as the migration time
increases thus leading to a remarkable migration level of 17.64% at 8 h. With regard to
cured plastisols subjected to a curing profile of 175 °C for 7.5 min, the migration levels
are 3.03% and 11.53% for migration times of 2 and 8 h respectively. By comparing these
migration values with the abovementioned migration values corresponding to curing

cycles of 160°C-7.5 min, we see a clear decrease in the migrated plasticizer.

A negative migration (swelling) was observed for plastisols cured at temperatures
over 190 °C or at slower curing temperatures for curing times above 12.5 °C. The
percentage weight gain due to swelling is low, no more than 2.5% for plastisols cured at
160 °C for 17.5 min and did not undergo migration. It is difficult to ensure that there is
not free plasticizer for these particular curing conditions as the overall effect is swelling
but actually two competing phenomena occur simultaneously. On the one hand,
plasticizer extraction by the solvent action and on the other hand, plastisol swelling due
to the entrance of some solvent inside the plastisol structure. The overall effect of these
two competing processes is a very slight weight gain. Finally, swelling shows similar
tendency for plastisols subjected to more aggressive migration cycles as observed in
Figure IV.2.4[b], [c] & [d].
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plastisols with ECSO plasticizer subjected to different curing cycles at different
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Figure IV.2.4. (2/2) Migration levels (weight percentage gain) of cured PVC
plastisols with ECSO plasticizer subjected to different curing cycles at different
migration temperatures, c) 50 °C and d) 60 °C.
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Temperature is another important factor to be considered for plasticizer
extraction results. As the temperature for the solvent extraction tests increases, we
observe a clear increase in the total extracted plasticizer (Table IV.2.2). To see
migration values in detail curing profiles of 160 °C and 175 °C for 7.5 min were selected
as they give clear evidence of the effect of both temperature and curing time on overall

migrated mass weight.

Table IV.2.2[a]. Percentage plasticizer migration for PVC cured plastisols subjected
to different a curing cycle of 7.5 min at 160 °C, in terms of the solvent extraction test
with n-hexane in terms of migration time and temperature.

Tempearture Migration time (h) for PVC plastisols cured at 160 °C/7.5 min
of the

migration test 2 4 6 8

(G(®)

30 7.60 + 0.94 12.17 £ 1.02 16.73 +£ 0.87 17.64 + 1.14
40 10.05 + 0.03 19.16 £ 2.3 21.34 + 2.1 22.60 £ 2.67
50 15 + 1.24 23.77 + 1.11 24.75 + 1.35 25.29 +£1.43
60 21.71 £ 1.49 25.99 + 1.14 27.17 £ 2.14 27.51 + 2.17

Table IV.2.2[b]. Percentage plasticizer migration for PVC cured plastisols subjected
to different a curing cycle of 7.5 min at 175 °C, in terms of the solvent extraction test
with n-hexane in terms of migration time and temperature.

Tempearture Migration time (h) for PVC plastisols cured at 160 °C/7.5 min

of the

migration test 2 4 6 8

()

30 3.03+0.79 6.14+1.27 8.92 £1.57 11.53 +£0.77
40 8.18£0.63 12.99 +1.57 17.95+2.84 21.13 £ 1.34
50 10.25 +0.89 19.19 £ 0.83 23.28 +1.27 23.64+1.44
60 16.35+2.3 24.52 +1.94 26.10 + 1.98 26.14 + 1.87

For example, for plastisols cured at 160 °C for 7.5 min, the solvent extraction test
at different temperatures gives the following results. For a solvent extraction test at 30
°C, the initial extracted plasticizer amount is 7.60% and this value is remarkably
increased up to values of 21.71% for a testing temperature of 60 °C thus indicating the
effect of temperature on plasticizer extraction which could be an important issue from a
technical point of view as not fully cured plastisols are more sensitive to extraction and

potential migration and this effect is even more accentuated by temperature. As describe
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before, extraction of plastisols cured at 175 °C is lower than that observed for plastisols
cured at 160 °C. Nevertheless, we observe the same tendency with a clear increase in
extraction levels as the testing temperature increases. Obviously, as the extraction time
increases, the total extracted plasticizer also increases as it can be seen in Table IV.2.2

for extraction times of 2, 4, 6 and 8 h.

As we have described previously, incomplete curing of a plastisol leads to
presence of free plasticizer. This can be observed by thermal analysis of cured materials.
Figure IV.2.5 shows a comparative plot of different DSC thermograms for cured
plastisols subjected to different curing cycles. The endothermic peak located between -5
and 5 °C is attributable to the melt peak of free plasticizer as observed by other authors
[29]. As the curing conditions reach the optimum, a decrease in the peak area is detected
thus indicating less free plasticizer. For the mildest curing conditions used in this study
(160 °C - 7.5 min) we see a peak at 2.4 °C which is representative for free epoxidized
cottonseed oil (ECSO) plasticizer which has not participated in the swelling process of
individual PVC particles, so that it remains as free plasticizer. Nevertheless, for more
aggressive conditions, we do not see the peak located at 2 °C so that, it is indicating that
the plasticizer has been fully absorbed by the individual PVC particles to form a gel

structure.

With regard to the glass transition temperature, the Ty for unplasticized PVC,
which is typically of 87 °C [22] is decreased up to values below room temperature thus
giving highly flexible materials. For longer curing times (17.5 min), an enhance in the Tg
was observed which was related to an improvement of the mechanical properties. As
described previously, short curing times and low temperatures (7.5 min-160 °C) offered
the worst mechanical properties and the highest migration values. The partially cured
plastisol has similar behavior to that of a wax with poor consistency. It can be concluded
that T, lower than -22 °C indicates poor mechanical properties and higher migration
values due to high amounts of free plasticizer that does not interact with PVC polymer
chains; on the other hand, a T, above -15 indicates absence of free plasticizer and is

representative for fully cured PVC plastisols.
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Figure IV.2.5. Comparative DSC curves of cured PVC plastisols plasticized with
ECSO subjected to different curing cycles.

Influence of the curing time and temperature on final

color of cured PVC plastisols.

PVC is highly sensitive to thermal degradation. One of the most evident signs of
this degradation is yellowing and browning. Obviously, the curing conditions govern the
physical and chemical changes during the curing process but they also can affect the final
appearance of the cured plastisol due to changes in color because of the exposure to more
aggressive thermal conditions (high temperature during short time periods or moderate
temperatures with long exposure times). Figure IV.2.6 shows a matrix representation
of the color appearance of the cured plastisols subjected to different curing cycles in
terms of isothermal curing temperature and time. As we can see, mild curing conditions
(160 °C and 175 °C and short curing times of 7.5 and 10 min) lead to an intense white
color (fully opaque) but these conditions provide cured plastisols without good

mechanical properties as described previously.
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160°7.5min 160°-10min 160°-12.5min 160°-15min 160°-17.5min
175°-7.5min 173°-10min 175°-12.5min 175°- 15min 175°-17.5min
190°-7.5min 190°-10min 190°-12.5min 190°-15min 190°-17.5min

205°-7.5min 205°-10min 205°-12.5min 203°-15min 205°-17.5min

220°-7.5min 220°-10min 220°-12.5min 220°-15min 220°-17.5min

Figure IV.2.6. Optical photographs of cured PVC plastisols with ECSO plasticizer
subjected to different curing conditions in terms of the isothermal curing
temperature and curing time.
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In fact, some of these cured plastisols could not be tested because they broke
immediately, even with small pre-load application. As temperature and time increases,
cured plastisols become translucent with a slight yellow color due to the intrinsic color

of the plasticizer.

This appearance indicates that the curing process has been completed. For
aggressive curing conditions (205 °C - 15 min or 220 °C - 12.5 min) we observe a clear
brownish color on cured plastisols which is indicative of thermal degradation. In addition
to this change in color, a reduction of mechanical performance is detected because of
plasticizer removal and PVC degradation. The cured plastisol subjected to the most
aggressive conditions of this work (220 °C - 17.5 min) is completely dark brown and
opaque. So that, the color of the cured plastisol together with its translucency can be
useful from quality control since a simple observation of the final color could indicate the

potential degradation during the curing cycle.

By comparing the luminance values of the cured PVC plastisols, which describes
the amount of light that is able to pass across the plastisol, it is possible to evaluate the
curing state: under-cured, fully cured and not degraded and cured and degraded (over-

cured).

As the curing time increases, the luminance (L*) values decrease thus leading to
more transparent materials. For cured PVC plastisols subjected to a curing temperature
of 160 °C the luminance changes from 80% to 45% for curing times of 7.5 min and 17.5
min respectively. PVC plastisols cured at 175 °C offer a change in luminance from 72%
(7.5 min) up to 42% (17.5 min) and this range is still narrower for PVC plastisols cured
at 190 °C which suffers a decrease in luminance from 55% (7.5 min) to 40% (17.5 min).
By taking into account the mechanical performance described previously, we can
correlate the luminance values with the curing degree. So that, luminance values around

40 are representative for fully cured plastisols and not degraded.

Luminance values over 50 units indicate partially cured plastisols (under cured
material) while luminance values under 30 are representative for thermal degradation of

cured plastisol (Figure IV.2.7).
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Figure IV.2.7. Contour plot of the luminance of cured PVC plastisols with ECSO
plasticizer in terms of the isothermal curing temperature and curing time.

Additionally, the color coordinates a* and b* can be useful for quality control as
it is possible to determine the curing degree of the PVC plastisol by relating these color
coordinates with the previous mechanical results. These color coordinates change from
red (positive a* values) to green (negative a* values) and from yellow (positive b* values)
to blue (negative b* values). Figure IV.2.8 shows a plot representation of the a*b* color
space; this graph can be useful for quality control of cured plastisols as it is possible to
identify different curing degrees as established before. By taking into account the
mechanical performance of cured plastisols, SEM analysis and solvent extraction tests,
the area corresponding to partially cured (under-cured) plastisols is characterized by a*
values comprised in the -4 to 0 and b* values in the 2-11 range. Fully cured plastisols
(and not degraded) are characterized by a* values between 1 and 9 and an increase in b*
up to 20 (this area considers all the curing conditions corresponding to cured plastisols
with the best performance). Over-cured plastisols (thermally degraded) are
characterized by a* values in the 6-13 range and low b* values comprised between 2 and
10. This technique is very useful as it has been described in previous works with

commercial epoxidized vegetable oils such as linseed oil [27, 29].
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Figure IV.2.8. Variation of the color coordinates a*b* of cured PVC plastisols with
ECSO plasticizer subjected to different curing conditions.

IV.2.4. Conclusions.

Epoxidized cottonseed oil (ECSO) can be used as plasticizer to give partially
biobased PVC plastisols. The curing conditions play a critical role on final performance
of cured plastisols. A curing profile of 220 °C and 10 min seems to be the optimum in
terms of the best mechanical performance; nevertheless, as PVC is highly sensitive to
thermal degradation, the use of lower temperature and higher curing times such as 205
°C for 15 min could be an interesting solution as the curing conditions are not as
aggressive. It is possible to obtain cured PVC plastisols with high elongation at break
values (over 150%) which can compete with other plasticized PVC materials. From a
quality control point of view, a simple study of the color coordinates gives enough
information about the curing degree of plastisols cured at different conditions. Solvent

extraction tests are also useful to assess the optimum conditions since partially cured
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plastisols are characterized by presence of free plasticizer that can easily migrate. In
general terms, it is possible to obtain high environmentally low migration PVC plastisols

by using epoxidized cottonseed oil as plasticizer.
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ABSTRACT: The use af epaxidized cottonseed oil as plasticizer for paly{vinyl chloride) was studied. The plasticizer content was set to
70 phr and the optimum isothermal curing conditions were studied in the temperature range comprised between 160 and 220°C
with varying curing times in the 7.5-17.5 min range. The influence of the curing conditions on overall performance of cured plasti-
sols was followed by the evolution of mechanical properties (tensile tests with measurements of tensile srength, clongation at break,
and modulus), change in color, surface changes of fractured samples by scanning electron microscopy (SEM), thermal transitions by
differential scanning calorimetry, and migration in s-hexane. The optimum mechanical features of cured plastisols are obtained for
curing temperatures in the 190-220°C range. For these coring conditions, fractography analysis by SEM gives evidences of full curing
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INTRODUCTION

Poly{vinyl chlonide), PVC is one of the most widely used com-
modity plastics.' It can be manufactured by conventional tech-
niques such as rotatinnal molding, extrusion, injection molding,
hlow molding, and calendaring, among others, depending on
the final product.™ PV can be easily plasticized o give flexible
materials (P-PVC) with tailored properties which find a wide
variety of applications such as blood hags, films and coatings,
flexible toys, insulation for electrical wires, and soles doe to the
high versatility, easy processing, and low cost*® Plastisols, or
PVC pastes, are obtained by mixing a PVC resin with a liquid
plasticizer tn form a dispersion of resin particies in plasticizer.
With heating, plasticizer diffuses into the resin particle solvating
the noncrystalline parts of the polymer chain and causing the
resin partickes to swell. With further heating, the plasticizer can
solvate (fuse) the crystalline sections of the polymer, some of
which effectively cross-link the resin, allowing polymer mole-
cules originally found in different resin particles to interact.
This paste can be converted into a fexible solid material by a
curing process which imvolves heating the paste to a certain
temperature for & given time.” Vinyl plastisols are characterized
by high wear and corrosion resistance, as well as excellent elec-

= 2016 Wiley Periodicals, Inc.
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tric insulation. By varying the plasticizer content, it is possihle
to tailor the final properties of the cured plastisols.”

Phthalates, citrates, adipates, and carboxylates—among others—
have heen traditionally used as PVC plasticizers being phthalates
the main group due to low cost and excellent overall proper-
ties'' Mevertheless, the use of phthalate-hased plasticizers is
being reconsidered due to toxicity problems and plasticizer
migration.™'* For this reason, mew environmentally friendly
plasticizers are being demanded by the PVC industry to fulfil
the increasingly rigorous requirements of some industrial sec-
tors. Epoxidized vepetable oils offer interesting possibilities in
PV plasticization. Their use as main plasticizer or, more often
as secondary plasticizers is contimually increasing; it is possible
to find recent works based on the use of epoxidized vegetable
oils derived from linsced oil, castor oil, soybean oil, sunflower
oil, rubber seed oil, and so on, as plasticizers for vinyl plastisols
formulations. "

In this study, epoxidized cotton seed oil {ECSO) is used due to
the surplss produced in the indusiry and also because it is a
by-product of the cotton industry, with about 5.12 million tons
production in 01442015 being China and India, the major
producers with 1.396 and 1.320 million tons, respectively. Other
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“Plasticization effect of epoxidized cottonseed oil

(ECSO) on poly(lactic acid)”

gbstract

In this work, the use of an environmentally friendly plasticizer derived epoxidized
cottonseed oil (ECSO) for poly(lactic acid) (PLA) is proposed. Melt extrusion was used to
plasticize PLA formulations with different ECSO contents in the 0 - 10 wt.%. PLA formulation
with 10 wt.% shows a remarkable increase in mechanical ductile properties with a percentage
increase in elongation at break of more than 1100% and a noticeable increase in the impact
absorbed energy. Differential scanning calorimetry (DSC) and dynamic mechanical thermal
analysis (DMTA) revealed a clear decrease in the glass transition temperature of neat PLA as the
ECSO content increased. Field emission scanning electron microscopy (FESEM) of fractured
surfaces from impact tests showed an improvement of ductility with typical rough and porous
topographies. Migration tests in n-hexane at different temperatures revealed very low migration

properties thus leading to new interesting plasticizers for improved PLA industrial formulations

eywords

Poly(lactic acid)-PLA; epoxidized cottonseed oil (ECSO); mechanical properties; thermal

properties; migration.
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IV.3.1. Introduction.

One of the most promising biopolymers as alternative to conventional petroleum-
based polymers is poly(lactic acid)-PLA with an annual production of more than 140,000
tons [1]. PLA is an aliphatic polyester obtained by polymerization of lactic acid (hydroxyl
propionic acid) obtained from renewable and sustainable starch rich materials such as

corn and sugarcane [2-4].

In the last years PLA has become an industrial alternative to some petroleum-
based polymers because of its relatively low price [5] and overall balanced mechanical
properties such as high tensile strength and Young’s modulus with similar values of those
of poly(ethylene terephthalate), PET [6] which is widely used in plastic bottle
manufacturing due to its excellent barrier properties. PLA possesses acceptable barrier
properties, and additionally it can be transparent due to the low crystallization rate [6].
It is also shiny and offers low flammability; all these features, together with a relatively
easy processing conditions, similar to many commodities, make PLA a good candidate
for a wide variety of products in the packaging industry, automotive parts, textile fibers,
prostheses and medical devices, etc. among others [7, 8]. Nevertheless, PLA is
characterized by high fragility, which is drawback for some technical applications in

which some flexibility is required [9].

For these reasons, different approaches have been explored to overcome this high
intrinsic fragility by increasing ductile properties such as elongation at break, impact
resistance, etc. while maintaining its environmentally friendly nature. A typical approach
has been blending PLA with other ductile polymers. In this field, PLA was blended with
chitosan, which is able to form films but the mixtures resulted in immiscible blends due
to their different polarity and poly(vinyl alcohol), PVA was necessary to provide
somewhat compatibility [1]. Thermoplastic starch (TPS) also showed immiscibility with
PLA and several compatibilizers such as maleic anhydride and methylene diphenyl
diisocyanate (MDI) were needed to improve the overall properties [10-12]. Blends with
poly(hydroxybutyrate), PHB gave an interesting improvement on barrier properties of
neat PLA but resulting blends were characterized by high fragility so that, different
plasticizers such as acetyl(tributyl citrate), ATBC[13] and poly(ethylene glycol), PEG [14]

were needed to overcome this drawback. PLA has also been blended with biodegradable
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petroleum-based polymers to give fully biodegradable blends. Among these petroleum-
based polymers interesting results have been obtained with poly(caprolactone)-PCL
biodegradable polyester. Although both PLA and PCL are polyester-type polymers, they
show restricted miscibility but the high flexibility of PCL is enough to reduce the intrinsic
fragility of PLA [15-17] . Other petroleum-based polymers such as poly(butylene
succinate)-PBS [18] , poly(butylene succinate-co-adipate)-PBSA [19], poly(butyl
acrylate)-PBA [20] and poly(butylene adipate-co-terephthalate)-PBAT [21, 22] have

been successfully blended with PLA with remarkable increase in flexibility.

Another way to improve the flexibility of neat PLA is by using plasticizers. Among
the wide variety of commercial plasticizers, most of them derived from petroleum,
epoxidized vegetable oils (EVOs) represent an interesting alternative as they are cost-
effective materials with high performance as plasticizers and are obtained from
renewable resources, mainly from vegetable oils with non-food purposes. Epoxidized oils
are used in the PVC industry as secondary plasticizers and thermal stabilizers due to their

free radical scavenging properties [23-25].

In the last years, the potential of different epoxidized vegetable oils has been
explored. Some epoxidized oils such as epoxidized soybean oil (ESBO) and epoxidized
linseed oil (ELO) are commercially available at a relatively low cost and, consequently,
they can be readily employed in industrial applications. Epoxidized soybean oil (ESBO)
contains an oxirane oxygen content comprised in the 6.5 — 8% range and it has been
reported as an interesting plasticizer for PLA. The study developed by Yu-Qiong Xu et al.
revealed that addition of 6 wt.% ESBO to PLA increased the elongation at break from
3.98% for neat PLA to values of 6.50%. Similar findings were reported by Shalini
Vijayarajan et al. They evaluated the influence of ESBO content (up to 20 wt.%) on
ductility, measured as the ratio between the failure to yield strain. They found the best
overall ductile properties for ESBO contents in the 5-10 wt.% range [26, 27] . With regard
to epoxidized linseed oil (ELO), which contains more average number of oxirane groups
per triglyceride than ESBO, Javed Alam et al. reported the plasticizing effect provided by
ELO with a remarkable increase in elongation at break and a subsequent decrease in
tensile strength. Addition of carbon nanotubes contributed to balanced mechanical
ductile and resistant properties [28]. Interesting results with low oxirane oxygen content
epoxidized oils have also been reported. Buong Woei Chieng et al. reported the potential

of epoxidized palm oil (EPO) with an oxirane oxygen content of 3.23% and a mixture of
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epoxidized palm oil and epoxidized soybean oil with an average oxirane oxygen content
of 3.58%, showing that 5 wt.% of the epoxidized oil leads to a remarkable increase in
ductile properties. Furthermore, the mixture with higher oxirane oxygen content led to

the highest elongation at break values [6].

Cottonseed oil (CSO) is considered a by-product of the cotton industry with a total
production around 5.12 million tons in 2014/15 [29], being China and India the major
world producers with 1.396 and 1.320 million tons respectively. Although some uses in
the food industry are common, its generalized use is restricted because of some
drawbacks: on the one hand, it is worth to note that the main product of the cotton
industry is cotton fiber so that, cotton crops are not subjected to the severe controls and
regulations regarding the use of pesticides and other chemicals. On the other hand,
cottonseed oil contains high amounts of free gossypol which has been reported as a
potentially toxic substance [30]. The particular lipid profile of cotton seed oil, with
approximately 75% of unsaturated fatty acids makes this oil an interesting candidate for
chemical modification such as epoxidation [31]. The oxirane oxygen content of
epoxidized cottonseed oil (ECSO) is located between low values typical of epoxidized
palm oil (EPO) and high values typical of epoxidized soybean oil (ESBO) and epoxidized
linseed oil (ELO). For this reason, this work aims to study the potential of epoxidized
cottonseed oil (ECSO) with an intermediate oxirane oxygen content as environmentally
friendly plasticizer for poly(lactic acid), PLA. The effect of the epoxidized oil content on

mechanical, thermal and migration properties of PLA were tested.

IV.3.2. Experimental.

I Materials.

Poly(lactic acid), PLA commercial grade Ingeo TM Biopolymer 6201D was
supplied by NatureWorks LLC (Minnetonka, USA) in pellet form with a density of 1.24 g
cm3. Its melt flow index is in the 15-30 g/10 min range measured at a temperature of 210
°C. The base oil for plasticizer synthesis was cottonseed oil (CSO). This was supplied by
Sigma Aldrich (Sigma Aldrich, Madrid, Spain). This oil is characterized by a density 0.92
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g cm3 at 25 °C and an iodine number of 107. This vegetable oil was subjected to an
epoxidation process as indicated elsewhere with hydrogen peroxide and acetic acid [31].
After epoxidation, the oxirane number of the synthesized epoxidized cottonseed oil was
5.32% and its iodine number was 1.79. Figure IV.3.1 shows an schematic

representation of the chemical structures of poly(lactic acid) and epoxidized cottonseed

CH
a) (o] ’ H
5
o]

o CHj
o
H3CW\A/<V\/WYO\}\
o CHy
o] s}
Figure IV.3.1. Schematic representation of the chemical structure of a) poly(lactic
acid)-PLA and b) epoxidized cottonseed oil (ECSO).

oil.

I Manufacturing of plasticized poly(lactic acid).
Firstly, PLA pellets were dried at 60 °C for 24 h. PLA pellets and the

corresponding amounts of the liquid plasticizer (see Table IV.3.1) were mechanically

mixed in a zip bag until homogenization.

Table IV.3.1. Composition of ECSO plasticized PLA materials and labelling.

Reference PLA (wt.%) ECSO (wt.%)
PLA 100 o

PLA - 2.5 % ECSO 97.5 2.5

PLA- 5 % ECSO 95.0 5.0

PLA - 7.5 % ECSO 92.5 7.5

PLA - 10 % ECSO 90.0 10.0
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After this stage, the mixtures were extruded in a twin screw extruder at a constant
speed of 40 rpm. The temperature profile ranged from 170 °C (feeding zone) to 180 °C
(die). Then the extrudate was pelletized and subsequently shaped into standard samples
in an injection molding machine Meteor 270/75 (Mateu & Solé, Barcelona, Spain) at an

injection temperature of 180 °C.

IMeChanical characterization of ECSO plasticized
PLA.

Mechanical characterization was conducted with standard tensile, flexural and
impact tests. Tensile and flexural characterization was carried out in a universal test
machine Ibertest Elib 30 (Ibertest S.A.E., Madrid, Spain). A minimum of five different
samples were tested using a 5 kN load cell. Tensile tests were carried out at a crosshead
speed of 10 mm min as recommended by the ISO 527 standard. An axial extensometer
from Ibertest was used to give accurate values of the Young’s modulus. Regarding the
flexural test, the crosshead speed was set to 5 mm min-1 as suggested by the ISO 178. The
impact absorbed energy was measured in a 6 J Charpy’s pendulum (Metrotec S.A., San

Sebastian, Spain) following the guidelines of the ISO 197:1993.

I Morphology of ECSO plasticized PLA.

Fractured surfaces from impact tests were observed by field emission scanning
electron microscopy (FESEM) in a Zeiss Ultra microscope 55 (Oxford Instruments,
Oxfordshire, United Kingdom) with an accelerating voltage of 2 kV. Fractured surfaces
were previously coated with a thin platinum layer in a sputter coater EM MEDo020 (Leica

Microsystems).
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Thermomechanical characterization of ECSO
plasticized PLA.

Thermomechanical characterization was conducted by measuring the Vicat
softening temperature (VST), heat deflection temperature (HDT). VST and HDT values
were determined in a DEFLEX 687-A2 station (Metrotec S.A., San Sebastian, Spain).
VST was measured according to ISO 306 (B method) at a constant heating rate of 50 °C
h and a load of 50 N. Regarding HDT values, they were obtained as recommended by
the ISO 75 (A method) at a fixed heating rate of 120 °C h-* and a constant load of 1.8 MPa.
Additionally, dynamic mechanical thermal analysis (DMTA) was used to evaluate
changes in storage modulus (G’) and damping factor. Samples sizing 40x40x4 mms3 were
tested in torsion mode in an oscillatory rheometer AR G2 (TA Instruments, New Castle,
USA) equipped with an accessory clamp for solid samples. Samples were subjected to a
thermal program from 25 °C to 130 °C at a heating rate of 2 °C min. The frequency was

set to 1 Hz and the maximum deformation (y) was 0.1%.

I Thermal characterization of ECSO plasticized PLA.

Thermal behavior of ECSO plasticized PLA samples was tested by differential
scanning calorimetry (DSC) and thermogravimetric analysis (TGA). Differential
scanning calorimetry tests were carried out in a Mettler-Toledo calorimeter 821e
(Mettler-Toledo Inc., Schwerzenbach, Switzerland). Samples with an average weight in
the 7-8 mg range were subjected to the following thermal program: initial heating from
30 °C to 210 °C at a heating rate of 10 °C min™ in nitrogen atmosphere with a nitrogen
flux of 66 mL min. The glass transition temperature (Ty), cold crystallization peak (Tc)
and the melt peak temperature (Tm) were obtained for each plasticized PLA formulation.

The degree of crystallinity (X. %) was calculated by Equation IV.3.1.

_ |AHcc+AHm | 1 Equation IV31
0
Xc (%) =100 x AHp, (100%) X WpLa a
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Where AHcc is the cold crystallization enthalpy, AHy, is the melt enthalpy, AHn
(100%) is the theoretical melt enthalpy for a fully crystalline PLA structure (93 J g*) [32]
and WPLA is the PLA weight fraction.

The initial heating step was applied to remove the previous thermal history of the

materials.

Thermogravimetric analysis was carried out in a TGA/SDTA 851 thermobalance
from Mettler-Toledo (Mettler-Toledo Inc., Schwerzenbach, Switzerland). Samples with
an average weight of 10 mg were subjected to a heating program from 30 °C to 700 °C at

a heating rate of 20 °C min and constant nitrogen flux (66 mL min™).

I Plasticizer migration by the solvent extraction test.

Plasticizer migration was studied by solvent extraction with n-hexane. Samples
were immersed in n-hexane and placed in an air circulating oven mod. Selecta 2001245
(JP Selecta S.A., Barcelona, Spain) working at different temperatures, between 30 °C and
60 °C during 8 hours. Finally, the samples were removed from n-hexane to measure

weight loss.

IV.3.3. Results and discussion.

Mechanical properties of ECSO plasticized PLA

formulations.

The study of the effect of the epoxidized cottonseed oil (ECSO) on mechanical
properties of PLA-based formulations is a good method to assess the plasticization that

ECSO provides. PLA is a brittle polymer with relatively high tensile and flexural strength
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values, high modulus and very low elongation at break. Table IV.3.2 summarizes the

main results obtained by tensile and flexural tests.

Table IV.3.2. Summary of mechanical properties from tensile and flexural tests of
plasticized PLA formulations with different weight % of epoxidized cottonseed oil

(ECSO).
wt.% ECSO Tensile Young’s Elongation Flexural Flexural
plasticizer strength modulus at break Modulus Strength
(MPa) (MPa) (%) (MPa) (MPa)
o) 63.7 + 2.41 3592 + 130 9.06 + 0.12 3296 + 78.7 116.3 £+ 1.11
2.5 58.5 £ 1.08 3346 +136 13.5 £ 2.11 3233 + 14.4 83.7 £ 2.05
5 56.6 +£ 0.32 3390 + 165 34.9 + 4.45 3369 + 5.70 78.6 £ 2.97
7-5 52.3+0.34 3334 +143 74.8 £7.92 3317 £ 142 64.6 £ 3.48
10 49.5 + 0.87 3399 + 145 110.5 + 13.73 3361 + 73.8 53.3 + 4.41

Neat PLA possesses a tensile strength of 63.7 MPa with very low elongation at
break values around 9%. As the elastic modulus is defined by the ratio strength to
elongation in the linear region, high strength with very low elongation give high modulus
of 3.6 GPa. The plasticization effect is evident by observing the changes in both
mechanical resistant and ductile properties. Plasticized PLA with 2.5 wt.% ECSO is
characterized by slightly higher elongation at break values of 13.5% and a subsequent
decrease in both tensile strength and Young’s modulus with values of 58.5 MPa and 3.3
GPa respectively. As the total plasticizer content in PLA formulations increases it is
clearly detectable a remarkable improvement in ductile properties by a dramatic change
in elongation at break up to values of 110.5% for PLA formulations containing 10 wt.%
ECSO which is approximately eleven times higher than the elongation at break of
unplasticized PLA (9%). This represents an overall percentage increase of around 1128%
regarding to neat PLA, calculated as the percentage ratio of the variation in elongation at

break (110.5% - 9%) to the elongation at break of neat PLA (9%).

These results are in accordance with previous works regarding PLA plasticization
with epoxidized vegetable oils. Buong Woei Chieng et al. reported a percentage increase
in elongation at break of more than 2000% with the only addition of 5 wt.% epoxidized
palm oil (EPO) to PLA formulations. In fact, the elongation at break changed from 5.3%
(neat PLA) up to 114.4% for the corresponding EPO-plasticized formulation. Even better

results were obtained in PLA formulations plasticized with a mixture of epoxidized palm
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and soybean oil (EPSO) with an elongation at break of 220.5%. They also reported a
noticeable drop on tensile strength values from values close to 60 MPa for neat PLA up
to values of 35 MPa for plasticized PLA formulations with an epoxidized palm oil (EPO)
content between 5 — 10 wt.%. This dramatic drop in tensile strength is directly related to

polymer-plasticizer interactions.

The epoxy groups contained in the epoxidized vegetable oil can interact with the
hydroxyl groups located in the end chains of PLA. As they suggest, these interactions are
stronger as the oxirane oxygen content increases [6]. Their findings are in total
accordance with the plasticizing effect that epoxidized cottonseed oil (ECSO) provides.
ECSO is characterized by a medium oxirane oxygen content (5.32%) compared to
epoxidized palm oil (EPO) with low values (3.23%) and epoxidized linseed oil (ELO) with
high values around 10%. As it can be observed in Table IV.3.2, the tensile strength of
neat PLA (63.7 MPa) is reduced to values close to 50 MPa with the maximum ECSO
content. This drop in tensile strength is lower than that observed by Buong Woei Chieng
et al. with epoxidized palm oil (EPO). The higher oxirane oxygen content in ECSO can
interact more strongly with PLA chains leading to intense polymer-plasticizer
interactions that provide balanced tensile strength and elongation at break values.
Regarding the Young’s modulus, the initial value corresponding to unplasticized PLA is
3.6 GPa and this is slightly reduced up to values of 3.3 GPa for plasticized formulations
with varying ECSO content.

Although the plasticization effect of ECSO and other epoxidized vegetable oils is
evident through a remarkable increase in elongation at break values. It has been reported
that once the optimum plasticizer content has reached, a plasticizer excess leads to lower
elongation at break values due to a possible phase separation [33]. Although the values
are not summarized in Table IV.3.2, a plasticized PLA formulation was also prepared
with 15 wt.% ECSO. The elongation at break of this formulation was similar to that
obtained for the plasticized PLA formulation with 5 wt.% thus giving a clear evidence of
plasticizer saturation which has a negative effect on ductile properties due to phase

separation.

Similar behaviour has been found for flexural tests. As it can be observed in
Table IV.3.2 the flexural strength of neat PLA (116.3 MPa) is progressively reduced up
to values of 78.6 MPa and 53.3 MPa for plasticized PLA formulations containing 5 wt.%
and 10 wt.% ECSO respectively. Although slight changes can be produced on flexural
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modulus, these changes are in the typical error range so that, no clear tendency can be

observed.

As above mentioned, the addition of ECSO provides a clear plasticizing effect on
PLA with a remarkable increase in mechanical ductile properties such as elongation at
break. Besides this, ECSO plasticized PLA formulations are remarkably toughened as it
can be seen in Figure IV.3.2. The high intrinsic brittleness of neat PLA is reduced due
to the toughening and elastomeric effect provided by the ECSO plasticizer. An increasing
tendency of impact absorbed energy can be seen in Figure IV.3.2. Neat PLA possesses
an impact energy of 30.8 kJ m and this is progressively increased up to values of 38.42
kJ m-2 for the plasticized PLA formulation with 10 wt.% ECSO which represents a
percentage increase of 25% regarding neat PLA. As shown by tensile and flexural tests,
addition of ECSO promotes a remarkable increase in elongation and this has a positive

effect on energy absorption.
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Figure IV.3.2. Plot evolution of the impact absorbed energy measured by the
Charpy’s test for plasticized PLA formulations with different weight % of
epoxidized cottonseed oil (ECSO).

The effect of epoxidized cottonseed oil (ECSO) on the morphology of plasticized
PLA formulations can be observed in Figure IV.3.3 which shows FESEM images of
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fractured surfaces from impact tests samples. Figure IV.3.3[a] shows the typical

fracture surface of a brittle polymer with a flat and smooth surface and no evidence of

plastic deformation.

Figure IV.3.3. FESEM images of fractured surfaces from impact tests corresponding
to plasticized PLA formulations with different weight % of epoxidized cottonseed
oil (ECSO) at 2000x: a) neat PLA, b) 2.5 wt.% ECSO, ¢) 5.0 wt.% ECSO, d) 7.5 wt.%
ECSO and e) 10 wt.% ECSO.
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For low ECSO plasticizer content of 2.5 wt.% (Figure IV.3.3[b]) a homogeneous
surface can be observed which is representative for good compatibility between PLA and
ECSO plasticizer that is uniformly distributed in the PLA matrix. In addition to this,
other plasticization signs can be detected in the form of fibrils resulting from plastic
deformation during a sudden impact. This phenomenon is in total accordance with the

previous mechanical properties.

Plasticized PLA formulations with very low amounts of ECSO plasticizer are
characterized by a relative low increase in elongation at break. This fact could be related
to strong interactions between PLA polymer chains and the epoxidized cottonseed oil.
These strong interactions occur because no phase separation occurs as observed in
Figure IV.3.3[b]. As the weight % of ECSO increases some spherical cavities/voids can
be observed. These are produced by a cavitation process caused by debonding. The empty
microvoids indicate presence of an epoxidized cottonseed oil rich phase dispersed in the
PLA matrix that becomes more evident with increasing ECSO content. Presence of fibrils
is less evident as the ECSO content increases. In general, FESEM reveals good miscibility
between PLA and ECSO plasticizer for very low plasticizer content as observed by V. S.
Giita Silverajah et al [34]. By increasing the plasticizer content, phase separation is more
evident but elongation at break is highly improved until plasticizer saturation occurs.
Over 10 wt.% ECSO, plasticizer saturation occurs and mechanical properties are not

improved.

Thermal properties of ECSO plasticized PLA

formulations.

Effective plasticization promotes important changes in thermal transitions,
mainly the glass transition temperature (T;) due to increased polymer chain mobility.
Figure IV.3.4 and Figure IV.3.5 show the effect of the ECSO plasticizer on dynamic
mechanical response of plasticized PLA formulations. As it can be seen in Figure
IV.3.4, the storage modulus (G’) shows a flat plot from room temperature up to 50 °C.
Then the storage modulus undergoes a drops of nearby three orders of magnitude and
tends to stabilize at about 70 °C. This abrupt drop is directly related to the glass

transition temperature (Tg) [6]. As the temperature raises and reaches values comprised
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in the 80 — 90 °C range, a new increase in storage modulus can be detected which is
related to the cold crystallization process. Regarding samples with different loads of
ECSO plasticizer, the storage modulus curves are identical in shape but the typical values
are shifted to lower temperatures thus indicating a decrease in both the glass transition
temperature and cold crystallization process. The storage modulus of neat PLA below the
glass transition temperature is close to 1.4 GPa. All plasticized formulations show a slight
decrease in the storage modulus in this initial stage with typical values of 1.1 GPa thus
indicating a clear plasticization effect. Plasticizer increases chain mobility and this has a
positive effect on lowering both glass transition temperature and cold crystallization. The
cold crystallization represents the realignment of PLA chains to form a more packed
structure. It is evident that the plasticizer enables this rearrangement as it increases
polymer chain mobility. The cold crystallization temperature changes from 81.7 °C for
neat PLA to values of 78 °C for ECSO plasticized PLA formulations.
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Figure IV.3.4. Plot evolution of the storage modulus (G’) as function of temperature
for plasticized PLA formulations with different weight % of epoxidized cottonseed
oil (ECSO).

By observing the evolution of the damping factor (tan 8) it is possible to detect

two relaxations located at 50-70 °C and 80-90 °C which are attributed to the glass
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transition (T,) and the cold crystallization (T..) temperatures respectively. The efficiency
of the ECSO plasticizer can be assessed by measuring the changes in the glass transition
temperature (T,) [35]. Although the glass transition occurs in a temperature range,
maximum values of the damping factor were taken as representative values (see Figure
IV.3.5). The T, of neat PLA is 66.2 °C. As the ECSO content increases, a decreasing
tendency in T, values can be observed up to values of 63.4 °C and 62.5 °C for plasticized

PLA formulations with 2.5 wt.% and 10 wt.% ECSO respectively.

3.5
3.0 —=— PLA
’ —o— PLA 2.5 % ECSO
—s—PLA 5 % ECSO
o 254 —o—PLA 7.5 % ECSO
g —+—PLA 10 % ECSO
= 2,04
1]
[ 5]
R
o)) 1.5 4
£
joN
&
& 10-
0.5 4
0 4

temperature (°C)

Figure IV.3.5. Plot evolution of the damping factor (tan o) as function of temperature
for plasticized PLA formulations with different weight % of epoxidized cottonseed
oil (ECSO).

The plasticizing effect is also evident by observing the evolution of the Vicat
softening temperature (VST) and heat deflection temperature (HDT) as seen in Table
IV.3.3. Neat PLA is characterized by a HDT value of 47.6 °C and this is reduced up to
values in the 43 - 44 °C range for all compositions. With regard to the Vicat softening
temperature (VST) it changes from 52.8 °C for neat PLA up to values of 43 °C for the
plasticized formulation with 10 wt.% ECSO thus indicating a clear plasticization effect

related to increased polymer chain mobility.
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Table 1V.3.3. Summary of thermomechanical properties, Vicat softening
temperature (VST) and heat deflection temperature (HDT) of plasticized PLA
formulations with different weight % of epoxidized cottonseed oil (ECSO).

. . Heat deflection Vicat softening
wit.% ECSO plasticizer temperature, HDT (°C) temperature, VST (°C)
0 47.6 52.8
2.5 43.6 47.6
5.0 43.4 43.4
7-5 43.2 43.4
10.0 44.2 43.0

As indicated previously, both the storage modulus (G’) and the damping factor
(tan 8) obtained by dynamic mechanical thermal analysis revealed a decrease in the glass
transition temperature (Tg) of neat PLA with increasing the ECSO plasticizer content.
Differential scanning calorimetry (DSC) is a powerful technique that provides
information not only about the glass transition and cold crystallization processes but also

about the melt process.

Figure IV.3.6 shows a comparative plot of the DSC heating thermograms of
neat PLA and plasticized PLA formulations with different ECSO content. The glass
transition temperature of neat PLA is 66.75 °C. The cold crystallization process is clearly
evident as an exothermic peak located in the 86 °C — 114 °C range with a maximum
crystallization rate located at 97 °C. Finally, the endothermic process between 156 °C —
177 °C corresponds to the melting of the crystalline phase in PLA. By observing the DSC
heating thermograms of the plasticized PLA formulations with different weight % of
ECSO plasticizer it is clearly evident a decrease in both the glass transition temperature
(T,) and the cold crystallization temperature range (and its representative temperature
peak, T..). Thus, the plasticized formulation with low plasticizer content (2.5 wt.% ECSO)
possesses a glass transition and cold crystallization temperatures of 63.8 °C and 91.2 °C
respectively. These values are still lower for PLA plasticized formulations with higher
plasticiser content. Therefore, PLA formulation with 10 wt.% ECSO is characterized by a
glass transition temperature of 60.7 °C and a cold crystallization peak located at 86.95
OC. The decrease in the temperature range of the cold crystallization process is directly
related to the plasticizing effect that ECSO provides. The plasticizer molecules,
characterized by low molecular weight compared to polymer chains, diffuse inside the

polymer matrix and are placed between polymer chains. This situation leads to an
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increase in the free volume that allows polymer chain motions to occur at lower

temperatures.

Additionally, the polymer-polymer interactions are less strong because the
distance between polymer chains is increased by the plasticizer. Furthermore, in addition
to the dilution effect that ECSO provides on the cold crystallization enthalpy (AHc.), these
values are lower because of the increased free volume that allows easy packing of the
plasticized structure. Similar findings were reported by V. S. Giita Silverajah et al. with
plasticized PLA with epoxidized palm oil (EPO). They concluded that good
miscibility/compatibility between PLA and EPO was obtained for very low EPO content
of 1 wt.%. They also reported a decrease in the glass transition of neat PLA for EPO

contents of 5 wt.% but they observed clear phase separation for these formulations [34].

By taking into account the melt and cold crystallization enthalpies, it is possible
to assume that PLA possesses a degree of crystallinity (X. %) of 20.5%. The presence of
plasticizer enables chain mobility and this has a positive effect on crystallization as
polymer chains can move to a packed structure. The only addition of 2.5 wt.% ECSO leads
to a degree of crystallinity of about 31.3% and similar values around 32.3% are obtained
for plasticized PLA formulations with 10 wt.% ECSO. Similar findings were reported by
Ferri et al. with plasticized PLA formulations with epoxidized fatty acid esters [33].
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Figure IV.3.6. Comparative plot of the DSC heating thermograms of neat PLA and
plasticized PLA formulations with different weight % of epoxidized cottonseed oil
(ECSO).
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Epoxidized vegetable oils also provide improved stability. The oxirane rings are
able to scavenge acid groups by catalytic degradation and this has a positive effect on
both thermal and light stabilization. In fact, one of the main commercial uses of
epoxidized vegetable oils is as secondary plasticizers and thermal and light stabilizers
[36].

Table IV.3.4 shows the typical degradation temperatures for neat PLA and
plasticized PLA formulations with varying ECSO content. The onset degradation
temperature has been assessed by the temperature with a wt.% loss of 5% (Ts%). In
addition, the temperature for a 50 wt.% loss has been assessed (Ts0%). The thermal
stabilization effect that epoxidized cottonseed oil provides can be seen by observing the
evolution of the onset degradation temperature. Neat PLA is characterized by a rs5% of
335.5 °C and this is upward shifted to almost 340 °C for PLA formulations containing 10
wt.% ECSO.

Table IV.3.4. Main degradation parameters obtained by thermogravimetric analysis
(TGA) for plasticized PLA formulations with different weight % of epoxidized

cottonseed oil (ECSO).
wt.% ECSO plasticizer Ts% (°C) Ts50% (°C)
0 335.5 363.6
2.5 337.5 363.9
5.0 336.9 365.8
75 3371 365.7
10.0 339.2 364.8

Plasticizer migration assessment on plasticized PLA
formulations with ECSO.

The potential migrants from poly(lactic acid) include lactic acid, the cyclic dimer
of lactic acid (lactide), the linear dimer of lactic acid (lactoyl lactic acid) and other
oligomers. Several studies have assessed PLA as a safe substance for food-contact and

lactic acid has been declared as a generally recognized as safe (GRAS) substance [37].
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Nevertheless, most industrial PLA formulations include plasticizers and other additives

to tailor properties.

For this reason, it is important to know the potential plasticizer migration levels
as it can restrict some uses in the food packaging industry. The solvent extraction test is
a quite aggressive test to measure to total migrated plasticizer and gives interesting

results about the potential use of plasticizers at industrial scale.

Figure IV.3.7 shows a comparative plot of the total plasticizer migrated in terms
of increasing temperature (all migrated amounts are referred at a migration time of 8 h).
As it can be observed, PLA does not show any relevant migration at 8 h in the
temperature range comprised between 30 °C and 60 °C with weight % migration values
less than 0.02%. Regarding PLA formulations with epoxidized cottonseed oil (ECSO) the
lowest migration levels are obtained, as expected, at the lowest temperature considered
in this study (30 °C) with typical values of 0.03% and 0.06% for PLA formulations with
2.5 wt.% and 10 wt.% ECSO respectively. As temperature increases, the total amount of
migrated plasticizer increases as well but the maximum migration levels achieved are
less than 0.12% which indicates a very low plasticizer migration. It is important to note
that epoxidized vegetable oils are characterized by a molecular weight comprised

between 850 g mol* to 950 g mol™.

Although these values are extremely lower compared to poly(lactic acid)
molecular weight, other monomeric plasticizers for PLA have lower molecular weight,
1.e. acetyl tributyl citrate, ATBC (402.5 g mol?) [38], tributyl citrate, TBC (360.44 g mol-
1) [39], di-2-etylhexyladipate, DOA (371 g mol*) [40].

For this reason, the migration levels with epoxidized vegetable oils is extremely
low compared to other monomeric plasticizers. As expected, migrated plasticizer
amounts increase with temperature with similar values for all plasticized PLA
formulations. These relative low migration levels indicate good plasticizer compatibility
as indicated previously. Interaction of epoxy groups present in epoxidized cottonseed oil
(ECSO) with hydroxyl groups in poly(lactic acid) leads to a plasticization effect and
potential chain extension phenomenon. These strong interactions positively contribute
to low migration levels thus indicating the feasibility of using these plasticized

formulations at industrial scale.
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Figure IV.3.7. Plasticizer migration levels by the solvent extraction test on
plasticized PLA formulations with different weight % of epoxidized cottonseed oil
(ECSO).

IV.3.4. Conclusions.

New environmentally friendly plasticized PLA formulations were obtained with
epoxidized cottonseed oil (ECSO). The low intrinsic elongation at break of PLA (9%) was
improved up to values of 110.5% for plasticized formulations with 10 wt% ECSO. Field
emission scanning microscopy (FESEM) revealed good miscibility at low ECSO
concentrations (lower than 2.5 wt%) while slight phase separation occurred over this
composition. Despite this, a remarkable increase in toughness was observed for
compositions over 2.5 wt.% due to the particular morphology defined by a PLA matrix
with finely dispersed spherical ECSO domains. The glass transition temperature was
reduced by around 5-6 °C for plasticized formulations with 7.5 — 10.0 wt.% ECSO. This
decrease in T, gave evidences of increased free volume with a positive effect on chain

mobility, so that both the glass transition and the cold crystallization temperature were
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moved to lower values. Very low migration levels were assessed by the solvent extraction
test with n-hexane with a maximum migration of 0.12% at 50-60 °C while very low
plasticizer migration (<0.06%) was observed at 30 °C. The results obtained in this work
suggest that high environmentally friendly toughened PLA formulations can be obtained
by using epoxidized cottonseed oil (ECSO) in the 5 — 10 wt% range. Over 10 wt% ECSO,

plasticizer saturation occurs and this has a negative effect on overall properties.
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ARTICLE INFO ABSTRACT

Ine this work, the e of an enviroamentally friendly plasticizer derived epoxidized comomeed oil (ECS0) for paly
{lactic acid) (PLA) is proposed. Melr extrusion was wed o plasticize FLA fomubations with different ECS0
contents in the §-10 wr.%. PLA formulation with 10 wi% shows a remarkable incresse in meclanical duetile

Kzmnwarde

Frly{lactic acidkPLA

Eponcdized enstomseed oil (ECS0)
Mechanical propemties
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properties with & percentzge incresse in elongation a1 break of more than 110004 and a noticeable increase in the
imypasct absorbed energy. Dilferential seanning calorimetry (DSC) and dynamic mechanical thernmal analysis
{DMTA) revesled a clear decresse in the ghass rarsition tenperature of peal PLA as e BCSO conlent increassd.
Field emission seanning electron microscopy (FESEM) of (ractured surfsces fnom impact tests showed an
improvernent of duetility with rypical rough and porows topographies. Migeation tests in a-hexane an different
temperatres revealed very low migration properties thus keading o new interesting plasticizers lor improved
PLA industrial formubations.

1. Imtrosduction

One of the most promising biopolymers as alternative o conven-
tional petroleum-based polymers is poly{lactic acid-PLA with an
annual production of more than 140,000 tons (Grande et al, 2005).
PLA is an aliphatic polyester obtained by polymerization of lactic acid
(hydroxyl propionic acid] obtained from renewable and sustainable
starch rich materials such &s corn and sugarcane (Al-Mulla et al., 2011;
Blanco and Siracusa, 2013; Sansone et al., 2012). In the last years PLA
has become &n industrial alternative to some petroleum-based polymers
because of its relatively low price (Gordobil et al., 2015) and overall
balanced mechanical properties such as high tensile strength and
Young's modulus with similar values of those of polviethylene ter-
ephthalate). PET (Chieng et al., 2014) which is widely used in plastic
bottle manufacturing due to its excellent bamrier properties. PLA
possesses acceptable barrier properties, and additionally it can be
transparent due to the low crystallization rate (Chieng et al., 2014). It
iz alzn shiny and offers low flammability; all these features, tozether
with a relatively easy processing conditions, similar to many commisd-
ities, make PLA & good candidate for a wide variety of products in the
packaging industry, automaotive parts, textile fibers, prostheses and
medical devices, etc. among others (Morelli et al., 2015; Murariu et al.,
206080 Mevertheless, PLA iz characterized by high fragility, which is
drawback for some technical applications in which some flexibility is
required (Wang et al., 2015). For these reasons, different approaches
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have been explored to overcome this high intrinsic fragility by
increasing ductile properties such as elongation at break, impact
resistance, etc. while maintaining its environmentally friendly naiure.
A typical approach has been blending PLA with other ductile polymers.
In this field, PLA was blended with chitosan, which is ahle to form films
but the mixtures resulted in immiscible blends due to their different
podarity and polyivinyl aleohol], PVA was necessary to provide some-
what compatibility (Grande et al., 2005). Thermoplestic starch (TPS)
also showed immiscibility with PLA and several compatibilizers such as
maleic anhydride and methylene diphenyl diisocyanate (MDT) were
nesded to improve the overall properties (Clasen et al, 2005; Mittal
et al., 2015; Yang et al, 2015). Blends with poly{hydrocybutyrate),
PHB gave an interesting improvement on barrier properties of neat PLA
but resulting blends were characterized by high fragility so that
different plasticizers such as acetvl(tributyl citrate), ATBC {Armricta
et al, 2005) and poly{ethylene glyeol), PEG (Courgneau et al., 2011)
were needed to overcome thiz drawback. PLA has also been blended
with bindegradable petroleum-based polymers to zive fully biodegrad-
ahle blends. Among these petroleum-based polymers interesting results
have been obtained with polyicaprolactone)-PCL biodegradable polye-
ster. Although both PLA and PCL are polyester-type polymers, they
shiow restricted miscibility but the high flexdbility of PCL is enough o
reduce the intrinsic fragility of PLA (Carmona et al., 2015; Ferri et al.,
2016a; Tabasi et al., 2015) Other petroleum-based polymers such as
polyi{butylene succinate)-PBS (Deng and Thomas, 2005), poly(butylene
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“PLA films with improved flexibility properties by

using maleinized cottonseed o0il”

ﬁbstract

This work assesses the potential of maleinized cottonseed oil — MCSO as plasticizer in
poly(lactic acid) — PLA films with improved ductile behaviour. The effects of MCSO are compared
with commercially available maleinized oil, i.e. maleinized linseed oil — MLO in terms of
mechanical, thermal and barrier properties, as well as morphology changes. Plasticized PLA
formulations were obtained with a maleinized oil content in the 0 — 10 wt% range. Addition of
both maleinized vegetable oils leads to a slight decrease in the glass transition temperature (Tg)
of neat PLA from 63 °C to 60 — 61 °C. Nevertheless, MCSO provides better overall properties.
Addition of 7.5 wt% MCSO increases the elongation at break by 292%. Regarding the barrier
properties, both maleinized vegetable oils increase the oxygen transmission rate — OTR.
Nevertheless, this increase is less pronounced in the case of MCSO thus indicating its higher
efficiency compared to MLO. On the other hand, addition of both maleinized vegetable oils do not
compromise the overall disintegration of the obtained PLA formulations, thus positioning these

additives as environmentally friendly solutions to increase ductile properties in PLA-based films.

eywords

Poly(lactic acid) — PLA; cottonseed oil; maleinization; mechanical properties; thermal

properties; barrier properties.
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IV.4.1. Introduction.

The growing awareness about the ongoing environmental pollution, together with
the, still distant but increasingly close, problematics of petroleum depletion, are leading
the research on obtaining materials from renewable resources and, potentially,
biodegradable. This situation is particularly accentuated in the packaging industry due
to the huge amounts of wastes that are generated worldwide. For these reasons, new
polymers and industrial formulations are continuously being developed with the main

aim of lowering their environmental impacts.

Today, a wide variety of polymers can be obtained from renewable resources.
Polysaccharides are a promising source of polymers due to their worldwide abundance.
Different starches e.g. maize, potato, rice, etc. can be converted into industrial plastic
formulations by using appropriate plasticizers such as glycerol, water, sorbitol, etc.
leading to the so called “thermoplastic starches” — TPS [1, 2]. A new range of materials
have been successfully synthesised from chitin which is the Earth’s second most
abundant polysaccharide, surpassed only by cellulose. Chitin can be found in the
exoskeleton of crustaceans [3]. Proteins are another important source of polymers. It is
worthy to note the use of vegetable proteins such as gluten or soy protein in the field of
polymers and composites, as well as animal proteins such as collagen, casein, ovalbumin,

etc. widely used in the food industry [4, 5].

Aliphatic polyesters represent a promising solution to environmentally friendly
polymers. Although some of them are obtained from petroleum derivatives, e.g.
poly(butylene succinate) — PBS, poly(e-caprolactone) — PCL, poly(butylene succinate —
co — adipate) — PBSA, etc. some polyesters can be obtained from renewable resource and
could represent a full solution to both petroleum depletion and environmental impact as
all these polyesters can be disintegrated in controlled soil [6, 7]. These high
environmental efficiency polyesters include several Dbacterial polyesters
(polyhydroxyalkanoates — PHAs) such as poly(hydroxybutyrate) - PHB,
poly(hydroxybutyrate — co — hydroxyvalerate) — PHBV, among others [8, 9]. Although
PHAs are very promising due to an excellent balance between mechanical, thermal and
barrier properties, their cost is still high and their offer a very narrow processing window

which limits a massive use in [10]. Other aliphatic polyester that has owned a privileged
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position in the last years is poly(lactic acid) — PLA which can be synthesised from ring-
opening polymerization (ROP) of lactic acid obtained from starch fermentation [11, 12].
In addition, PLA offers balanced mechanical and barrier properties, it is transparent,
brilliant and shows excellent resistance to fats. All these features have led PLA to a wide
variety of sectors such as medical, automotive, textile, packaging, etc. [13-16]. However,
not all are advantages; PLA is quite fragile and this fact restricts its use in some industrial
sectors [17]. To overcome this fragility, different strategies have been proposed. One
interesting solution is blending PLA with flexible polymers such as thermoplastic starch
— TPS, poly(e-caprolactone) — PCL, poly(butylene succinate — co — adipate) — PBSA, or
others, with a remarked increase in toughness and other ductile properties [18-22].
Although physical blending is a cost-effective solution to overcome this drawback, the
lack of miscibility between the components restricts the improvement on toughness. For
this reason, some authors have proposed the use of compatibilizer agents. Ferri et al.
reported PLA/TPS blends with a clear phase separation due to immiscibility. They
suggested the use of maleinized linseed oil — MLO as compatibilizer agent with a

noticeable increase in the elongation at break [2].

Modified vegetable oils — MVOs represent an interesting alternative to
petroleum-based plasticizers. In the last years, different modified vegetable oils
(epoxidized, maleinized, acrylated, hydroxylated, etc.) have been successfully used as
renewable plasticizers with a positive contribution on environmental efficiency. Some
epoxidized vegetable oils are commercially available. This is the case of epoxidized
soybean oil (ESBO) [23, 24] and epoxidized linseed oil (ELO) [25] which are widely used
in the poly(vinyl chloride) — PVC industry as secondary plasticizers with additional
thermal stabilization effects on PVC. Other research works have focused on the
plasticization efficiency of other epoxidized vegetable oils derived from palm oil [26] and
sunflower oil [27]. Mauck SC et al. reported the use of acrylated epoxidized soybean oil
— AESO as plasticizer in toughened PLA formulations [28] and Ferri et al. reported the
potential of maleinized linseed oil — MLO as plasticizer for PLA with a remarkable
increase in the elongation at break higher than 1000% with addition of 20 phr MLO.

They also reported a decrease of 6 °C in the glass transition temperature (Tg) [29].

Cottonseed oil — CSO has shown its potential in the polymer industry in several
fields such as thermosetting resins [30], PVC plasticizer [31] and PLA plasticization, with

promising results. Cottonseed oil can be considered a by-product of the cotton industry
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whose main product is the cotton fiber. Approximately, 5.12 million tons cotton is
produced annually worldwide and the main by-products are the oil and the cottonseed
meal. Cottonseed oil can be converted into its corresponding maleinized oil by a
conventional procedure [32]. This reaction can follow several paths, being the “ene”
addition the most favourable path. Nevertheless, in some cases, when conjugated double
bonds are present in the fatty acid chain, the Diels-Alder condensation can also take place
as it is shown in Figure IV.4.1. Tarek et al. reported that over 200 °C, maleic anhydride
is bonded to the triglyceride in an allylic position in the unsaturated fatty acid [33].
Figure IV.4.1 shows a schematic representation of the maleinization process of
cottonseed oil.
T L
0
“\“/\/\/\/\/\/\/\/

O

(o]

cottonseed oil (CSO)

1h/180°C 0. . 9]
1h/ 200°C
1h/ 220°C
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O 0 maleinized cottonseed oil (MCSO)

Figure IV.4.1. Schematic representation of the maleinization process of cottonseed
oil.
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This work assesses the potential of cottonseed oil as natural-based plasticizer for
PLA films. Optimum maleinization process are described and the effect of maleinized
cottonseed o0il — MCSO on mechanical, thermal and barrier properties as well as
morphology is evaluated and compared with a commercially available maleinized oil:

maleinized linseed oil — MLO.

IV.4.2. Experimental.

I Materials.

A PLA commercial grade Ingeo Biopolymer 6210D from NatureWorks LLC
(Minnetonka, USA) was used in pellet form as base material for films. It shows a melt
flow index of 15 — 30 g/(10 min) at 210 °C and a density of 1240 kg m-3. Cottonseed oil
was purchased from Sigma Aldrich Espana (Madrid, Spain) and used without further
purification. Its density is 920 kg m-3 and its iodine value is comprised in the 109 — 120

range. Its acid number is 0.25 mg KOH g-1 as obtained following ISO 660:20009.

Maleinized linseed oil, commercial grade VEOMER LIN was purchased from
Vandeputte (Mouscron, Belgium) with an average acid number of 105-130 mg KOH g-.

Maleic anhydride (Purity>98) was supplied by Sigma Aldrich (Madrid, Spain).

I Maleinization of cottonseed oil.

A three neck round flask with a capacity of 500 mL equipped with a heating
mantle was used to synthesize maleinized cottonseed oil. A reflux condenser was placed
in the central neck. A digital thermometer was connected to a second neck and was used
to measure the temperature during the reaction. Finally, the third neck was used to add
maleic anhydride, simple extraction for evaluation and provide an inert atmosphere with
nitrogen gas. A typical batch production is summarized as follows: 300 g of cottonseed

oil were placed in the round flask and subjected to magnetic stirring and heating until
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the first temperature step was reached. The process was carried out in three temperature
steps at 180 °C, 200 °C and 220 °C. At each temperature step, the same portion of maleic
anhydride (9 g of maleic anhydride per 100 g cottonseed oil) was dropped into the flask
and subjected to magnetic stirring while temperature was maintained constant for 1
additional hour. To evaluate the extent of the maleinization reaction, samples were
extracted from the flask every 30 min (for the temperatures of 180 °C and 200 °C) and
every 20 min for the maximum temperature step at 220 °C. Finally, the mixture was
cooled down to room temperature and subjected to centrifugation at 4000 rpm to allow

full separation.

The maleinization extent was followed through the measurement of the acid

number as indicated in ISO 660:2009 with the following equation.

Acid number = 252V Equation IV.4.1
m

Where V stands for the volume of the KOH standard solution (mL), C represents
the exact concentration of the KOH standard solution (mol L) and m is the mass of the

maleinized oil used in the analysis (g).

Manufacturing of PLA films with maleinized

vegetable oils.

Table IV.4.1 summarizes the compositions and codes used for the different
plasticized PLA formulations with maleinized cottonseed oil — MCSO and maleinized
linseed oil — MLO. PLA was dried at 60 °C for 24 h. Initially, the appropriate amounts of
PLA and the corresponding maleinized oil, were mechanically mixed in a zipper bag and
subjected to a compounding process in a twin-screw co-rotating extruder (D= 30 mm;
L/D = 20:1) by DUPRA (Alicante, Spain), at a rotating speed of 60 rpm. The following
temperature program was programmed: 167.5 °C (feeding), 170 °C, 172.5 °C, 175 °C

(die). The obtained compounds were cooled down to room temperature, subsequently
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pelletized and dried at 50 °C for 24 h. Films with an average thickness 100 um were
obtained in a cast-roll machine from Eurotech S.A.S. (San Marino in Riu, Italy). The

extrusion rate was set to 55 rpm and the calendering process was 2 m min.

Table IV.4.1. Composition and labelling of the plasticized PLA formulations with
different maleinized vegetable oils.

Reference wt% PLA wt% MCSO wt% MLO
PLA 100 - -

2.5 % MCSO 97.5 2.5 -

5 % MCSO 95.0 5.0 -

7.5 % MCSO 92.5 7.5 -

10 % MCSO 90.0 10.0 -
2.5% MLO 97.5 - 2.5
5% MLO 95.0 - 5.0

7.5 % MLO 92.5 - 7.5

10 % MLO 90.0 - 10.0

I Mechanical characterization.

Mechanical characterization of films was carried out by testing five different
standard tensile samples (type 2) as indicated in ISO 527-3, with a total length of 160
mm, a width of 10 mm and a thickness of 100 pm. The different sample films were tested
in a universal testing machine ELIB 30 from S.A.E. Ibertest (Madrid, Spain) using

specific pneumatic clamps at a crosshead rate of 5 mm min-.

I Morphology characterization.

The morphology of transversal cross sections of the obtained films was observed
and characterized in a field emission scanning electron microscope — FESEM model
ZEISS ULTRA from Oxford Instruments (Oxfordshire, United Kingdom) using an
acceleration voltage of 2 kV. A sputtered metal coating with platinum was used to

increase the electrical conductivity of the samples prior to observation as well as to work
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with low acceleration voltage and avoid sample damage. The sputter-coater equipment

was an EM MEDo20 from Leica Microsystems (Wetzlar, Germany).

I Thermal characterization.

The main thermal transitions of plasticized PLA films were studied by differential
scanning calorimetry — DSC in a 821e calorimeter from Mettler Toledo Inc.
(Schwerzenbach, Switzerland) using a dynamic temperature program from 25 °C to 300
°C at a constant heating rate of 10 °C min™ in nitrogen atmosphere (66 mL min). The

degree of crystallinity (%X.) was calculated by using Equation IV.4.2.

AHm-AHee (1

%X, =100 x Equation IV.4.1

AHm (100%) W

Where AH,, stands for the melt enthalpy, AH.. represents the cold crystallization
enthyalpy, AH, (100%) indicates the melt enthalpy of theoretically 100% crystalline PLA
(93 J g1) [34] and w represents the weight fraction of PLA in plasticized formulations.

Degradation at high temperatures was followed by thermogravimetric analysis —
TGA in a TGA/SDTA 851 thermobalance from Mettler-Toledo Inc. (Schwerzenbach,
Switzerland). A dynamic thermal program from 25 °C up to 700 °C at a heating rate of

10 °C min™ in nitrogen atmosphere (66 mL min™).

I Barrier properties.

The oxygen transmission rate — OTR was obtained in triplicate using an oxygen
permeation analyser Systech model 8500 from Metrotec S.A. (San Sebastian, Spain) with
pure oxygen (99.9%). Samples were cut in circular shapes with a diameter of 14 cm and

average thickness of 100 um. A Mitutoyo digimatic micrometer model 293-832 (Illinois,
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USA) was used to calculate the average thickness — e of the samples all around their
perimeter. The oxygen flow rate was monitored until a stationary state was reached. The

product OTR-e for each film was calculated and compared.

I Contact angle measurements.

The contact angle (6) was obtained in a goniometer model FM140 from Kriiss
GmbH (Hamburg, Germany). Samples with an average thickness of 100 pm were dried
at 40 °C for 24 h before testing. Five different water drops (~100 pl) were placed into the
film surface and ten different measurements were obtained for each water drop and

averaged. The static contact angle was measured after 30 s.

I Disintegration in controlled compost soil.

The disintegration test in controlled compost conditions was carried out by
following the guidelines of ISO 20200 in triplicate. Samples sizing 25x25 mm?2 with an
average thickness of 100 um were placed in a compost reactor (300x200x100 mma3).
Samples were dried at 40 °C for 24 h before they were dug into the synthetic compost
soil. The synthetic soil was composed of sawdust, feed for rabbits, mature compost, corn
starch, saccharose, corn oil and urea in the proportions indicated in the ISO 20200. All
samples were initially weighed and immersed in water before placing them into the
mixture. Samples were extracted from the reactor at 6, 8, 9, 10, 11 and 13 days, washed
with distilled water and dried for 24 h before weighing. In addition, optical images of the

samples were collected at these disintegration periods.

Tesis doctoral — Alfredo Carbonell Verda 319



IV. Resultados y discusion. Plastificantes derivados de CSO para termopldsticos

IV.4.3. Results and discussion.

I Synthesis of maleinized cottonseed oil - MCSO.

Figure IV.4.2 shows the evolution of the acid number along the three
temperature steps at 180 °C, 200 °C and 220 °C. At the beginning of the reaction,
cottonseed oil shows an acid number of 0.25 mg KOH g. After the first two hours, an
important increase is detected thus indicating that maleinization has taken place. At the

end of the second temperature step at 200 °C, the acid number reaches 16.9 mg KOH g-

1

70
o0 m 180°C /4* -
o 200°C
A 220°C /
504 A
o
ch /
Q 40- /
[w)] 4
2 /
5 30 /
2 | !
3 /
o 20 g/
% ”_’/i,---‘"—dé_ E—
10 e
25 o 7
0 D9
0 30 60" 90 120' 140° 160" 180’

maleinized conditions (time)

Figure IV.4.2. Effect of temperature and time on the efficiency of the maleinization
process of cottonseed oil with maleic anhydride.

Nevertheless, it is in the third temperature step at 220 °C when the maleinization
process takes place in a high extent. After 20 min at 220 °C, the acid number has reached
51.2 mg KOH g due to the high availability of maleic anhydride which can be readily
attached to an allylic position in the unsaturated fatty acid which is specially favoured
above 200 °C [33]. As the reaction time increases while maintaining the temperature at

220 °C, the acid number tens to stabilize at about 63.7 mg KOH g. These results are in
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total agreement with other reported maleinization processes. A.I. Aigbodion et al.
maleinized rubber seed oil with similar conditions and obtained an acid number of 75.8
mg KOH g [35].

An important change in colour was also obtained as a consequence of the
maleinization process. During the first temperature step at 180 °C, the colour was yellow
as most of the vegetable oils. As the maleinization takes place, a change in colour from
yellow to reddish was observed as it can be seen in Figure IV.4.3. Ernzen J.R et al,,
reported a similar change in colour during the maleinization of soybean oil with an

intense reddish colour at the end of the reaction [36].

Figure IV.4.3. Influence of the reaction temperature and time on the colour during
maleinization process of cottonseed oil, a) 180 °C — 60 min, b) 200 °C - 60 min, c) 220
2C - 60 min.

Mechanical properties of plasticized PLA with
MCSO.

The efficiency of MCSO as biobased plasticizer for PLA films was assessed by
comparing with a commercial MLO. Figure IV.4.4 shows the results obtained in the
tensile test. Unplasticized PLA film shows the maximum tensile strength and Young’s
modulus with values of 46.8 MPa and 1.64 GPa respectively. Regarding the elongation at
break, unplasticized PLA shows a remarkably low value close to 4% thus leading to a
fragile behaviour. The plasticization effect that MCSO provides is evident by seeing the

evolution of mechanical properties. The only addition of 2.5 wt% MCSO gives an
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improvement on elongation at break up to values of 5.8% whilst the tensile strength and
modulus decrease to 43.9 MPa and 1.18 GPa respectively. As the MCSO content
increases, the elongation at break increases up to values of 12.9% and 15.7% for
plasticized PLA films with 5.0 wt% and 7.5 wt% MCSO. These results are in total
agreement with those reported by Sheli C. Mauck with similar elongation at break value
on PLA plasticized with epoxidized soybean oil — ESBO [28]. Despite this increasing
tendency, it seems that plasticizer saturation occurs at a relatively low MCSO content of
5.0-7.5 wt%. In fact, the elongation at break for the plasticized PLA film with 10 wt%
MCSO decreases due to a phase separation process as reported by Balart JF et al. [37].

These results suggest a slight plasticizing effect of MCSO. As it has been reported,
small amounts of modified vegetable oils have a positive effect on PLA ductile properties.
Despite this, as Ferri JM et al. have also reported, plasticizer saturation occurs at
relatively low oil content and phase saturation occurs over this threshold with a
subsequent decrease in ductile properties [14]. The good performance of MCSO as
plasticizer for PLA films is evident by comparing its effects with MLO. In this way,
although addition of 2.5 wt% MLO to PLA leads to an elongation at break of 6.9%, which
is slightly higher than the obtained with the same MCSO content, this is the maximum
value that MLO can achieve. In fact, plasticized PLA films with 5.0 — 7.5 wt% give lower
elongation at break values close to 5% and the plasticized formulation with 10 wt% MLO

gives even lower elongation at break the unplasticized PLA films.

Regarding mechanical resistant properties, the decrease in tensile strength is
more pronounced by using MLO as if can be seen in Figure IV.4.4[b] with values of
26.6 MPa for the plasticized PLA film with 10 wt% MLO. Buong Woei Chieng et al. also
observed this dramatic decrease in tensile strength in formulations of PLA plasticized
with epoxidized palm oil — EPO from 60 MPa (neat PLA) down to 30 MPa with addition
of 10 wt% EPO [38].

With regard to the Young’s modulus, MLO provides similar behaviour to MCSO
as it can be seen in Figure IV.4.4[c]. In fact, the minimum value is 0.97 GPa and 0.86
GPa for plasticized PLA films with 10 wt% MLO and MCSO respectively. These results

agree with some other works that use modified vegetable oils as plasticizers in polymers

[23].
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Figure IV.4.4. Plot evolution of mechanical properties of plasticized PLA films as a
function of the wt% of MCSO and MLO, a) elongation at break, b) tensile strength
and c) Young’'s modulus.
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The plasticization effect can be seen by observing FESEM images in Figure
IV.4.5. Although there are not pronounced differences between the FESEM images of
PLA plasticized with MLO (Figure IV.4.5[b] & [c]) compared to unplasticized PLA,
plasticized PLA films with MCSO (Figure IV.4.5[d] & [e]) show slightly higher

differences.

Figure IV.4.5. FESEM images (5000x) of the cross section of plasticized PLA films
with different maleinized vegetable oils, a) unplasticized PLA, b) PLA with 5 wt%
MLO, c¢) PLA with 7.5 wt% MLO, d) PLA with 5 wt% MCSO and e) PLA with 7.5
wt% MCSO.
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Ferri et al. reported a restricted miscibility between PLA and MLO with a clear
phase separation when plasticizer saturation occurred [29]. As it has been described
previously, the results of mechanical properties, suggest better behaviour of MCSO
compared to MLO. This could be related to slightly higher miscibility of MCSO with PLA
than that of MLO. Unplasticized PLA film (Figure IV.4.5[a]) shows a cross section
image typical of a fragile polymer with a smooth surface topography. The morphology of
plasticized PLA films with MLO (Figure IV.4.5[b] & [¢] with 5 wt% and 7.5 wt% MLO
respectively) is similar, but small spherical shapes can be distinguished, which
correspond to excess MLO. This is typical of a phase separation process and is
responsible for low elongation at break values as previously seen. Conversely, the cross
section of plasticized PLA films with MCSO shows more plastic deformation areas, which
are in accordance with the abovementioned increased ductility. In a similar way, there is
a direct relationship between the MCSO content and the presence of spherical shapes.
Voids indicate a better dispersion of MCSO into the PLA matrix and this has a positive

effect on elongation at break and other ductile properties.

I Thermal properties of plasticized PLA with MCSO.

Both maleinized oils, MCSO and MLO, have a direct effect on thermal properties
of plasticized PLA formulations as it can be seen in Table IV.4.2. The main thermal
transition of unplasticized PLA are: the glass transition temperature (T;) located at 63
°C, the cold crystallization temperature peak (T.) located at 117.3 °C and the melt
temperature peak at 171.7 °C. Both plasticizers have a clear effect on the glass transition
temperature and cold crystallization process, thus indicating a more or less intense
plasticizing effect. In fact, both plasticizers, MCSO and MLO, give lower T, and T
temperatures due to increased chain mobility [2]. The very low decrease in Ty obtained
for both MCSO and MLO with values of 60 — 61 °C, indicates limited plasticizing effect
due to restricted miscibility. Nevertheless, although the plasticization effects are not so
high in terms of thermal properties, the particular morphology of plasticized PLA
formulations with MCSO and, in a less extent, with MLO, is responsible for a toughening
phenomenon on PLA with a positive effect on ductile properties, mainly with MCSO.

Regarding the melt temperature peak, DSC thermograms do not show any additional
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peak or a noticeable change in the peak shape. The melt temperature peak remains at
values of 170 — 171 °C. Nevertheless, slight changes can be observed for the melt enthalpy

and its components.

Table IV.4.2. Summary of the main thermal properties of neat PLA and plasticized
PLA films with maleinized oils, obtained by differential scanning calorimetry - DSC
and thermogravimetric analysis — TGA.

DSC TGA

Sample code T Tec AHee Tm AHm X Ts% Ts0%

©o0 (O JUgy) €O Jgy %) (°O) (°O)
PLA 63.0 117.3 32.3 1717  38.1 6.2 329.4 358.5
2.5 % MCSO 61.7 109.8 26.9 170.6  36.5 10.6 323.5 351.3
5 % MCSO 61.6 113.1 25.2 171.0 34.6 10.6 334.2 363.7
7.5 % MCSO 61.6 110.4 24.6 170.5 37.4 15.0 327.3 361.9
10 % MCSO 61.1 109.7 22.5 170.3 38.5 19.1 333.1 361.0
2.5 % MLO 61.7 108.9 23.3 171.6 35.1 13.0 322.4 355.5
5% MLO 60.9 104.5 22.6 170.3 36.2 15.4 320.6 359.1
7.5 % MLO 60.4 105.5 23.8 170.5 34.6 12.5 320.7 361.6
10 % MLO 60.6  106.2 23.1 17007 32.8 11.6 320.7 356.9

The melt enthalpy is directly related to two crystal fractions: one obtained after
cooling after injection moulding and a second one achieved during the cold
crystallization process. The degree of crystallinity (%X.) is representative for the crystal
fraction obtained during processing while the second crystal fraction is obtained during

the cold crystallization.

The most relevant changes can be observed for the cold crystallization enthalpy
(important decrease) whilst the melt enthalpy does not change in a remarkable way. This
indicates that MCSO contributes to increase the degree of crystallinity after injection
moulding due to increased chain mobility. For this reason, the cold crystallization
enthalpy decreases in a greater extent than the melt enthalpy. With regard to the cold
crystallization temperature range, once again both maleinized vegetable oils, lead to a
remarkable decrease in the characteristic temperature peak. In the case of MCSO, Te.
falls down to values around 110 °C while the decrease is still higher for MLO with Tcc
values located at about 105 °C. This decrease is directly related to the plasticization effect
that both maleinized oils provide. Modified triglyceride molecules are placed between

PLA polymer chains with a subsequent increase in the free volume. This phenomenon
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allows PLA chains to arrange towards a packed/ordered structure at lower temperatures
[39]. In agreement with this, the degree of crystallinity (%Xc) also increases with both
maleinized plasticizers. Unplasticized PLA offers a crystallinity of 6.2%. By using MCSO
in plasticized PLA films, the crystallinity increases up to 10.6% for MCSO contents of 2.5-
5.0 wt%. It is important to remark that plasticized PLA films with 10 wt% MCSO show
19% crystallinity. Similar findings can be observed by using MLO, while it is true that the
maximum crystallinity is close to 15%. These results give support to the mechanical
properties as PLA films with MCSO showed higher tensile strength values than those
obtained with MLO. This phenomenon could be related to the higher crystallinity that
MCSO provides versus MLO. As it has been shown, plasticizer saturation with MLO

occurs at lower concentrations regarding MCSO and this can also affect the crystallinity

[37].

Table IV.4.2 also summarizes the influence of MCSO on the thermal
degradation of plasticized PLA films. In particular, the temperatures at which a weight
loss of 5% and 50% are given (T5s% and Tso9 respectively). As per the results, it is worth to
note that the thermal stability of PLA is not remarkably affected by MCSO. Maleinized
vegetable oils seem to provide lower thermal stabilization than epoxidized vegetable oils
which have been widely used as thermal stabilizers in poly(vinyl chloride) — PVC
formulations as well as in other polymer based formulations. Chieng et al. reported a
remarkable increase in the thermal stability of PLA by using modified vegetable oils, e.g.
epoxidized palm oil (EPO) and a mixture of epoxidized palm oil and soybean oil (EPSO).
Specifically, the onset degradation temperature changed from 274.26 °C (neat PLA) up
to values of 313.54 °C and 330.40 °C for plasticized PLA formulations with 5 wt % EPO
and EPSO respectively [38]. Maleinized vegetable oils still contain unsaturations; for this
reason, they show lower thermal stabilization effects than the epoxidized counterpart
oils. Ferri at al. reported negligible effects of MLO on the thermal stability of PLA
formulations with MLO content comprised in the 5 — 20 phr range. In fact they report a
decrease in the T5% from 336.9 °C (neat PLA) down to 331.8 °C for the plasticized
formulation with 10 phr MLO [29]. The obtained results suggest that MCSO does not
increase in a remarkable way the thermal stability of PLA which remains unaffected by
MCSO content.
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Barrier properties and surface wetting properties of
plasticized PLA with MCSO.

Barrier properties are directly related to the free volume, therefore, it is not
expectable an improvement on the barrier properties, since thermal analysis has
suggested an increase in the free volume due to a slight plasticization effect. PLA is
characterized by moderate barrier properties. In fact, PLA has high OTR compared to
ethylene-vinyl alcohol copolymer (EVOH) but it offers lower OTR values than highly
oxygen permeable polymer such as LDPE [40-42]. As reported by Auras et al. the OTR
of oriented PLA is ten times lower than oriented poly(styrene) — PS but six times higher
than poly(ethylene terephthalate) — PET, which is widely used due to its excellent barrier
properties against oxygen [43].

Table IV.4.3 summarizes the product OTR-e to compare the effects of both
MCSO and MLO, at different concentrations, in plasticized PLA films. As it was expected,
both plasticizers offer worse barrier properties than unplasticized PLA. The OTR-e value
for unplasticized PLA is close to 19 cm3 mm m2 day?; the plasticized formulation with 5
wt% MCSO increases this up to 20.63 cm3 mm m- day* which represents a percentage
increase of 8.23%. In the case of MLO, addition of 5 wt% to PLA leads to an OTR-e value
of 26.67 cm3 mm m-2 day* which represents almost a 40% increase. Obviously, the OTR-e
product is still increased as the plasticizer content increased due to its effects on the
global free volume. These results were observed by Burgos N. et al. in PLA formulations
plasticized with oligomeric lactic acid — OLA. They reported a clear increasing tendency
in the OTR-e parameter with increasing the plasticizer content. Specifically, the OTR-e
value increased from 33 cm3 mm m= day* up to values over 70 cm3 mm m= day for
plasticized formulations with 25 wt% OLA [39]. Martino VP et al. also reported the same
phenomenon in plasticized PLA formulations with di-2-etylhexyladipate — DEHA or
DOA, with a percentage increase in the OTR-e parameter of 54.58% with regard to neat
PLA films. In particular, the OTR-e rate increased from 29.5 cm3 mm m2 day* (neat PLA)
up to 66.4 cm3 mm m-2 day™ for PLA formulations with 20 wt% DOA [44]. Armentano
et al. reported similar results with PLA/PHB blends plasticized with 20 wt% OLA. They
observed that the OTR-e for neat PLA (22.9 cm3-mm-m=-day?) increased up to 25.5
cm3-mm-m-2-day? by the addition of 20 wt% OLA plasticizer [13].
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Table IV.4.3. Barrier properties against oxygen measured as the product between
the oxygen transmission rate — OTR and the average thickness (OTR-e) and water
contact angle (Bwaer) measurements for plasticized PLA formulations with
maleinized oils.

Sample code OTR-e (cm®* mm m day™) Water contact angle, WCA (°)
PLA 19.06+0.99 63.5+£3.6
5 % MCSO 20.63+0.09 74.1£1.5
7.5 % MCSO 23.39+0.52 74.5+2.7
5% MLO 26.67+0.92 77.8+0.8
7.5 % MLO 28.57+0.76 77.6+1.4

Maleinized oils also have an effect on the surface properties of plasticized PLA
films as it can be seen in Table IV.4.3. Unplasticized PLA film shows a Oyater of 63.5°C
which is lower than other highly hydrophobic polymer films such as polyolefins. Both
maleinized oils provide increased hydrophobicity which could possibly be related to the
increase in crystallinity as Arrieta MP et al. have suggested [11] and the intrinsic nature
of hydrophobic fatty acid segments. The Bwater increases up to values of 74° and 77° for
plasticized PLA films with MCSO and MLO respectively which could have a positive
effect on restricting of water permeation. Darie-Nita et al. evaluated the influence of
several plasticizers, e.g. ESBO, OLA and PEG on the water contact angle of plasticized
PLA formulations. They observed a decrease in the water contact angle for all three
plasticizers thus giving evidences of increased hydrophilicity with a positive effect on
biocompatibility but negative effects on water barrier properties. The plasticizer with the
strongest effects on surface hydrophilicity was PEG [45]. Ljungberg et al. evaluated the
effect of the storage time on the water contact angle on plasticized PLA films. They
observed an initial increase in the water contact angle by adding triacetine — TAc (15
wt%) as plasticizer but this decreased after 45 days due to migration thus indicating that
although some hydrophobic properties can be obtained initially with some plasticizers,

migration with time could lead to increased hydrophilicity [46].
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Disintegration of plasticized PLA films with MCSO

in controlled compost soil.

Figure 1IV.4.6 gathers different images corresponding to different
disintegration times of unplasticized PLA and plasticized PLA films with 5 wt% and 7.5
wt% MCSO and MLO.

Aging
time

PLA 5wt% MLO Swt% MCSO 7.5wt% MLO  7.5wt% MCSO

0
days
(start)

10
days

11
days

13

days 25 mm
——

Figure IV.4.6. Visual aspect of plasticized PLA films with maleinized oils in terms
of the oil content and disintegration time (the initial size of all films was 25 x 25
mm?).
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With only a disintegration time of 6 days, the effects are clearly detectable. In fact,
all films become translucent and opaque due to the increase in crystallinity during the
initial stages of the degradation which are particularly favoured by moisture and

temperature inside the compost reactor [6].

Nevertheless, unplasticized PLA shows different behaviour than that observed for
all plasticized formulations. As a matter of fact, PLA does not become fragile until 10 days
which is evidenced by the appearance of cracks. Nevertheless, plasticized PLA films with
MCSO and MLO become highly fragile for an aging time of 6 days and this fragility is
much more evident with increasing the aging time. As suggested by these images,
plasticized PLA formulations with both MCSO and MLO seem to accelerate the
disintegration process in controlled compost soil. In fact, while PLA requires almost 14
days to disintegrate, plasticized films with 5 wt% of both MCSO or MLO, need only 11
days to achieve the same disintegration level and plasticized films with 7.5 wt% of MCSO
or MLO reach the same disintegration level after an aging period of 10 days. Similar
findings have been reported by Arrieta MP et al. with plasticized PLA and PLA/PHB
blends with acetyl tri-n-butyl citrate — ATBC [11].

IV.4.4. Conclusions.

This research work assesses the usefulness of maleinized cottonseed oil - MCSO
as plasticizer for PLA films. In addition, a comparison of the potential of the synthesised
MCSO and a commercially available maleinized vegetable oil, maleinized linseed oil —
MLO, shows better performance of MCSO versus MLO. A slight plasticization effect was
observed by differential scanning calorimetry, with an associated decrease in the glass
transition temperature — T, of 2 °C. In a similar way, the cold crystallization process was
advanced by 7 °C for MCSO and 10 °C for MLO, thus indicating increased chain mobility
with the subsequent increase in PLA crystallinity. This phenomenon is much more
pronounced in the case of plasticized PLA films with MCSO and this has a positive effect
on their mechanical properties. Although the plasticizing effect of MCSO is poor,

mechanical ductile properties are remarkably improved. The very low elongation at
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break of neat PLA (around 4%) is increased up to almost 16% in formulations containing
7.5 wt% MCSO. FESEM analysis revealed a particular morphology on plasticized PLA
films, which is composed of micro-spherical oil particles dispersed in the PLA matrix,
which could positively contribute to increase ductile properties. Although the barrier
properties are not improved with MCSO addition, the OTR-e changes from 19.06 cms3
mm m=2 day for neat PLA up to 20.63 cm3 mm m day™ in plasticized films with 5 wt%
MCSO, thus showing good enough barrier properties. The results with MLO were worse.
Finally, MCSO does not compromise the disintegration; as the MCSO increases, the
disintegration process is noticeably accelerated. It is possible to conclude that MCSO is
a highly efficient plasticizer for PLA films with high interest from both technical and

environmental standpoints.
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“Manufacturing and compatibilization of PLA/PBAT

binary blends by cottonseed oil-based derivatives”

gbstract

This research work aims to the compatibilization of poly(lactic acid)/poly(butylene
adipate-co-terephthalate), PLA/PBAT binary blends by using cottonseed oil derivatives, i.e.
epoxidized (ECSO) and maleinized (MCSO) cottonseed oil. The potential of these vegetable oil-
based compatibilizers are compared versus the effects of a conventional styrene-acrylic oligomer.
The base PLA/PBAT binary blend composition was 80 wt% PLA/20 wt% PBAT and the amount
of compatibilizer was set to 1 wt% and 7.5 wt%. The effects of the different compatibilizers were
evaluated on PLA/PBAT films in terms of mechanical and thermal properties as well as blend’s
morphology by field emission scanning electron microscopy (FESEM). Complementary,
biodisintegration tests in controlled compost soil and surface properties were evaluated to assess
the effects of the compatibilizers. Addition of 1 wt% ECSO and MCSO led to a remarkable increase
in the elongation at break up to values over 100% with regard to neat PLA. Despite this, maximum
elongation at break was obtained for the compatibilized PLA/PBAT blend with 7.5 wt% MCSO,
reaching values of about 321.2% respect neat PLA keeping mechanical resistant properties, such
as Young’s modulus and tensile strength, at high levels. Therefore, vegetable oil-derived
compatibilizers stand out as environmentally friendly additives for PLA/PBAT binary blends with

improved properties.

eywords

Biopolymers; biocomposites; poly(lactic acid) PLA; cotton seed oil; maleinization;

epoxidation.
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IV.5.1. Introduction.

Poly(lactic acid), PLA is currently considered one of the most promising polymers
from renewable resources, due to an excellent balance between mechanical properties
and a competitive price day by day [1]. Nevertheless, it is intrinsically quite brittle, its
chemical barrier behavior is not optimum compared to other widely used polymers, its
thermal stability is also restricted and its resistance to external agents (UV radiation,
moisture, etc.) are issues to overcome. For this reason, industrial PLA and other polymer
formulations usually contain several additives with different purposes thus widening its
use in sectors such as agriculture [2], packaging [3, 4], medical devices [5], 3D printing,
textile fibers [6]. With the aim of a sustainable development and a low environmental
impact, biobased additives are been searched, i.e. antioxidants, plasticizers, fillers, etc.
[7-10]. With the increasing development of nanotechnology, many research works have
been focused of using nanostructures to improve the properties of PLA-based materials

[11-13] and interactions.

Typical PLA materials are characterized by low toughness and this is one of the
main drawbacks in a massive use of this biopolyester. A broad range of approaches has
been observed in the last decade to minimize this effect Xu et al. [14] reported a new
injection molding technology (oscillating shear) to improve all properties of PLA,
including its toughness. One of the easiest methods to overcome the intrinsic brittleness
of PLA is by physical blends with ductile polymers [15]. A wide variety of binary and
ternary blends with PLA have been proposed as a technical solution to improve
toughness. Among others, it is worthy to note some interesting PLA-based blends with
poly(e-caprolactone)(PCL) [16], thermoplastic starch (TPS) [17], poly(butylene
succinate) (PBS) [18], poly(butylene succinate-co-adipate) (PBSA) [19], poly(glycolic
acid) (PGA) [20], poly(hydroxybutyrate) (PHB) [21], poly(hydroxybutyrate-co-valerate)
(PHBV) [22], poly(butylene adipate-co-terephthalate) (PBAT) [23], etc. Ternary blends
allow obtaining tailored properties in PLA-based blends [24, 25]. Despite some increase
in mechanical ductile properties are achieved with these blends, most of PLA-based
blends show partial or total immiscibility, being this an important drawback to obtain
synergistic effects. To improve compatibility between immiscible of partially miscible
polymers, different approaches have been proposed. Reactive extrusion stands out as a

cost effective alternative to copolymerization [26]. Reactive extrusion with PLA

Tesis doctoral — Alfredo Carbonell Verda 344



IV. Resultados y discusion. Compatibilizadores derivados de CSO en mezclas y WPCs

considers chemical reactions with some additives such as triphenyl phosphite, adimides
(e.g. Bioadimide®), epoxy-based styrene-acrylic oligomers (e.g. Joncryl®), glycidyl
copolymers [27], etc. with the hydroxyl terminal groups present in PLA and other
biobased polyesters. This allows chain extension and/or branching with a positive effect
on compatibilization of both polymers in the blend with a subsequent improvement in
toughness. Ojijo et al. [28] developed PLA/PBSA blends with 2% triphenyl phosphite
(TPP). They reported an increase in elongation at break of 37% and the energy absorption
changed from 6.76 kJ m2 (neat PLA) up to 16.4 kJ m for the PLA blend with 10% PBSA
and 2% TPP. Over 2% TPP, over-crosslinking occurs and properties are not improved.
Al-Itry et al. [29] studied the effect of Joncryl ADR-4368 (an epoxidized styrene-acrylic
oligomer) on PLA/PBAT blends. In fact, they reported a percentage increase in the
elongation at break of 900% with regard to neat PLA. In addition, the other mechanical
properties were not affected to a great extent, since the effect of this oligomer is not only
chain extension, but also branching and/or crosslinking as reported by Torres-Giner et

al. [30].

Similar results have been reported with reactive extrusion by generating free
radicals during the extrusion process, which can be achieved by using organic peroxides.
This leads to a combination of chain extension, branching and crosslinking. Bureepukdee
et al. [31] compared the compatibilizing effect of di(tert-butylperoxy isopropyl) benzene
(DTBP) and 2, 5-dimethyl-2, 5-(t-butylperoxy) hexane (DTBH). They reported a
continuous phase by using 0.1 phr DTBP on a binary PLA blend with 40% PBSA with a

remarkable increase in ductility.

With the aim of obtaining high environmentally friendly PLA formulations, the
use of vegetable-oil (VO)-derived additives is increasing as vegetable oils can be
chemically modified to tailor some particular functionalities which can react with PLA
and other biopolyesters. Currently, epoxidized vegetable oils (EVOs) are widely used in
the new generation of environmentally friendly plasticized PVC formulations [32, 33]
and thermosetting resins [34]. Their use in the packaging industry is attracting due to
low migration rates towards the food [35]. A new generation of biobased poly(urethanes)
has been developed by using vegetable oil-derived polyols [36]. Modified vegetable oils
could potentially act as compatibilizers in binary and ternary blends. Some vegetable oils
(those with unsaturated fatty acids such as oleic, linoleic, linolenic, etc.) can be subjected

to a wide variety of chemical modifications such as epoxidation, acrylation,
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hydroxylation, maleinization, etc. among others. With these processes, oxirane rings,
acrylic groups, hydroxyl groups and maleic anhydride, and other functional groups can
be added to the vegetable oil structure thus increasing their reactivity towards terminal

hydroxyl groups in PLA and other biopolyesters.

In previous works, cotton seed oil (CSO) was chemically modified by conventional
epoxidation process [35] to obtain epoxidized cotton seed oil (ECSO). Moreover, CSO
was subjected to a maleinization process with maleic anhydride [37] to give maleinized
cotton seed oil (MCSO). Both CSO-derivatives showed a clear plasticization effect on
PLA. Specifically, the addition of 10 wt% ECSO led to a noticeable increase in elongation
at break up to values of 110% of PLA, characterized by an elongation at break close to 9%.
Similar findings were obtained with MCSO. Ferri et al. [38, 39] studied the effect of
maleinized linseed oil (MLO) as compatibilizer in PLA/TPS blends. Two different
phenomena were attributed to MLO: on one hand, a clear plasticization effect was
observed but on the other hand, MLO also acted as a compatibilizer with a remarkable
improvement on miscibility on such binary blends. Furthermore, MLO contributed to

improve the processing of PLA/TPS blends.

The main aim of this research work is to assess the potential of cottonseed oil
derivatives, i.e. epoxidized cottonseed oil (ECSO) and maleinized cottonseed oil (MCSO)
as compatibilizers in PLA/PBAT binary blends. The effect of these two vegetable oil-
derived compatibilizers is compared with a conventional epoxy styrene-acrylic oligomer
in terms of mechanical properties, thermal stability, thermomechanical properties and
blend’s morphology. The novelty of this work is the assessment of cottonseed oil as
potential base material for blend compatibilization with comparable features to other
commercially available modified-vegetable oils. This widens the use of cottonseed wastes

in industrial applications and contributes to high biobased content materials.
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IV.5.2. Experimental.

I Materials.

The PLA grade used was IngeoTM Biopolymer 2003 D supplied by NatureWorks
LLC (Minnetonka, USA) in pellet form with a density of 1.24 g cm3 and a melt flow index
of 6 g/(10 min) measured at 210 °C. A PBAT commercial grade Biocosafe™ 2003 F was
supplied by Xinfu Pharmaceutical Co. Ltd. (Zhejiang, China) and it is characterized by a
density of 1.25 g cm3 and a melt flow index <6 g/(10 min) at 190 °C. PBAT has been
selected because of its flexibility (an average tensile strength of 14 MPa and an elongation

at break of 525%) which can contribute to improve toughness of PLA.

Two cottonseed oil derivatives, i.e. epoxidized cottonseed oil (ECSO) and
maleinized cottonseed oil (MCSO) were used as compatibilizers, and compared with an
epoxy styrene-acrylic oligomer, i.e. Joncryl®. The cottonseed oil (CSO) was supplied by
Sigma Aldrich Spain (Madrid, Spain). Its main properties are a density of 0.92 g cm3 and
an iodine index comprised in the 109 — 120 range, which allows chemical modification.
Joneryl® ADR-4368 was supplied by BASF S.A (Barcelona, Spain) and is characterized
by a T, of 54 °C, an epoxy equivalent weight of 285 g mol* and a molecular weight, M,
of 6800 g mol. The cottonseed oil was subjected to epoxidation [40] and maleinization
as reported in previous works [37]. The most relevant parameters obtained after the
corresponding chemical processes are as follows. With regard to ECSO, the oxirane
oxygen index was 5.32 after 8 h. Regarding MCSO an acid value of 63.72 mg KOH g was
obtained after 3 h reaction. Figure IV.5.1 shows a schematic representation of the base

polymers and the compatibilizer additives.
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Figure IV.5.1. Schematic representation of the chemical structure of a) base
polymers, i.e. poly(lactic acid) — PLA and poly(butylene adipate — co — terephthalate)
- PBAT and b) epoxidized cottonseed oil - ECSO, maleinized cottonseed oil - MCSO
and epoxy styrene-acrylic oligomer Joncryl® (generic structure).
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I Manufacturing of PLA/PBAT films.

PLA/PBAT blends were manufactured with different compositions as
summarized in Table IV.5.1. The amount of Joncryl® was set to 1 wt% as the
manufacturer recommends an additive load comprised between 0.25 — 2 wt%. With
regard to the cottonseed oil derivatives, two different loads were used, i.e. 1 and 7.5 wt%

as previous results have suggested [35, 371.

Table IV.5.1. Composition and coding of PLA/PBAT binary blends compatibilized
with cottonseed oil derivatives.

Code PLA wt% PBAT Joncryl® ECSO MCSO
wit% wit% wt% wit%

PLA 100 - - - -
PBAT - 100 - - -
PLA/PBAT 80 20 - - -
PLA/PBAT/1 ECSO 79.2 19.8 - 1.0 -
PLA/PBAT/7.5 ECSO 74.0 18.5 - 7.5 -
PLA/PBAT/1 MCSO 79.2 19.8 - - 1.0
PLA/PBAT/7.5 MCSO 74.0 18.5 - - 7.5
PLA/PBAT/1 Joncryl® 79.2 19.8 1.0 - -

PLA was dried for 24 h at 60 °C while PBAT was dried overnight at 40 °C.
All materials were processed by extrusion in a DSM Xplore MC 15 micro
compounder at 180 °C. The pre-mixing time inside the plasticization chamber was
set to 3 min at a rotating speed of 100 rpm. After this time, the compounded
material was forced to exit the plasticization chamber and extruded through a
nozzle connected to a chill-roll system to obtain a continuous film, 30 mm width

and 30 pum thick films at 15 rpm and a controlled force of 700 N.
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I Mechanical characterization.

Mechanical characterization was carried out as indicated in ISO 527-3 in a
universal test machine LLOYD 30 K (Hampshire, England). Samples (type 2) were tested
at a crosshead speed rate of 5 mm min-1 with a load cell of 500 N. The samples sized 160
mm in length, 20 mm width and an average thickness of 30 pm. Special grips for thin
films supplied by LLOYD (TG series) were used to appropriate characterize films
avoiding premature fracture due to the clamp force. These grips are used for tensile
testing of thin materials such as paper, rubber, thin plastic films, woven and non-woven
textiles. At least five different samples were tested at room temperature and average

values of the main parameters were calculated.

I Morphological characterization.

The fracture surface obtained by cryofracture (longitudinal to the extrusion
direction) was observed in a field emission scanning electron microscope, FESEM Zeiss
Ultra from Oxford Instruments at an acceleration voltage of 2 kV. An ultrathin metallic
layer of platinum was sputtered on the fractured films in a sputter coater EM MEDo020

from Leica Microsystems.

Thermal and thermomechanical characterization of
PLA/PBAT films.

The most relevant thermal transitions were obtained by differential scanning
calorimetry (DSC) in a Mettler—Toledo DSC mod. 821 (Schwerzenbach, Switzerland).
The DSC runs were programmed into three stages: first a heating from -25 °C to 200 °C;
then a cooling process down to -25 °C and a final heating stage up to 200 °C again. All

three stages used the same heating rate of 10 °C min?* and were run under nitrogen
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atmosphere (66 mL min?). The degree of crystallinity (3.%) was calculated from the

second DSC heating runs using the equation.

_ AHpy_AH 1 Equation IV.5.1
0 — m cc qua 5
Xc (%) =100 x AHp, (100%) X WpLa

Where AH,, and AH. stand for the melt and cold crystallization enthalpies
respectively (J g*). On the other hand, AHn (100%) represents the melt enthalpy of a
theoretical fully crystalline PLA (93 J g-1) [21] and Wpia is the wt% PLA in the blend.
With regard to the glass transition temperature, ISO 11357-2:2015 was used. Among all
methods described in this standard, the inflection point was considered as the Ty value
of all developed materials. In this method, the T, value is assigned to the maximum of
the derivative DSC curve or the temperature with the maximum slope in the glass

transition area.

Thermal degradation at high temperatures was followed by thermogravimetric
(TGA) analysis. Samples with an average weight of about 5-7 mg were placed in standard
alumina pans and subjected to a heating program from 30 °C up to 660 °C at a heating
rate of 20 °C min, in a Mettler-Toledo TGA/SDTA851e/SF/1100 thermobalance in
nitrogen atmosphere. In addition to the TGA thermograms, two representative
temperatures, were calculated: Ts% and 150% which correspond to temperatures at which

a 5 wt% and a 50 wt% loss occurs, respectively.

Thermomechanical characterization of PLA/PBAT films was carried out in an
oscillatory rheometer AR G2 from TA Instruments equipped with a special clamp system
for solid samples working in a combined shear-torsion mode. Samples sizing 10 x 20
mm?2 with an average thickness of 30 um, were subjected to a temperature sweep from -
40 °C up to 100 °C at a heating rate of 2 °C min. The selected frequency was 1 Hz and

the normal force was 0.02 N while the maximum deformation was maintained at 1%

(%).
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I Surface characterization of PLA/PBAT films.

The wetting properties of the developed blends were obtained by contact angle
measurements in a Kriiss goniometer model FM140 from KRUSS GmbH (Hamburg,
Germany). Five different water droplets were deposited onto the film surface and the
corresponding contact angle was measured after 30 s to obtain stabilized values. Prior to

contact angle characterization, sample films were dried at 40 °C for 24 h.

In addition, the color properties of the developed films were characterized in a
Hunter Mod. CFLX-DIF-2 colorimeter from Hunterlab (Murnau, Germany). Although
the apparatus can provide different measurements, only the luminance (L*) was

measured to evaluate the change in transparency.

Disintegration in controlled compost soil of
PLA/PBAT films.

Disintegration tests were conducted on squared samples (25 x 25 mm2) with an
average thickness of 30 um under the recommendations of the ISO 20200. Samples were
placed into an aerobic reactor with a synthetic waste manufactured as indicated in
ISO20200. Before placing samples into the reactor, all films were dried at 40 °C for 24
h. Then, the films were buried into the compost soil and extracted at 6, 8, 9, 10, 11, 14,
16, 21 and 23 days, washed with distilled water and dried at 40 °C for a day. Finally,

optical images were taken to follow the disintegration process.
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IV.5.3. Results and discussion.

Effect of compatibilizers on mechanical properties of
PLA/PBAT films of maleinized cottonseed oil -

MCSO.

Figure IV.5.2 shows the main results obtained with the herein-developed
PLA/PBAT blends. As it can be seen, neat PLA is quite brittle with a modulus of 3145

MPa and a tensile strength of 54.5 MPa. Regarding its ductility, its elongation at break is

close to 29.2% (in film form).
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Figure IV.5.2. Comparative bar plot of tensile properties, i.e. Young’s modulus,
tensile strength and elongation at break, of neat PLA, neat PBAT and PLA/PBAT

blends with and without compatibilizers.
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These features limit the use of PLA in the packaging industry in which flexible

films are required. On the other hand, PBAT is an extremely ductile polymer with a

modulus of 96.4 MPa and a tensile strength of 26.2 MPa. In contrast, its elongation at
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break reaches values of 307.6% thus giving clear evidences of its flexibility. For this
reason, blends of PLA with PBAT are expected to be more flexible. As it can be seen in
the above-mentioned figures, the uncompatibilized PLA/PBAT blend containing 20 wt%
PBAT shows an increased elongation at break of 59.0% with interesting mechanical
resistant properties, i.e. a Young modulus of 2079 MPa and a tensile strength of 39.9
MPa. The addition of 1 wt% Joncryl® gives similar mechanical resistant properties
(modulus and tensile strength) while the elongation at break is remarkably improved up

to 83.7% compared to the uncompatibilized blend.

These results give clear evidences of the compatibilization effects that Joncryl®
can provide to polyesters. Specifically, the compatibilization is achieved by the reaction
of the epoxy groups in Joncryl® oligomers and the hydroxyl terminal groups in
polyesters (See Figure IV.5.3[a]) leading to chain extension and potential crosslinking.
Racha Al-Itry et al. [29] reported similar results with a PLA/PBAT blend with an
elongation at break of 50% which was increased up to 135% with the addition of 0.5 wt%
Joncryl®. Addition of 1 wt% of both ECSO and MCSO leads to an increase in elongation
at break with values of 70.0% and 60.5% respectively but this increase is not as high as
that observed with Joncryl®.

Nevertheless, it is worthy to note that both 1 wt% ECSO and MCSO provide
improved mechanical resistant properties with tensile strength values of 52.9 MPa and
45.0 MPa respectively which are noticeable higher than those of Joncryl® (39.9 MPa).
This suggests that both ECSO and MCSO (even at very low concentrations) provide a
plasticizing effect but due to the triglyceride structure, not only chain extension but also
branching and somewhat crosslinking, can occur as shown in Figure IV.5.3[b]. It has
been reported that small amounts of modified vegetable oils can slightly plasticize PLA
and other polyesters. Nevertheless, the efficiency of vegetable oil-based plasticizers is
very poor as, in general, a very slight decrease on the glass transition temperature is
achieved. Nevertheless, the highly reactive groups in modified vegetable oils (mainly
epoxy, acrylate, maleic anhydride groups, among others) can react with hydroxyl groups
present in the end chains of polyesters thus leading to additional reactions that could
lead to chain extension, branching and crosslinking simultaneously as reported by

Quiles-Carrillo et al. [41-43] in several works.

With regard to Joncryl®, typical amounts of 1 wt% are recommended by

suppliers to avoid gel formation by crosslinking. So that, it is expectable a more intense
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overlapping of chain extension, branching and crosslinking when using ECSO and MCSO
than in the case of Joncryl®. A FTIR study carried out by Quiles-Carrillo et al. [43] on
poly(lactic acid) with lignocellulosic fillers demonstrated the reaction between
maleinized linseed oil (MLO) and hydroxyl groups in PLA end chains and cellulose

particles therefore giving clear evidences of reactive extrusion.
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Figure 1V.5.3. Schematic representation of a) ECSO compatibilized PLA/PBAT
blend, b) MCSO compatibilized PLA/PBAT blend and c) Joncryl®-compatibilized
PLA/PBAT blend.
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Effect of compatibilizers on morphology of
PLA/PBAT films.

The addition of 7.5 wt% ECSO does not provide any improvement on mechanical
ductile nor mechanical resistant properties. Nevertheless, PLA/PBAT blend
compatibilized with 7.5 wt% MCSO offers the maximum elongation at break of all
developed formulations, reaching values of 123.0% without compromising in a
remarkable way other mechanical resistant properties such as modulus and tensile
strength. Figure IV.5.4 shows some evidences of the compatibilizing effect of the
different additives used in this study. It has been reported that PLA/PBAT system can
show miscibility, partial miscibility or even, immiscibility [44] with 20 wt% PBAT.

As it can be observed in Figure IV.5.4[b], PLA/PBAT does not show the typical
droplet-like structure of immiscible polymer blends but DSC and DMA results suggest
poor miscibility as it will be discussed later. It is possible to expect that PBAT-rich
domains are very small. On the other hand, neat PLA (Figure IV.5.4[a]) shows a
smooth surface typical of a brittle fracture. Addition of 1 wt% of the different
compatibilizers provides some differences. The PLA/PBAT blend compatibilized with 1
wt% ECSO (Figure IV.5.4[d]) shows a smooth fracture surface similar to that of the
PLA/PBAT blend and some small spherical domains can be detected, while PLA/PBAT
blends compatibilized with Joncryl® or MCSO show presence of cavities/voids and
filaments in the longitudinal (extrusion) direction. Phase separation has been reported
for vegetable oil-derived additives over 5 wt% as small spherical domains due to excess

plasticizer/compatibilizer [45].

Nevertheless, the PLA/PBAT system shows a heterogeneous fracture surface,
even for the ECSO- and MCSO-compatibilized blends with 7.5 wt% compatibilizer
(Figure IV.5.4[f] & [g]) which suggests phase separation as well. Despite this, the
fracture surface of the ECSO-compatibilized PLA/PBAT blend (Figure IV.5.4[f])
shows high heterogeneity which can be related to phase separation while the MCSO-
compatibilized blend (Figure IV.5.4[g]), offers a more homogeneous fracture surface

which could be responsible for the maximum elongation at break achieved.
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Figure IV.5.4. FESEM images of the cryofractured films at 10000x, a) neat PLA b)
uncompatibilized PLA/PBAT c) PLA/PBAT (80/20 wt/wt) compatibilized with 1
wt% Joncryl®, d) PLA/PBAT (80/20 wt/wt) compatibilized with 1 wt% ECSO e)
PLA/PBAT (80/20 wt/wt) compatibilized with 1 wt% MCSO, f) PLA/PBAT (80/20
wt/wt) compatibilized with 7.5 wt% ECSO and g) PLA/PBAT (80/20 wt/wt)
compatibilized with 7.5 wt% MCSO.

Tesis doctoral — Alfredo Carbonell Verdu 357



IV. Resultados y discusion. Compatibilizadores derivados de CSO en mezclas y WPCs

Effect of compatibilizers on thermal properties of
PLA/PBAT films.

Figure IV.5.5 shows the DSC profiles of the neat polymers, namely PLA and
PBAT during the second heating stage, while Figure IV.5.6 gathers the comparative
DSC thermograms of PLA/PBAT blends without and with several compatibilizers.
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Figure IV.5.5. Differential scanning calorimetry (DSC) thermograms for neat PLA
and PBAT.

The glass transition temperature (Tg) of neat PLA can be clearly observed in
Figure IV.5.5 as a step in the base line located at 59.1 °C. The glass transition
temperature of PBAT cannot be observed in the temperature range covered by the DSC
temperature program as it is located below room temperature. With regard to the melt
peak temperature, PLA and PBAT melt at 147.8 °C and 123.1 °C respectively. In addition,
PLA shows a cold crystallization (endothermic peak) between the T, and the melt
process, with a peak temperature (T.) located at 117.7 °C. The glass transition

temperature for PBAT was determined by DMA and was -22.9 °C.
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Figure IV.5.6. Comparative plot of the DSC thermograms of uncompatibilized
PLA/PBAT blend (80/20 wt/wt) and the same blend compatibilized with different
amounts of Joncryl®, ECSO and MCSO.

Some miscibility between PLA and PBAT polymer chains can be expected as the
T, for the uncompatibilized blend is slightly lower (58.8 °C). In a similar way, the study
by Mohamed A. Abdelwahab et al. revealed poor miscibility between these two polymers
as indicated by DSC characterization. In particular, they only observed a decrease in the
Tg of neat PLA of 0.25 °C for a PLA/PBAT blend containing 30 wt% PBAT [46]. The
addition of all three compatibilizers, whatever their amount, led to an additional
decrease in T,. In the case of Joncryl®, addition of 1 wt% to the PLA/PBAT blend led to
a decrease of almost 1.3 °C as obtained by DSC. Mohamed A. Abdelwahab et al. reported
negligible changes in T in PLA/PBAT blends with 20 wt% organosolv lignin (OL) and
different Joncryl® loading [46].
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With regard to the vegetable oil-derived compatibilizers, it has been proved that
their plasticization effects are not as pronounced as typical primary plasticizers.
Nevertheless, vegetable-oil derived compatibilizers exert a dual function: on one hand,
they promote chain extension due to reaction of epoxide rings or maleic anhydride
groups with hydroxyl terminal groups in both PLA and PBAT polyesters. On the other
hand, they contribute to compatibilization as they can react with both PLA and PBAT
polymeric chains, acting as a bridge between the two immiscible (or low miscibility)
polymers. Vegetable oil derivatives, with the triglyceride structure, provide increased
free volume and this has a positive effect on chain mobility [35, 37]. It is, in fact, the
PLA/PBAT blend with 7.5 wt% MCSO which reaches the lowest Tg values among all the
formulations in this study (56.1 °C). The main advantage of vegetable oil-derived
compatibilizers/plasticizers is that the elongation at break is remarkably increased but,

in contrast, other mechanical resistant properties are not reduced in a great extent.

With regard to the crystallinity, it is worthy to note that neat PLA possesses a %
of 5.46%. Although it seems that the cold crystallization process decreases in the blend,
it is important to remark that both the cold crystallization of PLA and the melt process
of PBAT occur in a similar temperature range (see Figure IV.5.5). As these two
energetically opposite processes are overlapped, it is not appropriate to calculate the
degree of crystallinity of PLA in the uncompatibilized and compatibilized blends. It could

be possible to separate these processes by using modulated signal

PLA/PBAT films were also characterized by dynamic mechanical thermal
analysis (DMA). This is a more sensitive technique to obtain the T, values and measure
mechanical properties, i.e. storage modulus — G’ and damping factor — tan 8) in dynamic
conditions. Figure IV.5.7 gathers the DMA of neat PLA, PBAT and their blend (80/20
wt/wt) without and with different compatibilizers. As it can be seen, the
uncompatibilized PLA/PBAT blend shows a slight decrease in T, from 66.3 °C (neat PLA)
down to 65.0 °C. This is representative for very low miscibility between the two blend
components. Al-Itry et al. revealed similar decrease in Tg when 20 wt% PBAT was added
to PLA. Specifically, the T; was reduced by 1 °C with regard to unblended PLA [47].
Addition of 1 wt% of the three compatibilizers used in this study led to a slight decrease
in T of about 2 °C which indicates some compatibilizing/plasticization behavior but
these two phenomena are overlapped. Once again, the highest reduction in the T is

obtained with high vegetable oil-derived compatibilizer.
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Figure IV.5.7. Plot comparison of a) storage modulus, G’ and b) damping factor, tan
d of neat PLA, PBAT and PLA/PBAT blend (80/20 wt/wt) without and with different

compatibilizers. PLA;, --————-- PBAT, ————PLA/PBAT; :
PLA/PBAT/1 Joncryl®;, — — — PLA/PBAT/1 ECSO; --------PLA/PBAT/1 MCSO;
-.---.--PLA/PBAT/7.5 ECSO; - - - - - PLA/PBAT/7.5 MCSO.
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In particular, the T; decreases down to 62.2 °C and 62.6 °C in blends with 7.5
wt% ECSO and MCSO respectively. Nevertheless, the most relevant information
regarding the effect of all used compatibilizers can be observed by following the evolution
of the storage modulus, G’. Neat PLA is the stiffer material with a G’ value of about 2500
MPa. Obviously, neat PBAT is an extremely flexible polymer with a very low G’ value at
30 °C of about 100 MPa.

With regard to the uncompatibilized PLA/PBAT blend, the G’ at 30 °C is close to
1650 MPa thus showing the flexibilization effect of PBAT on PLA/PBAT blends. ECSO
seems to be more reactive as the corresponding compatibilized blend with 1 wt% ECSO
shows a G’ value of 1750 MPa at 30 °C which is similar to the Joncryl-compatibilized
blend (1800 MPa). MCSO seems to give more flexible materials with G’ values at 30 °C
of 1300 MPa and 950 MPa for 1 wt% and 7.5 wt% MCSO content in PLA/PBAT blends.

All these results are in total agreement with the previous mechanical properties.
Although G’ suggests the T of the PBAT rich phase (decrease in G’ at about -20 °C), the
corresponding damping factor peaks are not detectable. It is important to take into
account that G’ is plotted in a decimal scale (not logarithmic) and this change is less

pronounced in a logarithmic scale.

One important issue to take into account in these formulations is their thermal
stability. As it can be seen in Figure IV.5.8, both vegetable oil-derived additives
contribute to an improvement on overall thermal stability while Joncryl® does not

provide any relevant increase in thermal stability.

This could be related to the particular thermal stability of vegetable oils and the
flexibility they provide to the compatibilized structure. In fact, one of the main uses of
modified vegetable oils, is as secondary plasticizers in poly(vinyl chloride) — PVC
industrial formulations as these can act as free radical scavengers thus leading to
increased thermal stability. In fact, PVC is extremely sensitive to thermal degradation
and presence of modified vegetable oils leads to improved thermal stability [8]. As
suggested by TGA analysis, Joncryl seems to slightly decrease the thermal stability as it

probably, cannot act as a free radical scavenger.
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Figure IV.5.8. Comparative plot of the TGA thermograms of neat PLA, PBAT and
PLA/PBAT blend (80/20 wt/wt) without and with different compatibilizers, a) TGA

and b) first derivative DTG.

The main parameters obtained by TGA analysis are summarized in Table IV.5.2

with the temperature values corresponding to 5 wt% and 50 wt% loss, Ts% and Tso%

respectively.
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Table IV.5.2. Summary of the main results of the thermal degradation of neat PLA,
PBAT and PLA/PBAT blend (80/20 wt/wt) without and with different

compatibilizers.
TGA
Code T5%(°C) T50% (°C)
PLA 321.2 356.6
PBAT 370.9 398.7
PLA/PBAT 328.2 357.8
PLA/PBAT/1 ECSO 3317 359.8
PLA/PBAT/7.5 ECSO 321.5 355.3
PLA/PBAT/1 MCSO 330.5 358.3
PLA/PBAT/7.5 MCSO 315.7 351.3
PLA/PBAT/1 Joncryl 305.9 344.1

As it can be seen, the simple addition of PBAT in the uncompatibilized blend,
gives increased thermal stability. The onset degradation temperature, measured at 5 wt%
loss, changes from 321.2 °C up to 328.2 °C. Similar findings were reported by Xiang Lu
et al. that observed an increase of 11.2 °C in thermal stability of PLA with addition of 30
wt% PBAT [48]. It is also worthy to note the additional stabilization that ECSO and
MCSO provides with Tsy values over 330 °C — 331 °C with 1 wt% ECSO or MCSO while
higher ECSO or MCSO content leads to a small decrease in thermal stability, probably
due to a plasticizer excess. This behavior has been reported previously with other
vegetable oil-derived compatibilizers/plasticizers [49, 50]. Similar trend can be seen for

Ts0%. With regard to Joncryl®, it leads to small decrease in thermal stability.

Effect of compatibilizers on surface and

disintegration properties of PLA/PBAT films.

The wetting properties of the herein developed materials was determined by
contact angle measurements. Table IV.5.3 shows the water contact angle obtained on
PLA, PBAT and their compatibilized and uncompatibilized blend. PLA shows an average
contact angle of 66.4° which is lower than typical polyolefins, i.e. poly(ethylene) — PE,
poly(propylene) — PP, with contact angles close to 90° [51, 52]. With regard to PBAT,
due to its chemical structure, its water contact angle is located at 53.9°. Addition of all

three compatibilizers at a fixed composition of 1 wt%, provides increased hydrophobicity
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as the water contact angle increases up to values of about 71° for Joncryl® and 75° for
ECSO and MCSO. Hydrophobicity is an interesting property in films so that, all three
compatibilizers at 1 wt% give good results. Nevertheless, blends with 7.5 wt% of both
ECSO and MCSO show a decrease in hydrophobicity (lower water contact angle values
of about 63° and 56° respectively). This could be related to phase separation at high
vegetable oil content. Finely dispersed droplets of ECSO and MCSO could play an
important role in reducing hydrophobicity due to their functionality [53]. Table IV.5.3
also summarizes the luminance (L*) which is a direct measurement of the transparency.
Neat PLA film shows the highest transparency, with a L* of 99.4%. All the developed

formulations show high luminance, thus indicating very low effects on transparency.

Table IV.5.3. Summary of some surface properties, i.e. water contact angle and
luminance (L*) for neat PLA, PBAT and PLA/PBAT blend (80/20 wt/wt) without and
with different compatibilizers.

Code Water contact angle, 6w (°) Luminance (L¥)
PLA 66.4 + 1.6 99.4 + 0.1
PBAT 53.9 +1.1 98.7+0.1
PLA/PBAT 66.2 £ 3.4 98.0+0.3
PLA/PBAT/1 ECSO 75.6 £ 2.6 98.1+0.1
PLA/PBAT/7.5 ECSO 62.7 + 1.4 98.9+ 0.1
PLA/PBAT/1 MCSO 74.2 + 2.8 98.3+0.2
PLA/PBAT/7.5 MCSO 56.3 + 4.0 97.9 + 0.1
PLA/PBAT/1 Joncryl 71.6 £ 4.1 99.1+ 0.1

Disintegration in controlled compost soil gives interesting information about the
effect of the different compatibilizers on the biodisintegration process. Figure IV.5.9
shows in a qualitative way the evolution of the disintegration process of neat PLA, PBAT
and their uncompatibilized and compatibilized blend (1 wt% Joncryl®, ECSO, MCSO).
After an induction period of 11 days, relevant changes appear. Very smooth changes take
place during this induction period. First changes are related to a change in PLA
crystallinity due to hydrolysis as reported by Xu et al. [54] The luminance is directly
related to the transparency. Neat PLA film shows the highest transparency while the
uncompatibilized PLA/PBAT shows decreased transparency (and decreased luminance

as seen in Table IV.5.3).
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Figure IV.5.9. Qualitative assessment of the disintegration in controlled compost soil
of neat PLA, PBAT and PLA/PBAT blend (80/20 wt/wt) without and with 1 wt%
different compatibilizers.

Both ECSO and MCSO contribute to slightly lower transparency and,
consequently, the change in luminance is very small. Although Joncryl compatibilized
film could seem to be less transparent than ECSO and MCSO compatibilized blend films,

it is important to remark that luminance values were obtained as average values of a
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series of measurements in different parts while images in Figure IV.5.9 are individual

pictures.

It can be seen that PBAT delays the disintegration process since first signs of
disintegration appears at 14 days whilst neat PLA is highly degraded at the same period.
PBAT degradation rate is much higher than that of PLA. Ramin et al. reported an
incubation time of 45 days on PBAT films which is noticeably higher than that of PLA
[55]. It is worthy to note that PLA is almost disintegrated at 16 days and all other
formulations (uncompatibilized and compatibilized PLA/PBAT blends) degrade at 26
days. Although it has been reported that MCSO can lead to a reduction of the induction
time in neat PLA [37], the herein developed blends show higher induction time due to
presence of PBAT and a combination of different reactions with the compatibilizers, i.e.
chain extension, branching and crosslinking, all those having an effect on delaying the

disintegration time.

IV.5.4. Conclusions.

This work assesses the potential of vegetable oil-derived additives as
compatibilizers in PLA/PBAT blends containing 20 wt% PBAT. The only addition of
PBAT to PLA gives increased elongation at break due to the high flexibility of PBAT.
Nevertheless, poor miscibility between PLA and PBAT was observed by FESEM and
confirmed by a very low decrease in the glass transition temperature of neat PLA.
Compatibilization with epoxidized cottonseed oil (ECSO) and maleinized cottonseed oil
(MCSO), gave a remarkable increase in elongation at break without compromising other
mechanical resistant properties. In fact, the compatibilized blend with 7.5 wt% MCSO
gives the best results in terms of balanced mechanical ductile and resistant properties,
even better that those provided by an epoxy styrene-acrylic oligomer (Joncryl®) widely
used as chain extender and/or compatibilizer. The plasticization effect of the different
compatibilizers is restricted as the glass transition temperature, T, is not reduced in a
great extent. Besides, the transparency of the films is not highly affected by the presence
of the different additives. With regard to the disintegration process, PBAT delays the
overall disintegration period due to its low disintegration rate. Both ECSO and MCSO do
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not have a relevant effect on overall disintegration but they contribute positively to
improve the thermal stability as revealed by thermogravimetry. Use of vegetable oil-
derived compatibilizers (epoxidized and maleinized vegetable oils) stands out as an
environmentally friendly solution to improve miscibility of polyester-type blends with

excellent balance on mechanical and thermal properties.
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Abstract. This research work aims at the compatibilzation of poly({lactic acid)/poly| butylene ad ipate-co-terephtalate),
PLAPBAT binary blends by using cottonseed oil derivatives, e, epoxidized (ECS0) and maleinized { MCS0) cottonsead
wil. The potential of these veg etable oil-hased compatibilizers are compared versus the cffects of a conventional styrene-
acty lic oligomer, The hase PLAPBAT binary blend composition was B0 witd PL AT wis PBAT and the amount of com-
patibilizer was setto 1 and 7.5 wi%. The effocts of thedifferent compatibilizers were evaluated on PLAPBAT films in femms
of mechanical and thermal propertics as well as hlend™s morphology by field emission scanning electron microscopy
{FESEM). Complementary, biodisintegration tests in controlled compo st soil and surface propertics were evaluated to assess
the effects of the compatibilzers, Addition of 1 wi% ECS0 and MCS0 led to a remarkable inerease in the elongation at
break up to values over 10074 with regand 0 neat PLA . Despite this, meximum elongation at break was obtained for the
compatibilized PLAPBAT blend with 7.5 wi% MCS0, reaching values of about 321.2% respect neat PLA keeping mechan-
ical resistant properties, such as Young s modulus and tensile strength, at high levels, Therefore, vegetable oil-derived com-
patibilizers stand out as environmentally friendly additives for PLA/PBAT binary blends with im proved propertics.

Keywords: blopolmers, Mocomposites, polylectic acid) cotton seed oll, maleinization

1. Introduction

Poly(lactic acd), PLA i8 currently considered as one
of the most promising polvmers from renewable re-
sources, due to an excellent balance between me-
chanical properties and a competitive price day by
day [1]. Mevertheless, itis intrinsicall v quite britile,
its chemical barrier behavior 15 not opLmLm com-
pared to other widely used polvmers, its thermal sta-
bility is also restricted and its resistance to external
agents (UV radiation, moisiure, eic.) are issues to
overcomme . For this reason, industrial PLA and other
polymer formulations usually contain several addi-
tives with different purposes thus widening il use
in sectors such as agriculiure [2], packaging [3, 4],

“Comesponding suthor, e-mail: baoronati drm. upves
& BME-PT

medical devices [3], 3D printing, textile fibers [6].
With the aim of'a sustainable developmentand a low
environmental impact, biobased additives are been
searched, i e antioxidants, plasticizers, fillers, etc.
[7-10]. With the increasing development of nan-
otechnology, many research works have been fo-
cusad of using nanostructures o improve the prop-
erties of PLA-based materials [11-13] and interac-
Licmns.

Twpical PLA materials are characterized by low
toughness and this is one of the main drawbacks
a massive use of this biopolvester. A broad range of
approaches has been observed in the last decade to
minimize this effect Xu eral. [14] reporied a new
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“Processing and characterization of environmentally
friendly composites from poly(lactic acid) and

cottonseed waste materials”

gbstract

Environmentally friendly composites from poly(lactic acid) (PLA) and cottonseed-
derived materials were successfully manufactured by extrusion, followed by injection molding.
Cottonseed flour (CSF) was used as reinforcement filler and modified cottonseed oil (epoxidized
and maleinized cottonseed oil, ECSO and MCSO respectively) were used to improve polymer-filler
interactions. Mechanical characterization was carried out by standard tensile, flexural, impact
and hardness tests while morphological characterization of the fractured surfaces was conducted
by field emission scanning electron microscopy (FESEM). The main thermal transitions were
obtained by differential scanning calorimetry (DSC) and the effect of both cottonseed flour and
chemically-modified cottonseed oil was evaluated on dynamic mechanical behavior of the
obtained composites. Unlike typical lignocellulosic fillers, 15 wt.% cottonseed flour does not lead
to more brittle materials due to stress concentration phenomena. In fact, cottonseed flour
provides improved elongation at break and toughness with regard to neat PLA without any other
compatibilizer. Addition of both epoxidized and maleinized cottonseed (7.5 wt.%) oil positively
contributes to improve ductile properties thus leading to high environmental efficiency materials
with balanced mechanical properties. Specifically, the impact strength is remarkably improved

which is a key factor in PLA-based composites due to the intrinsic brittleness of neat PLA.

eywords

Poly(lactic acid); cottonseed oil; cottonseed meal; natural fillers.
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IV.6.1. Introduction.

Currently, cotton industry has important economic effects in different countries.
World cotton production reached 23 million tons in 2016-17 according to the data
provided by the International Cotton Advisory Committee (ICAC), being China, India,
USA and Pakistan the main producers, although it is grown in more than 100 countries.
Obtaining cotton fiber from the raw cotton plants generates a large volume of by-
products, among which, cottonseed stands out. The fiber represents between 38 — 40
wt% of the raw cotton plant, while the seeds could represent more than 60 wt%. Only
less than 1 wt% of these seeds is intended for sowing, while the rest is used without any
other processing for animal feeding of subjected to an oil extraction process. The oil
contained in the cotton seed represents around 16 wt% while cottonseed meal stands for
a 45 wt%. The rest are husk, waste and other residues. With these data it is possible to

say that almost 5 million tons of cotton seed oil are produced annually [1].

Cottonseed oil is characterized by containing about 52% polyunsaturated fatty
acids, mainly linoleic acid, 17% of monounsaturated fatty acids (oleic acid) and some
saturated fatty acids (22% palmitic acid and 2.5% stearic acid) as well. In some countries,
cottonseed oil is used for human consumption as other vegetable oils; nevertheless,
several studies have revealed the potential toxicity of some of its components as it is the
case of gossypol. Gossypol is a toxic compound that is present in all parts of the plant due
to its efficiency against insects, as it is a natural pesticide. Thus, it possible to find about
0.3 — 20 g gossypol per kilogram cottonseed and a part of this gossypol can be present in
the extracted oil [2]. Cottonseed oil is also used in cosmetics (soaps, creams, shampoos,
masks, and so on) and as insecticide and biofuel as well [3, 4]. In the recent years, the
polymer industry is facing new challenges to give environmentally friendly materials.
Among other, poly(lactic acid) (PLA) is, with difference, one of the most used
environmentally friendly plastics. PLA can be obtained from fermentation processes of
corn starch or sugar cane, for example [5-9]. It is a brittle thermoplastic polyester with
good mechanical resistance and similar properties to poly(styrene) (PS). The worldwide
production of PLA has increased in a remarkable way in the last few years. Today, PLA
is widely used in medical devices, packaging industry, textile, agriculture, automotive,
3D printing, among others [10-14]. Several studies have reported its potential to compete

with other commodity plastics but with the additional advantages of being
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biodegradables (disintegrable in controlled compost soil), biocompatible and bio-
sourced. To overcome its intrinsic brittleness, plasticization is an interesting approach.
The most recent trends in plasticization include the use of vegetable oil-derived
plasticizers with optimized interactions obtained by epoxidation, maleinization,

acrylation and hydroxylation [15-20].

Epoxidized linseed oil (ELO) and epoxidized soybean oil (ESBO) have
demonstrated their efficiency in plasticizing commodity plastics such as poly(vinyl
chloride) (PVC) [21, 22], and biopolyesters such as PLA as well [23-25]. Addition of 5 —
10 wt% ESBO to PLA lead to a remarkable increase in the elongation at break, thus giving
improved toughness. In a similar way, addition of ELO promoted a slight decrease in the
glass transition temperature (T,) and provided increased toughness as well [16]. Chieng
et al. successfully used epoxidized palm oil (EPO) as PLA plasticizer with noticeable
increase in elongation at break. Al-Mulla et al. showed that 20% EPO addition to PLA
provides an elongation at break of 210%. In addition they reported good somewhat
miscibility between PLA and the modified oil [18, 19, 26]. Some other studies revealed
the potential of epoxidized sunflower oil as plasticizer for PLA and thermal stabilization,
with similar features to ESBO [17]. The results obtained in these investigations show that
the main difference in terms of plasticization effectiveness lies in the number of oxirane
rings contained in the triglyceride structure [16, 19, 23, 27]. Regarding this issue, it is
worthy to note that ELO possesses around 6 epoxy rings per triglyceride molecule while
ESBO and ECSO show similar oxirane oxygen content with about 4 epoxy rings per

triglyceride molecule.

Epoxy modification is not the only one to give plasticization properties.
Maleinization is an alternative chemical modification which can provide modified oils
with interesting plasticizing effects. Maleinized linseed oil (MLO) has been successfully
used to toughen P3HB which is an extremely brittle polymer. Addition of 5 phr MLO to
P3HB led to an increase of 28% in elongation at break and the impact resistance was
increased by 71% [28]. Ferri et al. reported good plasticizing effects of MLO on PLA with
MLO contents in the 15 — 20 phr range, leading to an increase in elongation at break of
about 80% [29, 30]. In addition to a plasticizing effect, MLO could provide a
compatibilizing effect as well, as reported wood plastic composites, binary blends and

other polymer systems with modified vegetable oils [31]. In a previous work, MCSO (7.5
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wt%) was successfully used to toughen PLA with a noticeable increase in elongation at

break of 292% without compromising the disintegration in controlled compost soil [32].

One interesting approach to upgrade lignocellulosic wastes (from agroforestry or
from food industry). In the last years, wood plastic composites (WPC) and natural fiber
reinforces plastics (NFRP) have become a green alternative to give high environmental
efficiency materials. WPC and NFRP consist on a polymer matrix with a lignocellulosic
reinforcement filler such as natural fibers (flax, hemp, flax, kenaf, among others), wood
flour or lignocellulosic wastes from different industries [7, 33-37]. Currently, cottonseed
flour is used as protein supply for animal feeding but its lignocellulosic nature converts

into a valuable filler for green composites [38-40].

The aim of this work is to compare the effects of two cottonseed oil-derivatives,
namely epoxidized linseed oil (ELO) and maleinized cottonseed oil (MCSO) on
mechanical, thermal and thermomechanical properties of PLA filled with cottonseed
flour to give high environmentally friendly composite materials. In this way, in addition
to cotton fiber, which is the main product of the cotton industry, new interesting uses are
given to seeds to obtain modified vegetable oils and lignocellulosic fillers, thus leading to

sustainable materials.

IV.6.2. Experimental.

I Materials.

The base polymer for composites was a PLA commercial grade Ingeo Biopolymer
6201D from Nature Works LLC (Minnetonka, USA). This grade is suitable for injection
molding as its melt flow index is comprised between 15 — 30 g/10 min (measured at 210

°C). Its density is 1.24 g cms.

Cottonseed meal was obtained as a waste during oil extraction. The oil extraction
process was carried out in a Rinaldini Oil Press (Perugia, Italy) with a maximum power
of 5 kW, by mechanical methods and the obtained solid residue was dried, grinded in a
Bosch MKM-6000 and, subsequently, sieved to a maximum particle size of 100 um (see
Figure IV.6.1).
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a) b)

Figure IV.6.1. Images of a) the waste generated during the cold press extraction of
cottonseeds and b) micronized cottonseed waste after milling and sieving.

Cottonseed oil (CO) was purchased from Sigma Aldrich (Madrid, Spain) and was
used as the base vegetable oil for two different chemical modifications, i.e. epoxidation
and maleinization. This oil possesses an iodine index between 109 — 120 and a density of
0.92 g cm3. Cottonseed oil was subjected to epoxidation with hydrogen peroxide and
acetic acid as reported previously, reaching an oxirane oxygen index of 5 after 8 h
epoxidation process [32]. With regard to maleinization process, it was carried out on raw
cottonseed oil and maleic anhydride as reported previously. The acid number after the

maleinization was 63.7 mg KOH g [41].

Figure IV.6.2 shows a schematic representation of the chemical structures of

both epoxidized and maleinized cottonseed oil.
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epoxidized cottonseed oil (ECSO)

maleinized cottonseed oil (MCSO)

Figure IV.6.2. Schematic plot of the chemical structure of epoxidized and maleinized
cottonseed oil, ECSO and MCSO respectively.

I Sample preparation.

The cottonseed flour (CSF) was dried at 60 °C for 24 h and an additional heating
at 160 °C for 15 min was applied to remove the residual moisture. PLA was dried at 50
°C for 24 h. Table IV.6.1 summarizes the compositions and coding of the developed
formulations. Premixing was carried out in a twin-screw DSC Research micro 15
equipped with three heating zones programmed at 175 °C, 175 °C and 190 °C. The
formulations were subjected to a mixing cycle at 180 rpm during 3 min. After this time,
the material was discharged into the mold cavity placed in a microinjection machine IM

5.5 mL from Xplore. Thus, standardized samples for characterization were obtained.
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Table IV.6.1. Composition of the PLA-cottonseed composites with different loads of
cottonseed oil (epoxidized-ECSO or maleinized-MCSO), and cottonseed flour (CSF).

Code (‘l;tljf;) ECSO (Wt.%) ?’[Wfsg (frff@
PLA 100 - - -
PLA-7.5E 92.5 7.5 - -
PLA-7.5M 92.5 - 7.5 -
PLA-15CSF 85 - - 15
PLA-7.5E-15CSF 77.5 7.5 - 15
PLA-7.5M-15CSF 77.5 - 7.5 15

I Mechanical characterization.

Mechanical properties (tensile and flexural) were obtained in a universal test
machine Ibertest ELIB 30 from S.A.E. Ibertest (Madrid, Spain) using a 5 kN load cell. At
least five different samples were tested and the most relevant properties were averaged.
Regarding tensile tests, the Young modulus (E), tensile strength (o:) and the elongation
at break (e») were obtained as indicated in ISO 527 at a constant crosshead speed of 5
mm min. To obtain accurate values of the Young modulus, an axial extensometer from
S.A.E. Ibertest was used. With regard to the flexural test, the flexural modulus (Ef) and

strength (or) were obtained following ISO 178 at a crosshead speed of 5 mm min-.

The impact strength was obtained using a 6 J Charpy’s pendulum from Metrotec
(San Sebastian, Spain) on un-notched and notched (“V” type notch with a radius of 0.25

mm) samples, following the guidelines of 1ISO197:1993.

I Morphology characterization.

To elucidate the morphology of the developed materials, the surface of fractured
samples from impact tests was observed by field emission scanning electron microscopy
(FESEM) in a ZEISS ULTRA 55 microscope from Oxford Instruments (Oxfordshire,

United Kingdom) at different magnifications. Prior to observation, all samples were
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subjected to a sputtering process with platinum in a high vacuum EM MEDo020 sputter

coater from Leica Microsystems (Wetzlar, Germany)

I Thermal and thermomechanical characterization.

Thermal characterization of PLA-CSF composites with ECSO or MCSO was
carried out by differential scanning calorimetry (DSC) in a Mettler-Toledo DSC mod. 821
(Schwerzenbach, Switzerland). A dynamic temperature program with the following
sequence was used to evaluate all thermal transitions: 15t - heating cycle from 25 °C to
250 °C at 10 °C min; 2 — cooling cycle from 250 °C to 25 °C at -10 °C min™ and 3" -
heating cycle from 25 °C to 250 °C at 10 °C min. All thermal cycles were performed in

presence of a nitrogen atmosphere with a flow rate of 66 mL min-.

Dynamic Mechanical Analysis, DMA, in torsion mode was carried out in an
oscillatory rheometer AR-G2 (TA Instruments, New Castle, EEUU) equipped with an
environmental test chamber (ETC) and a special clamp system for solid samples working
in torsion/shear mode. Samples sizing 40x10x4 mm3 were subjected to a temperature
sweep from 30 °C to 140 °C at a heating rate of 2 °C min", at a frequency of 1 Hz and a

maximum shear deformation percentage (%) of 0.1%.
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IV.6.3. Results and discussion.

Mechanical properties of PLA with cottonseed

derivatives

Table IV.6.2 shows a summary of the main parameters obtained by the tensile
test on PLA and PLA-CSF composites with different loads of ECSO and MCSO. All
materials with either ECSO or MCSO show reduced elastic modulus values with regard
to neat PLA. In relation to unreinforced (CSF) PLA, an addition of 7.5 wt.% ECSO and
MCSO led to elastic modulus of 3.84 GPa and 3.86 GPa respectively, which are lower
than neat PLA with an elastic modulus of 4.35 GPa. This decrease in elastic modulus

represents a percentage decrease of about 11%.

In a similar way, the tensile strength follows the same trend, which means a
decrease with ECSO or MCSO addition. In this case, the tensile strength is reduced from
65.9 MPa for neat PLA down to values of 47.3 MPa and 58.2 MPa for plasticized PLA
with ECSO and MCSO respectively. It is worthy to note that this decrease is more
pronounced for ECSO than for MCSO. As expected, the ductile properties are remarkably
improved. In fact, the elongation at break changes from 3.7% for neat PLA up to values
close to 165% for both ECSO- and MCSO-plasticized PLA. This indicates a clear decrease

in brittleness.

These results are in total agreement with those reported by Ferri et al. by using
maleinized linseed oil (MLO) to obtained toughened PLA formulations [30]. It is
important to take into account that both ECSO and MCSO provide increased ductile
properties of PLA without sacrificing mechanical resistant properties in a great extent.
Previous studies have concluded that epoxy groups in ECSO can react with hydroxyl
terminal groups in PLA, thus leading to a chain extension effect [32, 42]. Regarding
maleic anhydride groups in MCSO, some studies suggested that in addition to a chain
extension effect, some branching and/or crosslinking effects could be obtained as well.
These overlapping phenomena could be responsible for the good balance between

mechanical resistant and ductile properties [31, 43].
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Table IV.6.2. Mechanical properties, tensile modulus (E:), tensile strength (o) and
elongation at break (ev), of PLA-cottonseed composites with different loads of
cottonseed oil (epoxidized-ECSO or maleinized-MCSO), and cottonseed flour (CSF).

Code E: (MPa) ot (MPa) &b (%)
PLA 4358 + 89 65.9+29 3.7+0.5
PLA-7.5E 3846 + 52 47306 163.9+11.9
PLA-7.5M 3860 + 138 582+14 166.3 +29.7
PLA-15CSF 4328 + 64 344+1.1 268+ 1.6
PLA-7.5E-15CSF 3556 + 66 258412 753497
PLA-7.5M-15CSF 3698 + 76 33.9+0.7 758432

On the other hand, composites with 15 wt% cottonseed flour show a decrease in
the elastic modulus when both epoxidized and maleinized cottonseed oil are added to
PLA/CSF composites. Uncompatibilized PLA-15CSF composites show a similar elastic
modulus to neat PLA of about 4.33 GPa. Addition of ECSO and MCSO decreases elastic
modulus by almost 17%. With regard to tensile strength, a similar trend can be observed.
The uncompatibilized PLA-15CSF composite shows a clear decrease in tensile strength
with regard to PLA with a change from 65.9 MPa down to 34.4 MPa. This is due to the
poor polymer-particle interaction, thus leading to a stress concentration effect. Addition
of ECSO to this composite, gives lower tensile strength values of 25.8 MPa while MCSO
addition does not provide any remarkable change in tensile strength. This could be
related to the fact that ECSO provides higher plasticization effects on these composites,
compared to MCSO. In addition, recent research works have revealed that some modified
vegetable oils used as PLA modifiers could lead to somewhat phase separation as they do
not show full miscibility. This phenomenon contributes to heterogeneity and,
subsequently, mechanical resistant properties (directly related to cohesion) decrease

[18-20, 23].

The changes in mechanical resistant properties of PLA-CSO composites are
interesting but it is worthy to note the unexpected behaviour of the ductile properties.
The elongation at break (e,) for both composites with ECSO or MCSO increases up to
75% which is almost triple the value of uncompatibilized composite. Silverajah et al.
reported a good plasticization effect of epoxidized palm oil (EPO) on PLA due to lower
intermolecular forces since EPO molecules are placed between PLA chains. This has a
positive effect on chain mobility and, therefore, mechanical ductile properties are

improved. They also conclude that epoxy groups in EPO can readily react with terminal
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hydroxyl groups in PLA, leading to a chain extension effect in combination with a
plasticization effect [18, 19]. Nevertheless, as the obtained results suggest, MCSO leads
to slightly better overall properties as ductile properties are remarkably improved
without compromising mechanical properties such as elastic modulus and tensile
strength. It is important to take into account that both epoxy and maleic anhydride
chemical groups contained in ECSO and MCSO can readily react with terminal hydroxyl
groups in PLA chains leading to severeal potential reactions, i.e. chain extension,
branching and, even, some crosslinking, which could be responsible for maintaining the

overall good properties [43, 44].

Regarding mechanical behaviour in flexural conditions, results are summarized
in Table IV.6.3. In the same way as in the previous analysis addition of either ECSO or
MCSO to PLA leads to lower flexural modulus and strength values. Regarding flexural
modulus, it changes from 3.5 GPa for neat PLA down to 3.3 GPa and 3.2 GPa for PLA
formulations with 7.5 wt% ECSO and MCSO. It is worthy to note that, once again, MCSO
addition keeps flexural strength values at higher levels than ECSO. Neat PLA shows a
flexural strength of 96.3 MPa. This is remarkably reduced down to 45.4 GPa with 7.5 wt%
ECSO thus indicating a clear plasticization effect. On the other hand, addition of 7.5 wt%
MCSO maintains flexural strength at relatively high values of 67.1 MPa. This could be
related to a combination of plasticization and other complex processes involving

branching and/or crosslinking [18].

Table IV.6.3. Flexural properties, flexural modulus (E¢) and flexural strength (o), of
PLA-cottonseed composites with different loads of cottonseed oil (epoxidized-ECSO
or maleinized-MCSO), and cottonseed flour (CSF).

Code Er (MPa) or (MPa)
PLA 3494 + 108 96.3+3.14
PLA-7.5E 3300 + 123 45.4+9.62
PLA-7.5M 3198 + 124 67.1+1.49
PLA-15CSF 3750+ 14 58.9+2.55
PLA-7.5E-15CSF 2599 + 66 28.75+2.16
PLA-7.5M-15CSF 2763 + 26 42.1+127

With regard to PLA-CSF composites, uncompatibilized PLA-15CSF composite

shows an increase in modulus up to values of 3.7 GPa. In the same way as observed for
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tensile properties, addition of ECSO and MCSO to PLA-15CSF leads to lower mechanical
properties. In fact, both the flexural modulus and the flexural strength are reduced down
to 2.6 GPa (E¢) and 28.75 MPa (o) for PLA-15CSF with ECSO and to values of 2.8 GPa
(Ef) and 42.1 MPa (o) the MCSO modified PLA-CSF composite.

One of the main drawbacks of PLA is its high brittleness which gives low
toughness. A direct estimation of the toughness can be carried out by impact tests. Table
IV.6.4 summarizes the main results obtained through Charpy impact test as well as the
Shore D hardness values of PLA formulations with cottonseed derivatives (modified oils
and flour). PLA is an intrinsically brittle polymer due to its high crystallinity and this is
evidenced by a relatively low energy absorption in a Charpy test. Even though impact
resistance seems to be a mechanical ductile property, the real situation is that it depends
on both ductile properties (deformation ability) and resistant properties (strength). For
this reason, MCSO improves in a remarkable way the overall impact strength by 67%
while ECSO only increases this by 18%. If we go back to Table 3, it is possible to observe
that the tensile strength of PLA-7.5MCSO is higher (58.2 MPa) than the value obtained
for PLA-7.5ECSO (47.3 MPa) while the elongation at break (deformation ability) is
almost the same at 163 — 166%. As we can see, as impact strength depends on both values,
PLA-7.5MCSO gives higher values to those of PLA-7.5ECSO, as expected. In a
quantitative way, the impact strength of neat PLA (26.8 kJ m) is slightly increased up
to 31.6 kJ m2 with the addition of 7.5 wt% ECSO while the addition of the same amount
of MCSO leads to a remarkable increase in impact strength up to values of 44.8 kJ m=.
These results are in total accordance with the previous tensile and flexural

characterization as MCSO contributes to balanced mechanical ductile and resistant

properties [43].

On the other hand, as typical in a filled polymer, the addition of 15 wt% CSF leads
to an embrittlement due to stress concentration phenomena. The impact strength is
reduced down to 18.4 kJ m2 which represents a percentage decrease of about 31% with
regard to neat PLA. Typically, lignocellulosic particles embedded in a polymer matrix
provide an embrittlement phenomenon as these particles are randomly dispersed into
the matrix with poor polymer-particle interactions. It is necessary to remark the high
hydrophilic nature of the lignocellulosic filler which is opposite to the high
hydrophobicity of the polymer matrix. This difference in polarity is responsible for poor

particle-matrix interactions which, in turn, reduce material cohesion with a negative
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effect on toughness. Addition of both modified vegetable oils provide an interesting
behaviour against impact with a remarkable increase in toughness regarding the
uncompatibilized composite. In fact, MCSO addition to PLA-15CSF provides impact
strength values of almost 30 kJ m= which are even higher than those of neat PLA. But if
we consider the nature of these composites, the results are very promising as both ECSO
and MCSO counteract the embrittlement produced by the cottonseed flour. Some recent
works of Balart et al. concluded that modified vegetable oils and, in particular,
epoxidized linseed oil (ELO), can give a dual effect on PLA-lignocellulosic filler
composites. On one hand, a clear plasticization is observed and on the other hand, a
compatibilizing effect between the highly hydrophilic lignocellulosic particles and the
highly hydrophobic matrix can be obtained. This could be possible though reaction of
epoxy groups with hydroxyl groups contained in both PLA terminal chains and cellulose
thus leading to a partial compatibilization [27, 34, 35, 45].

Table IV.6.4. Impact strength by Charpy impact test and Shore D hardness of PLA-
cottonseed composites with different loads of cottonseed oil (epoxidized-ECSO or
maleinized-MCSO), and cottonseed flour (CSF).

Code Impact strength (kJ m-2) Shore D hardness
PLA 26.8 £ 0.31 76.3 + 2.0
PLA-7.5E 31.6 + 0.94 77.2 £ 0.5
PLA-7.5M 44.8 £ 1.69 78.3 £ 0.7
PLA-15CSF 18.4 £ 0.51 78.3 £ 1.1
PLA-7.5E-15CSF 21.8 £ 0.45 75.3 £ 0.6
PLA-7.5M-15CSF 29.8 £ 0.59 75.3 £ 0.3

With regard to Shore D, the obtained results do not show a remarkable change
and could be included within the standard deviation itself. Nevertheless, it is worthy to
highlight the unusual increase in Shore D values for PLA with 7.5 wt% ECSO or 7.5 wt%
MCSO which could be related to the above-mentioned branching and/or crosslinking

reactions.

As a conclusion from mechanical characterization, it is convenient to stand out
the improvement on ductility that both ECSO and MCSO could provide on both neat PLA
and PLA composites with 15 wt% CSF. Although the performance of both ECSO and
MCSO is positive on overall properties, it is necessary to highlight the excellent
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properties MCSO can provide in terms of ductility (eb, impact strength) and mechanical
resistant properties (Ei, oy, Ef, or, HSp), as well. This superior effect on mechanical
performance could be attributed to reaction of terminal hydroxyl groups in PLA with
epoxy ring (in ECSO-based materials) and mainly with maleic anhydride (in MCSO-
based materials). Although a clear plasticization effect is observed, some other
overlapping reactions could lead to PLA chain-extension, branching and even,

crosslinking [46].

Fracture morphology of PLA with cottonseed

derivatives.

Analysis of the fractured samples from impact tests revealed the effect of all
cottonseed derivatives on PLA formulations. Figure IV.6.3[a] & [b] shows the fracture
surface of neat PLA. This fracture surface is smooth and homogeneous, typical of a brittle
behaviour. Figure IV.6.3[c] & [d] shows the effect of the addition of 7.5 wt% ECSO to
PLA. As evidenced in these images the fracture surface shows high density of spherical
cavities/voids. These microvoids correspond to a ECSO-rich phase dispersed in the PLA
matrix due to the restricted miscibility between them. Some studies have revealed that
plasticizer saturation with vegetable oils ranges from 1 to 5 wt%. Nevertheless, loading
over this saturation threshold can positively improve toughness duo to the morphology
of finely spherical domains which act as a rubber phase in high impact styrenic polymers
[18, 42, 47-49]. In the same way, PLA with 7.5 wt% MCSO shows a biphasic morphology
(Figure IV.6.3[e] & [f]). Some studies have revealed that addition of maleinized
linseed oil (MLO) to PLA leads to phase separation as PLA saturation occurs at very low
MLO loading. This phase separation can be observed as spherical shapes after fracture
[31, 32, 43]. In both cases, the surface topography is smoother with microfibrils which

indicate increased ductility.
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e) f)
Figure IV.6.3. Field emission scanning electron microscopy (FESEM) images at
different magnifications (1000x, left column and 2000x, right column) corresponding
to neat PLA - a) & b), PLA with 7.5 wt.% ECSO - ¢) & d) and PLA with 7.5 wt.%
MCSO -e) & f).
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Figure 1V.6.4. Field emission scanning electron microscopy (FESEM) images at
1000x corresponding to PLA composites with 15 wt.% CSF - a) & b), PLA composites
with 15 wt.% CSF plus 7.5 wt.% ECSO - c) & d) and PLA composites with 15 wt.%
CSF plus 7.5 wt.% MCSO - e) & f).
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On the other hand, addition of 15 wt% lignocellulosic filler (CSF), gives
completely different fracture morphologies. Figure IV.6.4[a] & [b] correspond to the
uncompatibilized PLA composite with 15 wt% CSF (PLA-15CSF). The surface
morphology is comprised of a smooth PLA matrix in which, relatively large CSF particles
are randomly dispersed. Moreover, it is possible to observe a micrograp between the CSF
particle and the surrounding PLA matrix which is representative for lack (or poor)
polymer-particle interaction. These microgaps contribute to break material cohesion
and, subsequently, can act as stress concentrators. This morphology is in accordance
with the previous mechanical results as the PLA-15CSF composite is more brittle than
PLA.

Figure IV.6.4[c] & [d] shows the morphology of impact fractured PLA-15CSF
composites with 7.5 wt% ECSO. The main difference regarding the uncompatibilized
composite is the presence of microfibrils corresponding to a more flexible polymer
matrix. In addition to this, it is important to highlight somewhat decrease of the gap
between the particle and the surrounding PLA matrix which contributes to improve
toughness. Similar findings can be observed for the PLA-15CSF composite with 7.5 wt%
MCSO but in this case, both effects (microfibrils and gap reduction) are more
accentuated. In fact, it is possible to observe full continuity between PLA matrix and
embedded CSF particles. This is in total agreement with previous mechanical

characterization that indicated a slightly superior effect of MCSO versus ECSO [44, 50].

Thermal and thermomechanical properties of PLA

with cottonseed derivatives.

Table IV.6.5 shows the main thermal properties of PLA-based materials with
cottonseed derivatives. Firstly, it is possible to see a slight plasticization effect with both
ECSO and MCSO as the glass transition temperature (T;) of neat PLA (66.7 °C) moves to
lower values around 62 °C for both oils. This slight decrease indicates the restricted
plasticization effect both ECSO and MCSO can provide to MLO as other primary
plasticizers promote a Ty decrease of more than 15-20 °C for the same loading. On the
other hand, PLA shows a cold crystallization process at 97 °C (peak) which is moved to
88 °C and 122 °C with 7.5 wt% ECSO and 7.5 wt% MCSO respectively. This is indicating
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ECSO main effects is plasticization as it contributes to increase chain mobility with the
subsequent decrease in both Ty and cold crystallization peak (T..). Nevertheless, the
effect of MCSO is different. On one hand, we could observe some plasticization effect
(slight decrease in Ty) while, on the other hand, some branching or crosslinking could be
expected since the cold crystallization peak temperature is moved to higher values of 122
OC. Regarding the melt temperature (Tr), either addition of ECSO or MCSO does not
change the melt process with a peak temperature located at 170 °C [50]. Both ECSO and
MCSO lead to a decrease in the cold crystallization normalized enthalpies (AH..) which
change from 20.03 J g* for neat PLA down to values of 6.9 and 12.8 J g for ECSO and
MCSO respectively. This suggests that the packing of PLA polymeric chains is favored by
presence of modified vegetable oils as they provide increased chain mobility. Therefore,
crystallite formation is favoured. By taking into account the cold crystallization
normalized enthalpy (AHcc) and the melt enthalpy (AHy) it is possible to estimate the
degree of crystallinity y. (%). As it can be seen in Table 5, addition of ECSO or MCSO into
PLA gives increased crystallinity. In particular, the initial crystallinity of neat PLA (22%)
increases to values around 32% for both ECSO or MCSO addition. This behaviour has

been observed in previous works by Carbonell-Verdu et al. [32].

Table IV.6.5. Thermal properties obtained by differential scanning calorimetry
(DSC) of PLA-cottonseed composites with different loads of cottonseed oil
(epoxidized-ECSO or maleinized-MCSO), and cottonseed flour (CSF).

AHm -
Ty Tee PLA AHcc Tm AHm Xe
Code 0 o ag) o g G
PLA 66.8 97.2 20.03 169.9 39.08 19.05 22.1
PLA-7.5E 62.2 88.2 6.96 171.7 34.39 27.43 31.9
PLA-7.5M 62.0 122.3 12.84 168.4 40.43 27.59 32.07
PLA-15CSF 65.3 113.0 18.32 170.6 26.89 8.57 10.84
PLA-7.5E-15CSF 62.3 107.3 20.82 169.5 28.32 7.50 10.4
PLA-7.5M-15CSF 60.3 124.5 17.48 167.1 32.29 14.82 20.56

With regard to PLA composites with 15 wt% CSF, a negligible effect on T can be
attributed to CSF addition (65.0 °C versus 66.8 °C). in the similar way, T, values are
slightly reduced by addition of ECSO or MCSO down to 62.3 °C (ECSO) and 60.3 °C
(MCSO). We observe similar tendency with regard to the cold crystallization process.

Once again, it seems ECSO main effect is plasticization (with a decrease of the cold
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crystallization process from 113.0 °C down to 107.3 °C) while once again, MCSO provides
an unusual behaviour with displacement of the cold crystallization process towards
higher temperatures (124.5 °C) which could be indicating more complex interactions of
MCSO with PLA. As described before, MCSO could provide a plasticization effect but, in
addition, due to the high reactivity of maleic anhydride with hydroxyl groups (in terminal
PLA chains and in cellulose), other overlapping process could occur, i.e. chain-extension,
branching and crosslinking. The melt peak temperature is not highly affected by CSF and
ECSO or MCSO and stands at 170 °C. Nevertheless, the finely dispersed CSF particles
contribute to restriction in chain motion and, subsequently, the degree of crystallinity is
reduced down to values of 10% while slightly higher crystallinity values are obtained by
the addition of MCSO.

Differential scanning calorimetry is quite useful technique to evaluate all thermal
transitions. Nevertheless, not all thermal transitions can be resolved equally. For
example, the cold crystallization and the melt processes, which involve an enthalpy, are
clearly resolved by DSC analysis. Despite this, some other thermal transitions that do not
involve any enthalpy, such as the glass transition temperature are more difficult to
observe or, at least, to give a precision value. For this reason, dynamic mechanical
analysis (DMTA) has been carried out to clarify some unexpected behaviours detected by
DSC.

Figure IV.6.5 shows the evolution of the storage modulus (G’) and the damping
factor (tan 8) for PLA with modified cottonseed oils (Figure IV.6.5[a]) and PLA-15CSF
composites with modified cottonseed oils (Figure IV.6.5[b]). By following the
evolution of the storage modulus (G’) for neat PLA it is possible to observe a flat
behaviour up to 50 °C when G’ falls down by almost three orders of magnitude thus
indicating the glass transition process. G’ stabilizes at very low values and then, at about
90 °C it increases again by more than 1 fold. This increase in G’ is directly related to the
cold crystallization process as the packed structure is stiffer than the amorphous phase.
The most important findings in Figure IV.6.5[a] indicate a decrease in the T, from 65.4
°C (neat PLA) down to 61.2 °C for PLA with 7.5 wt% ECSO thus corroborating the main
plasticization effect of ECSO on PLA [16, 17, 50, 51]. Nevertheless, the T, obtained by the
addition of 7.5 wt% MCSO increases up to values of 75.0 °C. These results are more
coherent than those obtained by DSC for MCSO. As it has been reported by some authors,

MCSO has more tendency to react with hydroxyl groups to give chain-extension,
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branching and, potentially, crosslinking. All these phenomena lead to a restriction on
chain mobility, with the subsequent increase in Ty and displacement of the cold
crystallization process to higher temperatures. DSC revealed the displacement of the cold
crystallization process towards higher temperatures but the T, was lower (probably due
to the sensitiveness of DSC to PLA Ty).

Nevertheless, DMTA reveals more coherence to the effects of ECSO and MCSO.
ECSO has a main effect of plasticizing PLA and therefore, both the Tg and the cold
crystallization process move to lower temperatures [42]. With regard to MCSO, in
addition to plasticization, other complex reactions involving chain-extension, branching
and crosslinking could overlap thus leading to a chain mobility restriction which, in turn,
gives increased T values of 75 °C and a delayed cold crystallization process as observed
in Figure IV.6.5[a]. With regard to PLA composites with 15 wt% CSF (Fig. 5b) similar

effects can be detected.
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Figure IV.6.5. Plot evolution of the storage modulus, G’ (red) and damping factor,
tan & (blue) corresponding to a) PLA and PLA with 7.5 wt% ECSO and 7.5 wt%
MCSO) and b) PLA composites with 15 wt% CSF with additional 7.5 wt% ECSO or
7.5 wt% MCSO.

Uncompatibilized PLA-15CSF composite shows a T, of 76.7 °C and once again
addition of 7.5 wt% ECSO leads to lowering Ty down to 63.1 °C [49], while the complex
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reactions with maleic anhydride lead to an increase in T up to 78.0 °C [46]. As it can be
seen in Figure IV.6.5[b], the cold crystallization process is moved towards lower
temperatures with ECSO and to higher temperatures with MCSO, thus giving coherence
to the main effects of these two modified cottonseed oils. Table IV.6.6 shows a
summary of some properties obtained by DMTA characterization. It is worthy to note
that the highest storage modulus, G’ is obtained for the PLA composite with 15 wt% CSF
and 7.5 wt% MCSO which is in total agreement with the above-mentioned overlapping
reactions. It is also possible to see that the lowest G’ values correspond to ECSO-

containing PLA formulations, without (1.60 GPa) and with 15 wt% CSF (1.38 GPa).

Table IV.6.6. Summary of some thermomechanical properties, i.e. glass transition
temperature (Tg) and storage modulus (G’) obtained by dynamic mechanical
thermal analysis (DMTA) on PLA formulations with cottonseed derivatives (CSF,

ECSO and MCSO).

o Storage modulus,
Code Tg (°C) (peak tan &) G’ at 40 °C (GPa)
PLA 65.4 1.85
PLA-7.5E 61.2 1.60
PLA-7.5M 75.0 1.73
PLA-15CSF 76.7 1.67
PLA-7.5E-15CSF 63.1 1.38
PLA-7.5M-15CSF 78.0 2.04

IV.6.4. Conclusions.

This work has revealed the interesting properties of PLA-based materials with
wastes coming from the cotton industry, i.e. cottonseed. Cottonseed meal or cottonseed
flour (CSF), a by-product from oil extraction was added as a filler to PLA formulations to
give high environmentally friendly wood plastic composites (WPC). On the other hand,
the oil extracted by cold press from the seeds was subjected to two chemical
modifications: on one hand epoxidation to obtain epoxidized cottonseed oil (ECSO) and
on the other hand, maleinization to obtain maleinized cottonseed oil (MCSO). Different

PLA-cottonseed derivatives were prepared by extrusion and subsequent injection
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molding. PLA composites containing 15 wt% CSF showed embrittlement due to the poor
particle-polymer interactions. To overcome this drawback ECSO and MCSO were added
(7.5 wt%) to these composites. The main effect of ECSO is plasticization which gives
increased elongation at break as well as a decrease in the cold crystallization process and
the glass transition temperature (T,). The obtained results suggest that composites with
7.5 wt% MCSO offer the best balanced properties in terms of mechanical ductile
properties (impact strength, toughness, elongation at break) without compromising
other mechanical properties (strength, modulus). In addition to the slight plasticization
effect MCSO can provide, additional reactions between the maleic anhydride group and
hydroxyl groups in both PLA and lignocellulosic filler (CSF), can take place, thus giving
rise to the T, and the cold crystallization process. PLA composites with 15 wt% CSF and
7.5 wt% MCSO represent an interesting solution from two different stand points: on one
hand, cottonseeds are upgraded into high added value composite materials and, on the
other hand, the bio-based content is close to 100% thus leading to high environmentally
friendly materials with similar appearance to wood, with potential applications in

furniture, automotive, construction and building, among others.
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V.1. CONCLUSIONES PARCIALES.

V.1.1. Respecto a termoestables derivados

del aceite de semilla de algodon epoxidado.

En relacion al proceso de epoxidacion del aceite de semilla de algodon (CSO) y la
obtencion de materiales termoestables derivados del ECSO es posible realizar las

siguientes consideraciones finales:

Capitulo 1. “Development of environmentally friendly composite

matrices from epoxidized cottonseed oil”

1.- La epoxidacion del aceite de semilla de algodon con una ratio de perdxido:
aceite de 3: 1 reflej6 mejores resultados que con una ratio de 1,5: 1. A las 8
horas de epoxidacion los valores del indice de oxigeno oxirano para el ratio
3: 1 se situaron en valores de 5,32% mientras que con un ratio de 1,5: 1 fueron
en torno al 4%. En ambos casos la reaccion se produjo rapidamente en las

primeras dos horas debido a la alta disponibilidad de dobles enlaces.

2.- El valor del indice de oxigeno oxirano logrado para el ratio peréxido:
aceite de 3: 1 con un indice de 5,32% es un resultado algo inferior al valor del
aceite de soja epoxidado convencional (ESBO) aunque podria competir

perfectamente en aplicaciones similares.

3.- El seguimiento del curado de la resina revel6 que con una temperatura de
curado de 110 °C durante 3 horas era suficiente para lograr resinas

totalmente curadas.

4.- Es posible obtener interesantes resinas solidas termoestables curando
ECSO con anhidridos ciclicos. En particular, combinando un anhidrido
flexible (anhidrido dodecenilsuccinico, DDSA) y un anhidrido rigido
(anhidrido metil nadico, MNA) es posible adaptar las propiedades deseadas
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en los materiales curados finales ya que DDSA confiere cierta flexibilidad

mientras que MNA conduce a materiales mas rigidos.

V.1.2. Respecto a los plastificantes derivados
de aceite de semilla de algodon con aplicaciones

en termoplasticos.

Capitulo 2. “A new biobased plasticizer for poly (vinyl chloride), PVC
base on epoxidized cottonseed oil (ECSO)”

1.- Las propiedades mecanicas revelan el estado de curado de los plastisoles.
De este modo, es posible obtener plastisoles de PVC curados con valores de
alargamiento superiores al 150 % y una resistencia a la traccién superior a 11
MPa.

2.- El perfil de curado a 220 °C y 10 min indica los valores 6ptimos en
términos del mejor rendimiento mecénico; sin embargo, dado que el PVC es
altamente sensible a la degradacion térmica, el uso de temperaturas mas
bajas y tiempos de curado mas altos, como 205 °C durante 15 min, podria ser
una solucion interesante ya que las condiciones de curado no son tan

agresivas.

3.- Las coordenadas de color se presentan como un simple estudio, incluso
aplicable durante un proceso de inspeccién de calidad o rutinario a nivel

industrial, para conocer el grado de curado de los plastisoles.

4.- Las pruebas de extraccion con disolventes, microscopia electronica de
barrido (SEM) y calorimetria diferencial de barrido (DSC) también son ttiles
para evaluar las condiciones 6ptimas de curado. Los plastisoles parcialmente
curados se caracterizan por la presencia de plastificante libre que puede

migrar facilmente en un ensayo con disolventes, mostrar la presencia de
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formas esféricas que pueden ser atribuidas a particulas de PVC hinchadas
con ECSO en las imagenes SEM y picos endotérmicos entre -5 °Cy 5 °C en

los ensayos DSC.

Capitulo 3. “Plasticization effect of epoxidized cottonseed oil (ECSO)
on poly(lactic acid)”

1.- El plastificante propuesto ECSO para el PLA mejora y facilita tanto el
procesado con la extrusora de doble husillo como la posterior inyeccion de

las probetas normalizadas

2.- En cuanto a las propiedades mecénicas la adicion de un 10 % de ECSO
mejord el bajo alargamiento del PLA (9 %) hasta valores de 110,5 %. Ello
supone un incremento de los valores de alargamiento de mas del 1100 %.
Para la citada formulaciéon también se observé un notable aumento de la

energia absorbida mediante los ensayos charpy.

3.- El anélisis de la morfologia de fractura mediante FESEM, pone en
manifiesto la mejora de la ductilidad. Para un contenido bajo de plastificante
se observa una buena miscibilidad mientras que, a medida que se aumenta
la cantidad de ECSO, se puede observar separacion de fases con algunas
cavidades o huecos esféricos indicativos de una fase rica en ECSO disperso

en la matriz de PLA.

4.- El analisis térmico mecanico dinamico (DMTA) y calorimetria diferencial
de barrido (DSC) demostraron una clara disminucién en la temperatura de
transicion vitrea con respecto al PLA puro a medida que aumentaba el
contenido de ECSO. De hecho, la formulaciéon PLA + 10 wt% ECSO ofrece
una Ty de 60,74 °C, muy por debajo de la del PLA puro que se sitda en 66,75
°C.

5.- Tras las pruebas previas llevadas a cabo antes de ejecutar la investigacion,
se observd que méas del 10 wt% de ECSO provoca la saturacion de

plastificante y las propiedades mecanicas no mejoran.
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Capitulo 4. “PLA films with improved flexibility properties by using

maleinized cottonseed oil”

1.- La maleinizacion del aceite de semilla de algoddn es viable desde el punto
de vista del valor del indice de acidez. Durante las dos primeras horas,
Unicamente se alcanzé un valor de 16,9 mg KOH g, aunque durante la
tercera hora y favorecido por el incremento de la temperatura a los 220 °C,
el indice de acidez se situdé en 51,2 mg KOH g al finalizar el proceso de

maleinizacién.

2.- Los aceites maleinizados también facilitaron las tareas de extrusion, tanto
en el procesado en la extrusora de doble husillo como durante la obtencion
de los films, con respecto al PLA puro. Se compard el efecto plastificante del
MCSO con respecto al aceite de linaza maleinizado (MLO) y los resultados

fueron satisfactorios.

3.- La caracterizacion térmica mediante DSC mostré un ligero efecto de la
plastificacion al reducirse la temperatura de transicién vitrea en 2 °C en la

formulacién con un 10 % MCSO.

4.- La adicién de plastificante también repercute en el incremento de las
propiedades ductiles. De hecho, la formulaciéon de PLA con 7,5 wt% MCSO,
ofrece un alargamiento a la rotura del 15,7 %; valor superior al PLA puro, con
valores del 4 %. El alargamiento registrado al incorporar MLO

practicamente no demostr6 mejoras.

5.- El andlisis de la morfologia de fractura mediante microscopia FESEM
pone en manifiesto las bajas propiedades logradas por el plastificante MLO.
Las imagenes muestran separacion de fases y por lo tanto se atribuyen a unos
bajos valores de alargamiento con la incorporacién de MLO. Por el contrario,
las superficies analizadas de PLA con MCSO muestran una mayor ductilidad

con mayores areas de deformacion plastica.

6.- Las pruebas de desintegraciéon indican cémo la incorporacién de los

plastificantes maleinizados aceleran el proceso de desintegraciéon con el
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incremento del % de plastificante de 13 a 11 y 10 dias para las formulaciones

de PLA puro, 5 % MCSO y 7,5 % MCSO respectivamente.

V.1.3. Respecto a los efectos de aceites
vegetales derivados de semilla de algodon en
compatibilizacion vy optimizacion de
formulaciones derivadas de acido poli(lactico).

En relacion al uso de los aceites vegetales derivados de la semilla de algodon y, en
particular a los logrados a partir de la maleinizacion (MCSO) y epoxidacion (ECSO) en
aplicaciones como compatibilizantes y en la optimizacion de formulaciones derivadas del
acido polilactico, es posible realizar las siguientes consideraciones finales para cada uno

de los capitulos publicados:

Capitulo 5. “Manufacturing and compatibilization of PLA/PBAT

binary blends by cottonseed oil-based derivatives”

1.- Los aceites maleinizados y epoxidados a partir del aceite de semilla de
algodon ofrecen buenos resultados de compatibilizacion de los films 80 PLA/
20 PBAT, con un notable aumento del alargamiento a la rotura sin
comprometer otras propiedades de resistencia mecanica. De hecho, la mezcla
compatibilizada con un 7,5 wt% de MCSO otorga unas propiedades
mecanicas equilibradas con un alargamiento a la rotura del 123 % y un
modulo de Young superior a 2250 MPa. Estas propiedades son incluso
mejores que con el uso del oligbmero de estireno acrilico Joncryl ADR 4368

proveniente del petréleo.
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2.- Tan solo con la incorporacion de un 1 wt. % Jonceryl, 1 wt % ECSO y 1 wt
% MCSO se logra incrementar el alargamiento en un 186,6 % 139,7 % y 107,2

% con respecto al PLA puro.

3.- El anélisis de la morfologia de fractura mediante FESEM proporciona
diferencias entre los distintos compatibilizantes. Mientras que las mezclas
con PLA/PBAT/1 ECSO muestran una superficie similar a las de la mezcla
PLA/PBAT, la incorporacién de un 1 % Joncryl o MCSO favorece la presencia

de huecos.

4.- Seglin los andlisis termomecanicos, la mezcla sin compatibilizantes
muestra una baja miscibilidad, con un minimo descenso de la Ty de 1,3 °C
con respecto al PLA puro. Por otro lado, con la adiciéon de un 1 wt% de los
tres compatibilizadores utilizados en este estudio se obtuvo un significativo
descenso en la Tg de aproximadamente 2 °C, lo que indica un cierto

comportamiento de compatibilizacion.

5.- Segun los resultados que revela la termogravimetria tanto ECSO como
MCSO mejoran la estabilidad térmica de las formulaciones, aunque estos
compatibilizantes no presentan un efecto relevante sobre la desintegracion

de los films.

Capitulo 6. “Processing and characterization of environmentally
friendly composites from poly(lactic acid) and cottonseed waste

materials”

1.- El uso de la harina de semilla de algodon, a parte de revalorizar un
subproducto derivado directamente de la extraccion del aceite de semilla de
algodon, es viable desde el punto de vista del procesado mediante extrusiéon

y posterior inyeccion.

2.- Los compuestos de PLA que contienen un 15 wt% de harina de semilla de
algod6n (CSF) mostraron fragilidad debido a las malas interacciones entre el

polimero y las particulas de harina. De hecho, la formulacion PLA-15CSF
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ofrece el menor alargamiento a la rotura de todas las formulaciones, con un
resultado del 26,8 %. No obstante, es un valor superior al PLA puro que se

sithaenel 3,7%

3.- La incorporacién de ECSO y MCSO (7,5 wt%) mejoro el incremento del
alargamiento a la rotura hasta valores de 75,3 % y 75,8 % para las
formulaciones de PLA-7,5E-15CSF y PLA-7,5M-15CSF. Si bien, los
resultados obtenidos sugieren que los compuestos con 7,5 wt% de MCSO
ofrecen un equilibrio de las propiedades mecanicas como resistencia al
impacto y alargamiento a la rotura sin comprometer otras propiedades

mecanicas como la resistencia y el médulo.

4.- Los resultados que ofrecen las técnicas de calorimetria diferencial de
barrido demuestran un descenso de la temperatura de transicion vitrea con
la incorporacion de los aceites de semilla de algodéon modificados. Destaca
una reduccion en la formulacion PLA-7,5M-15CSF de 6,5 °C con respecto al
PLA puro, debido a un efecto plastificante provocado por la alta reactividad
del grupo anhidrido maleico con el grupo hidroxilo de las cadenas terminales
del PLA y la celulosa del CSF.
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V.2. CONCLUSIONES FINALES.

De manera global, la hipotesis del trabajo inicial planteada ha sido validada con
los resultados obtenidos a lo largo de todo el trabajo, y prueba de ello se refleja en las

publicaciones logradas. Por lo tanto, en este sentido, es posible afirmar:

1.- Los subproductos de la planta de algodén, no aprovechados por los
sectores textiles, pueden serlo para usos adicionales como el industrial,
elaborando aceites de semilla de algodén modificados a partir de los cuales

producir nuevos materiales respetuosos con el medio ambiente.

2.- Las resinas resultantes de la epoxidacion del aceite de semilla de algodon
ofrecen interesantes alternativas frente a algunas resinas epoxi derivadas del
petrdleo como resinas termoestables flexibles y aditivos para resinas epoxi

de alta rigidez.

3.- El aceite de semilla de algodon epoxidado (ECSO) puede usarse como

plastificante para conseguir plastisoles de PVC con una parte de origen bio.

4.- Con la incorporacién de aceite de semilla de algodon epoxidado (ECSO)

se obtuvieron nuevas formulaciones de PLA plastificado.

5.- El aceite de semilla de algod6n maleinizado (MCSO) puede ser utilizado
como un plastificante respetuoso con el medio ambiente para la elaboracién
de films de PLA. Incluso, si se compara el MCSO con un aceite comercial a
partir del aceite de linaza maleinizado (MLO), el MCSO muestra un mejor

rendimiento y resultados.

6.- Es posible indicar que MCSO es un plastificante altamente eficiente para
la elaboracion de films de PLA con gran interés desde el punto de vista

técnico y ambiental.

7.- El uso de compatibilizantes derivados de aceites vegetales (aceites
vegetales epoxidados y maleinizados) se destaca como una solucion ecologica

para mejorar la miscibilidad de mezclas de tipo poliéster con excelente
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equilibrio entre propiedades mecanicas y térmicas. En definitiva, los
compatibilizadores derivados de los aceites de semilla de algodén se
presentan como aditivos ecoldgicos para mezclas binarias de PLA / PBAT,
con mejores propiedades que el oligbmero de estireno acrilico Joncryl

proveniente del petréleo.

8.- Se observo que es factible el uso de materiales de PLA con desechos
provenientes de la industria algodonera. En este caso, la harina de semilla de
algodoén, considerada como un subproducto de la extracciéon del aceite, se
incorpord como una carga en las formulaciones de PLA para dar compuestos

plasticos de madera altamente respetuosos (WPC).

Finalmente, y teniendo presentes los puntos citados anteriormente, se ha
demostrado en esta investigacion que tanto los aceites modificados quimicamente a
partir del aceite de semilla de algodon como los subproductos derivados del mismo
proceso de extraccion pueden ser usados en amplios sectores para lograr materiales

respetuosos con el medio ambiente.
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