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Resumen

Esta memoria de tesis presenta una contribucion al estudio de la funcionalizacion de sustratos
textiles mediante la encapsulacion de diferentes compuestos empleando la técnica del
electrohilado. La variabilidad de la electrohilatura, tanto a nivel del equipo empleado como del
propio proceso de electrohilado, permite la posibilidad de obtener morfologias y composiciones
de nanofibras completamente distintas.

En este trabajo se han abordado dos técnicas de preparacion de la solucion polimérica a emplear
durante el proceso, los métodos de emulsion y dispersion. Ambas técnicas han posibilitado la
adicion de varios compuestos que han aportados nuevas caracteristicas a nanofibras de PVA
electrohiladas.

Tras analizar los resultados obtenidos de las nanofibras extruidas a partir de la soluciéon por
emulsion, se ha demostrado la capacidad de encapsular aceites esenciales, tomillo y salvia,
mediante electrohilatura. La caracterizacion realizada a los velos nanofibrosos demuestran la
aparicion de microcapsulas a lo largo de la seccion longitudinal de las fibras debido a la
encapsulacion del aceite en su interior.

Por otro lado, el método de dispersion ha sido evaluado mediante la adicion de clrcuma,
compuesto no soluble en agua, a una solucion de PVA. Los datos resultantes de las
caracterizaciones han evidenciado la capacidad de la ciircuma de actuar como sensor halocrémico
aun estando encapsulada en el interior de las nanofibras electrohiladas. Al mismo tiempo, se ha
examinado si esta capacidad halocromica se mantiene cuando las nanofibras de PVA, que
inicialmente son solubles en agua, se someten a un proceso de reticulacion con acido citrico para
su insolubilizacion. Los resultados han demostrado la continuidad del halocromismo, aunque
difiere en la tonalidad del color resultante.

Finalmente, se concluye con una comparativa por adicion de materia colorante mediante los dos
métodos explicados a una solucion polimérica. Los velos nanofibrosos fabricados a partir de la
solucion dispersada presentaban una notable coloracion en su superficie, mientras que las
nanofibras producidas a partir de la soluciéon por emulsion no presentaban color, lo cual vuelve a
justificar la encapsulacion del aceite coloreado en el interior de la nanofibra.



Abstract

This thesis report presents a contribution to the study of the functionalisation of textile substrates
through the encapsulation of different compounds using the electrospinning technique. The
variability of electrospinning, both at the level of the equipment used and of the electrospinning
process itself, allows the possibility of obtaining completely different morphologies and
compositions of nanofibres.

In this work, two techniques for the preparation of the polymer solution to be used during the
process have been addressed, the emulsion and dispersion methods. Both techniques have allowed
the addition of several compounds that have provided new properties to electrospun PVA
nanofibres.

After analysing the results obtained from the nanofibres extruded from the emulsion solution, the
ability to encapsulate essential oils, thyme and sage, by electrospinning was demonstrated. The
characterisation of the nanofibrous mats shows the appearance of microcapsules along the
longitudinal section of the fibres, due to the encapsulation of the oil inside them.

On the other hand, the dispersion method was evaluated by adding turmeric, a non-water soluble
compound, to a PVA solution. The data obtained from the characterisations have showed the
ability of turmeric to act as a halochromic sensor even when encapsulated in the electrospun
nanofibres. At the same time, it was investigaed whether this halochromic capacity is maintained
when the PVA nanofibres, which are initially soluble in water, undergo a cross-linking process
with citric acid to insolubilise them. The results have shown the continuity of the halochromism,
although the resulting shade is different.

Finally, we compare the addition of dyes to a polymer solution using the two methods described
above. The nanofibrous veils produced from the dispersed solution showed a noticeable
colouration on their surface, whereas the nanofibres produced from the emulsion solution were
colourless, which again justifies the encapsulation of the coloured oil inside the nanofibre.



Resum

Aquesta memoria de tesi presenta una contribucié a l'estudi de la funcionalitzacié de substrats
textils mitjancant I'encapsulacié de diferents compostos emprant la técnica de 1'electrofilat. La
variabilitat de I'electrofilatura, tant a nivell de I'equip emprat com del procés d'electrofilat propi,
permet la possibilitat d'obtenir morfologies i composicions de nanofibres completament diferents.

En aquest treball s'han abordat dues técniques de preparacio de la solucio polimérica a emprar
durant el procés, els métodes d'emulsid i de dispersi6. Ambdues técniques han possibilitat
I'addicio de diversos compostos que han aportat noves caracteristiques a nanofibres de PVA
electrofilades.

Després d'analitzar els resultats obtinguts de les nanofibres extruides a partir de la soluci6 per
emulsio, s'ha demostrat la capacitat d'encapsular olis essencials, farigola i salvia, mitjancant
electrofil-latura. La caracteritzacid realitzada a les estores nanofibroses demostren l'aparicié de
microcapsules al llarg de la seccio longitudinal de les fibres a causa de 1'encapsulacio de I'oli al
seu interior.

D'altra banda, el métode de dispersio s'ha avaluat mitjangant 1'addicié de curcuma, compost no
soluble en aigua, a una solucié de PVA. Les dades resultants de les caracteritzacions han
evidenciat la capacitat de la circuma d'actuar com a sensor halocromic encara estant encapsulada
a l'interior de les nanofibres electrofilades. Alhora, s'ha examinat si aquesta capacitat halocromica
es manté quan les nanofibres de PVA, que inicialment sén solubles en aigua, se sotmeten a un
procés de reticulaciéo amb acid citric per a la seua insolubilitzacid. Els resultats han demostrat la
continuitat de I'halocromisme encara que difereix en la tonalitat del color resultant.

Finalment, es conclou amb una comparativa per addicié de materia colorant mitjancant els dos
meétodes explicats a una solucié polimérica. Els vels nanofibrosos fabricats a partir de la solucid
dispersada presentaven una notable coloracié a la superficie, mentre que les nanofibres produides
a partir de la solucid per emulsio no presentaven color, la qual cosa torna a justificar I'encapsulacio
de 'oli acolorit a l'interior de la nanofibra.
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Capitulo 1. Introduccion

Capitulo I
Introduccion

I.1. Nanotecnologia

Los rapidos avances y los cambios en el estilo de vida han atraido a las personas hacia una vida
mas cémoda y suntuosa, donde el disefio y desarrollo de productos mas pequefios, seguros,
asequibles y rapidos es uno de los principales objetivos de multitud de sectores industriales. Desde
hace décadas se han introducido en el mercado dispositivos de dimensiones considerablemente
reducidas, como microchips, nanocapsulas, tubos de carbono, nanoparticulas, entre otros, los
cuales no solo aportan su cualidad de tamafio, sino que en muchos casos es posible realizar una
funcién que en su forma y tamafio original seria inviable. La nanotecnologia ha acaparado el foco
de interés de la actualidad tecnologica, puesto que juega un papel esencial en la creacion y
desarrollo de infinidad de productos en sectores muy diversos [1].

La nanotecnologia se caracteriza por la comprension, manipulacion y control de la materia a una
escala de longitud del nandémetro. Esto implica la capacidad de sintetizar o modificar las
propiedades fisicas, quimicas y bioldgicas de cada material para desarrollar las proximas
generaciones de materiales, dispositivos, estructuras y sistemas [2]. La aplicacion de esta
tecnologia aun requiere de una mayor modernizacion industrial y una mayor inversion en los
campos de la investigacion y el desarrollo, por este motivo, Europa, China y Estados Unidos se
encuentran invirtiendo grandes cuantias econdomicas para aprovechar al maximo el inmenso
potencial de esta nueva ciencia [3].

17



Funcionalizacion de textiles mediante encapsulacion por electrohilatura

La tecnologia a escala nanométrica estd experimentando avances significativos en una amplia
variedad de sectores industriales, abriendo la puerta a numerosas posibilidades de aplicacion.

Uno de los ejemplos mas conocidos de aplicacion de esta ciencia es la industria informadtica; hace
unos aifios, resultaba impensable concebir dispositivos portatiles, teléfonos modviles y otros
aparatos practicos con la delgadez que presentan en la actualidad. Incluso para el ciudadano
comun, resulta dificil imaginar que con el transcurso del tiempo estos dispositivos informaticos
no solo se vuelven mas avanzados y sofisticados, sino que también se vuelven mas livianos y se
integran cada vez mds en nuestro uso cotidiano. En este sector existe una extensa demanda de
disminuir el tamafio y peso al mismo tiempo que se aumenta su almacenamiento y velocidad, por
ejemplo, se investiga en las memorias de acceso aleatorio magnetorresistivas como sustitutas de
los dispositivos de almacenamientos convencionales [4,5], o en los transistores de nanotubos de
carbono como alternativa a los dispositivos de silicio convencionales [6]. Actualmente, la
nanotecnologia junto a la computacion se encuentra desarrollando dispositivos como drones y
robots, diversificando su abanico de aplicaciones en areas de produccion, mantenimiento,
inspeccion, transporte, analisis de datos, etc [7,8].

La impresién 3D constituye otra aplicacion crucial en el ambito de la nanotecnologia, esta
tecnologia ha contribuido a disminuir la necesidad de infraestructuras industriales, a minimizar
las operaciones de postprocesamiento, a reducir la generacion de residuos y a disminuir la
dependencia del ser humano en la gestion industrial. Ademas, los beneficios derivados de la
impresion 3D y tecnologias afines han ampliado la flexibilidad en términos de productos
personalizados, con impactos ambientales minimos y practicas sostenibles que implican un menor
consumo de recursos y energia. La utilizacion de resinas procesadas a nanoescala, materias primas
metalicas, termoplasticos y otros materiales permite la adaptacion de propiedades especificas en
la tecnologia de impresion 3D [9,10].

Otro sector donde la nanotecnologia ha impactado y ha supuesto un cambio en el desarrollo
industrial convencional ha sido en la industria del bioprocesamiento. La integracion de la
nanotecnologia en este sector ha catalizado una revolucion en diversos aspectos clave de la
produccion alimentaria y biomaterial. Desde la identificacion de patogenos, los dispositivos y
materiales de embalaje inteligentes con funcion de biosensores, reutilizables y biodegradables,
hasta la nanoencapsulacion de ingredientes bioactivos; la nanotecnologia ha desencadenado
avances notables en la eficiencia de los procesos y controles de calidad de los productos
alimenticios [11]. Uno de los desarrollos mas significativos ha sido la aplicacion de la
nanotecnologia en los procesos de fermentacion, proporcionando una mayor eficiencia y
produccion de biomoléculas a un costo considerablemente mas bajo en comparacion con los
métodos tradicionales [12,13].

Por otra parte, la mejora constante en la calidad de vida humana se ha logrado gracias a las
exitosas aplicaciones de la nanotecnologia en el &mbito médico, dando origen a un nuevo campo
de aplicacion conocido como nanomedicina. Este avance ha capacitado a los cientificos para
desarrollar opciones nuevas y mejoradas de prevencion de enfermedades, deteccion y diagnostico,
tratamiento, secuenciacion, y en la toma de acciones proactivas en el cuidado de la salud [14]. En
el caso de la medicina regenerativa, se estd empleando nanomateriales en multitud de
procedimientos médicos, como la ingenieria de tejidos y la terapia celular para el tratamiento y
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reparacion de células, tejidos y o6rganos. Por ejemplo, los primeros marcapasos cardiacos eran
relativamente grandes puesto que tenian un diametro de hasta 55 mm y eran inflexibles y se
encontraban alimentados por una bateria de niquel-cadmio [15], sin embargo, gracias a la
nanotecnologia, actualmente se emplean nanocables suaves y flexibles de oro o silicio, los cuales
se tienen mayor parecido al tejido cardiaco donde se injertan, es decir, son biocompatibles [16].
Los tipos de nanoparticulas y nanomateriales mas utilizados en el &mbito clinico son las micelas,
liposomas, dendimeros, nanotubos de carbono, nanoparticulas metalicas y puntos cuanticos [17].

La nanotecnologia también ha supuesto un gran avance en la administracion de farmacos,
especialmente en el tratamiento del cancer. De esta forma se facilita el suministro y la liberacion
controlada del medicamento en un sitio objetivo focalizado, se mejora la estabilidad y el
metabolismo del farmaco, se consigue reducir la frecuencia de administracion de este y se
obtienen mejores rendimientos en tratamientos especificos [17,18].

Mediante este método se pueden reducir considerablemente los efectos secundarios de los
farmacos, asi como garantizar su eficacia atacando y eliminando las células objetivo. La
administracion mediante la encapsulacion del farmaco permite emplear mayores dosis [18], asi
como compuestos que presentan una alta toxicidad; por ejemplo, la doxorrubicina puede
administrarse directamente sobre las células tumorales mediante el uso de liposomas sin afectar
negativamente al corazén y los rifiones [17,19].

La nanotecnologia ha emergido como un campo revolucionario que va mas allad de la escala
microscopica, ofreciendo innovaciones significativas con aplicaciones que trascienden los limites
convencionales. Ademas de sus notables contribuciones en la electrénica y la medicina, la
nanotecnologia ha encontrado aplicacion en sectores tan diversos como la agricultura [20], la
industria alimentaria [21,22], el sector de la construccion e ingenieria civil [23,24], la industria
de la automocion [25], entre muchas otras. Su capacidad para manipular materiales a escala
nanométrica promete transformar radicalmente diversas industrias, desencadenando avances que
moldearan el futuro de la tecnologia y la ciencia.

I.1.1. Nanotecnologia en la industria textil

La industria textil es la mas antigua entre todas las existentes en el mundo y durante siglos ha
explotado fuentes de origen natural y artificial para la produccion de distintos productos
convencionales, tales como hilos, prendas de vestir, textil para el hogar, etc. Durante afios se ha
investigado en la mejora de estos productos, sus propiedades mecanicas, tonalidades de color,
textura y su vida util, sin embargo, la incesante demanda de los consumidores por nuevos
productos textiles con novedosas e innovadoras caracteristicas ha enfrentado a la industria textil
a un forzado y acelerado avance tecnologico [26].

Tras el desarrollo innovador sobre los textiles convencionales han aparecido los conocidos
“textiles inteligentes”, que pueden definirse como aquel textil que es capaz de detectar cambios
en su entorno y responder ante ¢l modificando uno o mas de sus parametros como respuesta.
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Durante el desarrollo de los textiles inteligentes han aparecido tres generaciones: la primera
generacion de textiles inteligentes, o también llamados textiles inteligentes pasivos, son aquellos
que tienen la habilidad de detectar un cambio en su entorno, pero no pueden ofrecer una respuesta.
Dentro de esta clasificacion pueden englobarse multitud de textiles con caracteristicas
antibacteriana, antiestatica, retardante a la llama, proteccién UV, etc. Por otro lado, se encuentran
los textiles inteligentes de segunda generacion, es decir, los textiles inteligentes activos, los cuales
son capaces de detectar alteraciones en el entorno y responder mediante la modulacion de alguno
de sus parametros, por ejemplo, los textiles con capacidad termocrémica que cambian de color en
funcion de la temperatura, los textiles con memoria de forma, entre otros. Por ultimo, se
encuentran los textiles de tercera generacion o “super inteligentes”, estos se encuentran integrados
con electronica, por lo tanto, ademas de responder ante una alteracion del entorno también son
capaces de adaptarse a él. Estos textiles “super inteligentes” integran sensores, dispositivos
opticos, nanogeneradores y dispositivos de almacenamiento de energia. Un ejemplo son aquellos
textiles capaces de detectar la temperatura del ambiente y responder mediante calentamiento o
enfriamiento para mantener la temperatura corporal idonea [26,27].

La nanotecnologia ha tenido un impacto significativo en el desarrollo de textiles inteligentes al
proporcionar herramientas y procesos que permiten manipular la materia a escala nanométrica.
La aplicacion de nanotecnologia en textiles inteligentes ha llevado a la creacion de materiales con
propiedades mejoradas en términos de resistencia, durabilidad, capacidad de respuesta y
funcionalidad. Ademés, la nanotecnologia puede sustituir a los dispositivos electronicos
utilizados recurrentemente en los textiles inteligentes de tercera generacion, de esta forma se evita
que la electronica afecte a la suavidad, aspecto y peso de la materia textil.

La introducciéon de nanotecnologia y nanomateriales en la industria textil ha redefinido la
investigacion sobre textiles inteligentes. Actualmente, la nanotecnologia ha encontrado multitud
de aplicaciones sobre materiales textiles; un ejemplo es la proteccion antibacteriana. La
incorporacion quimica o fisica a textiles de agentes antibacterianos de tamafio nanométrico tales
como Ti0,[28,29], quitosano [30,31], sales metalicas de Ag [32], Cu [33] 0 ZnO [34], entre otros
nanomateriales pueden encargarse de eliminar la presencia de bacterias en los sustratos textiles o
inhibir directamente el crecimiento [26,27].

También se ha hecho uso de los nanomateriales para aportar cualidades hidrofobas y ole6fobas
textiles convencionales. Mediante el empleo de nanotubos de carbono pristinos (CNT) [35] o
nanoparticulas de SiO; junto con un poli(metacrilato de glicidilo) (PGMA) [36] se consiguieron
grandes angulos de contacto entre la gota de agua y la superficie del textil, lo cual representa una

elevada hidrofobicidad. La proteccion frente a la radiacion ultravioleta también se consigue
mitigar mediante la encapsulacion de TiO, [29] y ZnO [34], los cuales son capaces de dispersar o
absorber este tipo de radiacion. Como se ha mencionado anteriormente, la nanotecnologia ha
supuesto un avance en el sector de la electronica, se han incorporado numerosos nanomateriales
conductores con el fin de alterar la estructura superficial de las fibras, permitiendo asi la
consecucion de diversas funcionalidades inteligentes. Al mismo tiempo, investigadores enfocan
su esfuerzo en conseguir supercondensadores para el almacenamiento de energia sin alterar la
flexibilidad y las caracteristicas de usabilidad de los textiles [27].
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El principio de los textiles inteligentes en la percepcion de un cambio en el entorno, es decir, la
materia textil debe ser capaz de actuar como sensor frente a una alteracion externa. Se ha
explorado extensamente el potencial de los nanomateriales carbonosos, como las nanoparticulas
de carbono, el grafeno y los nanotubos de carbono (CNT), para desempefiar funciones como
sensores livianos, flexibles y de alta sensibilidad. Estos materiales tienen aplicaciones
prometedoras en campos como prendas inteligentes, monitoreo de la salud y deteccion de
movimiento humano [37-39].

La nanotecnologia ha demostrado ser un terreno prometedor en el ambito de la innovacion, y su
aplicacion va mas alla de la mera adicion de nanomateriales a diversos productos textiles con la
intencion de mejorar sus caracteristicas. A medida que avanzamos, la esencia de la nanotecnologia
en la industria textil se extiende a la busqueda de tecnologias que permitan la fabricacion de
textiles a escala nanométrica.

La verdadera revolucion radica en la capacidad de disefiar y producir textiles con caracteristicas
unicas a nivel molecular. La nanotecnologia textil no solo se limita a la miniaturizacion de
materiales, sino que abre las puertas a la produccion de textiles con propiedades personalizadas,
como resistencia, porosidad y conductividad, a una escala antes inimaginable. Esta perspectiva
holistica busca no solo mejorar productos existentes, sino también redefinir la forma en que
conciben y fabrican los textiles, explorando un mundo donde la precisiéon a nivel nanométrico
redefine las posibilidades de su aplicacion.

La produccion de fibras con una seccion transversal minima representa uno de los desafios mas
significativos dentro de la industria textil, especialmente en el ambito de la hilatura quimica. La
busqueda de soluciones eficaces para este desafio en particular se ha convertido en un impulsor
clave para la investigacion y desarrollo en dicho ambito, donde la innovacién y la mejora continua
son fundamentales para alcanzar unos objetivos ambiciosos.

I.2. Técnicas de produccion de
nanofibras

Las nanofibras han surgido como una ideal opcion para producir nanomateriales unidimensionales
(1D) con una alta aplicabilidad en multitud de industrias.

Como el resto de los nanomateriales, las nanofibras presentan varias caracteristicas interesantes
que han incentivado un crecimiento exponencial en su investigacion. Sus cualidades mas
destacadas son su alta relacion area superficial-volumen y su elevada porosidad, estas cualidades
las conviertes en unas candidatas excepcionales para muchas aplicaciones avanzadas.

Las nanofibras presentan una seccion transversal 1000 veces mas pequefia que el cabello humano,
ademas tienen la capacidad de ser flexibles y poseer unas cualidades mecénicas y quimicas
idoneas para la aplicacion que se requiere en funcion de los materiales que se empleen [40,41].
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Figura I.1. Grdfico representativo de escala de tamarios [42].

Actualmente se han estudiado multitud de técnicas capaces de producir fibras con una seccion
transversal nanométrica, estas se prestan a la clasificacion en varias categorias segin ciertos
criterios. En la Figura [.2. se muestran las distintas clasificaciones.
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Figura I.2. Clasificacion de las técnicas de produccion de nanofibras [41].

Los métodos con enfoque ascendente se asemejan a una sintesis quimica, en estos, las unidades
mas simples como atomos, iones o0 moléculas pequefias se ensamblan y organizan para formar
una morfologia unidimensional larga, es decir, la nanofibra. Las técnicas quimicas suelen
encontrarse dentro de esta categoria ascendente, como el proceso de autoensamblaje [43], las
técnicas de deposicion de vapor [41,44], entre muchas otras.

Por el contrario, las técnicas que se encuentran dentro de la categoria de “enfoque descendente”
son aquellas en las cuales se emplea un material inicial mas grande y se reduce su tamafio
mediante distintos procesos fisicos o quimicos hasta alcanzar la escala nanométrica. Un ejemplo
de este tipo de técnicas es la ablacion mediante tecnologia laser, en la cual se emplea un laser de
alta potencia para fundir un pequefio volumen de material precursor y posteriormente, mediante
la inyeccion de un chorro de gas supersonico se alarga el material fundido hasta conseguir las
nanofibras [45].

Ademas de las mencionadas anteriormente, existen diversas técnicas avanzadas para la
produccion de nanofibras que amplian aun mas el espectro de posibilidades en la ingenieria
nanomaterial. Entre estas destacan el hilado por soplado de la solucion, el cual implica la extrusion
de una solucion polimérica a través de una boquilla mientras se aplica un flujo de gas, resultando
en la formacién de fibras ultrafinas debido al estiramiento inducido por la fuerza del aire [46].
Otra técnica es el hilado centrifugo, este se genera mediante la aplicacion de fuerzas centrifugas
a una solucion en rotacion, lo que lleva a la creacion de nanofibras a medida que la solucion se
dispersa [47]. El proceso de estirado implica la extrusion de un polimero fundido en forma de
fibra de elevado diametro seguido de un estiramiento mecanico, lo que conduce a la formacion
de fibras con diametros reducidos [48].

Otro método utilizado para la formacioén de nanofibras es la sintesis de plantillas porosas, este se
basa inicialmente en la creacion de estructuras porosas que sirven como moldes para la formacion
de nanofibras, permitiendo un control preciso sobre la morfologia y la distribucion de tamafio de
las fibras [49]. En el método de separacion de fases se mezclan un polimero y un solvente
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inmiscibles, posteriormente con la evaporacion del solvente se forman las estructuras
nanofibrosas [50].

Otras técnicas también utilizadas han sido la polimerizacién interfacial [51], la sintesis inducida
por plasma [52], la deposicion electroquimica [53] y un largo etcétera.

Sin embargo, en las Gltimas décadas una tecnologia esta destacando por encima del resto debido
a su sencillo uso y su amplia variabilidad, esta es la electrohilatura [49].

1.3. La electrohilatura

La electrohilatura, también conocida como electrohilado o electrospinning en inglés, se define
como una técnica avanzada de fabricacion de materiales nanofibrosos que ha emergido como una
herramienta poderosa en el campo de la nanotecnologia.

Esta técnica se presenta como un método sencillo, econdmico, eficaz y prometedor para la
produccion de fibras continuas con diversas caracteristicas, abarcando tamafios de diametro que
van desde sub-micras hasta nanometros. Mediante la electrohilatura, es posible producir extensas
areas de superficie electrohilada, una alta relacion entre el area de superficie electrohilada y su
volumen, una elevada y ajustable distribucion de poros y la capacidad de funcionalizar fisica o
quimicamente para diversas aplicaciones [54].

El electrohilado es un método notablemente versatil capaz de producir nanofibras ultrafinas en
1D, sustratos no tejidos en 2D y estructuras en 3D. Esta técnica ha ganado creciente interés tanto
en la comunidad cientifica como en la industria.

Tal y como se representa en la Figura 1.3., el equipo requerido para la electrohilatura consta de
tres componentes: el componente extrusor, una fuente de alimentacion de alto voltaje y la
superficie colectora.
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Figura I.3. Técnica del electrohilado. Imagen modificada de la referencia [55].

La disposicion més bésica se compone de una jeringa con un capilar metalico, en ella se almacena
la solucion a extruir, esta debe estar conectada a una bomba de inyeccion para aportar un caudal
de alimentacion constante. Por otro lado, el componente donde se recogen las nanofibras debe
estar conectado a tierra, aunque no siempre es asi.

El fundamento principal del proceso de electrohilado se sustenta en la interaccion entre las fuerzas
de tension superficial de la solucion retenida en el capilar extrusor y las fuerzas electroestaticas
presentes entre el electrodo extrusor y el electrodo colector, las cuales facilitan la transformacion
de una solucion viscoelastica en una serie de chorros que dan forma a las nanofibras al
solidificarse [56].

El principio fisico de la electrohilatura tiene sus raices en la observacion de fendmenos como la
atraccion eléctrica, la fuerza eléctrica y los polos magnéticos, inicialmente mencionados por
William Gilbert en su libro "On the Loadstone and Magnetic Bodies, and on That Great Magnet
the Earth" en 1800 [57]. Este concepto explica como una gota esférica de disolucion puede
deformarse en una forma conica cuando se le aplica corriente eléctrica. Tiempo mas tarde, Lord
Rayleigh, al descubrir la interaccion entre las fuerzas electroestaticas y los liquidos, publicé el
libro “On the Equilibrium of Liquid Conducting Masses Charged With Electricity” donde
establecié el Limite de Rayleigh, calculando la maxima fuerza que una gota podia soportar
mientras se mantenia estable [58].

John F. Cooley patentd en 1900 la primera maquinaria de electrohilado, que utilizaba electrodos
para dispersar fluidos sobre un colector cilindrico giratorio. Posteriormente, Anton Formhals se
enfoco en diseflar y desarrollar métodos y maquinaria de electrospinning, patentando 22
invenciones entre 1934 y 1944 [58]. En la década de 1960, Geoffrey Ingram Taylor desarroll6 un
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modelo matematico que explicaba el cambio de una forma esférica a conica de una gota o solucion
polimérica al aplicarle una fuerte fuerza eléctrica. A medida que la fuerza del campo eléctrico
incrementaba mas alla del nivel critico, la forma esférica de la gota evolucionaria graadualmente
hasta una forma conico, lo que més tarde se conoceria como cono de Taylor. Después de ese
periodo de investigacion, la evolucion del electrohilado se detuvo durante dos décadas, ya que no
atrajo mucha atencion por parte de la comunidad cientifica o la industria. Este estancamiento se
debid principalmente a la carencia de herramientas de caracterizacion capaces de medir con
precision los tamafios de las fibras, especialmente aquellos con diametros en el rango
submicrométrico [56].

Aunque hubo avances tecnologicos, no fue hasta los afos 90 que la nanociencia y la
nanotecnologia generaron un interés exponencial en el electrospinning, resultando en un aumento
significativo de publicaciones e investigaciones; esto se logrd gracias a la mayor disponibilidad
de microscopios electronicos capaces de discernir caracteristicas a una escala nanométrica [56].

Actualmente, multitud de empresas han desarrollado e implementado lineas de produccion
industrial para la fabricacion a gran escala de nanofibras electrohiladas en sus instalaciones. En
el mercado actual las nanofibras electrohiladas gozan de una extensa aplicacion en la purificacion
tanto del agua como del aire, abarcando productos industriales como filtros para vehiculos
automotores, asi como bienes civiles que incluyen méascaras faciales y sistemas de filtracion de
agua [56,59].

1.3.1. Principios de la electrohilatura

El proceso de electrohilado de nanofibras viene determinado por un fendémeno
electrohidrodinamico, donde una gota de solucion se carga eléctricamente para generar un chorro,
el cual experimenta un estiramiento y alargamiento, dando lugar a la formacion de la nanofibra.
Durante el proceso entran en juego multitud de fuerzas, tales como la tension superficial, 1a fuerza
electrostatica, la fuerza viscoelastica, la fuerza repulsiva couldombica, la gravedad y la fuerza de
arrastre del aire [54].

Inicialmente se presenta una gota de forma esférica en la punta del capilar extrusor conectado a
la fuente de alto voltaje. Luego, el aplicar corriente eléctrica a la solucion provoca que las cargas
superficiales de igual signo de la gota esférica se repelan electroestaticamente entre si mismas.
Las fuerzas repulsivas act@ian en direccion opuesta a la fuerza de la tension superficial de la
solucion, por lo que somete a la gota a una deformacion, de esta manera, la forma esférica deriva
a una forma coénica, conocida como anteriormente se ha mencionado como cono de Taylor
[54,56].
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Figura 1.4. Deformacion de la gota de solucion al aplicar corriente eléctrica hasta la
formacion del cono de Taylor [60].

Del vértice de este cono, se emite un chorro cargado eléctricamente que se acelera por el campo
eléctrico. Inicialmente, el chorro se extiende en linea recta en el espacio cercano al capilar
extrusor, espacio conocido como regioén de campo cercano. Posteriormente, fuera de esta region
experimenta movimientos de latigazo intensos debido a inestabilidades de flexion.

A medida que el chorro en linea recta se estira hasta alcanzar didmetros mas reducidos, durante
el adelgazamiento en la region del campo lejano pueden sucederse diferentes perturbaciones o
inestabilidades que pueden provocar hasta la fragmentacion del chorro en multiples gotas.
Durante el proceso de estiramiento de la fibra, esta comienza a solidificarse debido a la
evaporacion del solvente o el enfriamiento de la materia fundida. Finalmente, las nanofibras
electrohiladas, estiradas y solidificadas se depositan sobre una superficie colectora formando un
velo nanofibroso [56].

A pesar de su basico concepto, que implica la aplicacién de un campo eléctrico a una solucion
viscoelastica para producir nanofibras, la variabilidad y complejidad inherentes a la técnica
demandan una consideracion minuciosa de diversos parametros.
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1.3.2. Parametros

Para lograr un resultado dptimo en el proceso de electrohilado, es esencial tener en consideracion
una extensa variedad de parametros.

Estos pueden clasificarse en tres categorias: aquellos determinados por la composicion de la
solucion de polimero y disolvente, los asociados al propio proceso de electrohilado, y los
vinculados a las condiciones ambientales del lugar donde se lleva a cabo el experimento. La
modificacion de estos parametros ejerce un impacto significativo, especialmente sobre la
morfologia y el didmetro de las nanofibras resultantes.

1.3.2.1. Parametros de la solucion

Las caracteristicas fisicas y quimicas de la solucion a extruir determinan ciertos pardmetros que
influyen directamente en la calidad y caracteristicas de las nanofibras producidas. A continuacion,
se explican brevemente la influencia de cada uno de estos parametros:

Concentracion de la solucion

La formacidn de fibras en el proceso de electrohilado se ve significativamente influenciada por la
concentracion de la solucidon polimérica. Este factor desempefia un papel crucial, ya que se
encuentra estrechamente ligado a la viscosidad y la tension superficial de la solucion, factores
determinantes en el desarrollo de las fibras.

Cuando se presenta una concentracion muy baja, la capacidad de hilatura es deficiente, por lo que
debido a la tension superficial de la solucion se genera un proceso de electropulverizacion, es
decir, se forman gotas dirigidas hacia el colector en lugar de nanofibras. Cuando se emplea una
concentracion media, el electrohilado se produce de forma inestable lo que ocasionara la aparicion
de perlas en la seccion longitudinal de las nanofibras [61].

Al emplear concentracion de materia en la solucion altas se obtienen nanofibras sin perlas,
ademas, multiples estudios han demostrado que el aumento paulatino de la concentracion deriva
en distancias promedio mas grandes entre perlas, el cambio de forma de perla esférica a forma de
huso y la obtencion de diametros mayores [61].

Peso molecular

El peso molecular de los polimeros influye en su comportamiento y capacidad para formar
estructuras entrelazadas en soluciones. En general, polimeros con pesos moleculares mas altos
tienden a exhibir una mayor capacidad de entrelazamiento debido a sus largas cadenas, lo que
favorece la formacion de redes tridimensionales.
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Aparecen nanofibras perladas cuando se utilizan polimeros con bajo peso molecular, sin embargo,
estas pueden desparecer cuando se emplea un material con un alto peso molecular, aunque se
utilice una baja concentracion en la solucion polimérica [61,62].

Viscosidad

La viscosidad es otro parametro crucial en el electrohilado, desempefia un papel fundamental en
la determinacion del diametro y la morfologia final de las nanofibras. Una viscosidad baja resulta
en la formacion de gotas en lugar de fibras continuas, ya que la solucion gotea a través del capilar.
Por el contrario, una viscosidad demasiado alta puede obstruir el capilar, impidiendo la salida de
la solucion y evitando de igual forma la formacion de nanofibras. Por lo tanto, es esencial
encontrar un equilibrio 6ptimo entre la viscosidad y la concentracién de polimero en la solucion
para lograr los didmetros deseados en las nanofibras. En general, a mayores valores de viscosidad
y concentracion, se obtienen fibras con mayor diametro y uniformidad [63,64].

Incremento de la viscosidad

Figura L. 5. Influencia de la viscosidad sobre la morfologia de las nanofibras [63].

Tension superficial

Este parametro tiene un efecto importante sobre la morfologia de las nanofibras electrohiladas. El
coeficiente de tension superficial depende directamente del polimero y del disolvente utilizados.
Investigaciones han demostrado una disminucion en la formacion de perlas al disminuir la tension
superficial y lograron obtener nanofibras manteniendo concentraciones constantes [61].

Conductividad

La conductividad en el proceso de electrohilado estd influenciada por varios factores, incluido el
tipo de polimero utilizado, el solvente empleado y la capacidad de incorporar sales ionizables. Se
ha comprobado que el incremento en la conductividad de la solucién provoca una reduccion en
el diametro de la fibra y un aumento en su alargamiento. En contraste, cuando la conductividad
es baja, indicando un transporte limitado de iones cargados, no se logra el alargamiento necesario
para obtener una fibra uniforme, y en su lugar se forman perlas en su seccion.
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Para mejorar la conductividad de la solucion, se pueden agregar sales, lo que resulta en una mayor
uniformidad de las fibras y una disminucién en la formacion de perlas [62].

Volatilidad del solvente

La eleccion del disolvente desempefia un papel de suma importancia en el proceso de
electrohilado. La solubilidad del polimero en el disolvente y el punto de ebullicion del disolvente
son aspectos clave que deben considerarse cuidadosamente al seleccionar el disolvente adecuado.
Se prefieren los disolventes volatiles, ya que facilitan la deshidratacion de las nanofibras a lo largo
de la trayectoria desde la punta del capilar hasta la superficie colectora. Ademas, un bajo punto
de ebullicion resulta en una rapida tasa de evaporacion.

No obstante, es importante evitar disolventes altamente volatiles con puntos de ebullicion
extremadamente bajos, ya que podrian evaporarse directamente en la punta del capilar, causando
obstrucciones y afectando el flujo de la solucioén de polimero. Por otro lado, los disolventes con
puntos de ebullicion elevados pueden no deshidratarse completamente antes de llegar al colector,
lo que puede resultar en una morfologia de nanofibras plana y en forma de cinta o en una
aglomeracion de nanofibras sin solidificarse completamente [54].

1.3.2.2. Parametros del proceso

Como se ha mencionado previamente, la obtencioén de resultados satisfactorios en el proceso de
electrohilado no solo depende exclusivamente de los pardmetros de la solucion, sino que también
esta influida por los otros que estan directamente involucrados en la fase de produccion.

Voltaje aplicado

La influencia del voltaje en el proceso de electrohilado de nanofibras es un factor de gran
relevancia. Estudios existentes han generado perspectivas divergentes sobre su efecto. Se ha
observado que cuando la viscosidad es muy baja, no se logra una formacion continua de fibras,
mientras que una viscosidad excesivamente alta dificulta la expulsion fluida de los chorros de la
solucion polimérica. Esto destaca la importancia de mantener una viscosidad Optima para el
proceso de electrohilado [62].

Por un lado, algunos investigadores sostienen que el aumento del voltaje conlleva a una mayor
cantidad de solucion en el chorro, resultando en la obtencion de fibras con un didmetro de mayor
tamarfio [65,66]. Por el contrario, otros autores sugieren que el aumento del voltaje aplicado
incrementa las fuerzas de repulsion del campo eléctrico, estirando mas el chorro y, por ende,
disminuyendo el diametro de la fibra [61,67].

Es importante sefialar que niveles de voltaje excesivamente altos pueden dar lugar a la formacion
de perlas en el resultado final. Por otro lado, aplicar un voltaje demasiado bajo puede obstaculizar
el proceso de electrohilado, ya que las fuerzas de repulsion pueden no superar la tension
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superficial de la solucion, impidiendo la formacién de fibras de manera efectiva. Este equilibrio
en la aplicacion del voltaje es crucial para obtener resultados controlados y reproducibles en el
electrohilado de nanofibras [61].

Caudal de alimentacion

Para mantener una produccion continua en el proceso de electrohilado, es esencial mantener un
caudal minimo constante. Investigaciones han demostrado que se logran resultados superiores,
como la obtencion de fibras lisas y uniformes, cuando se utiliza un caudal de alimentacion mas
bajo, pues de esta forma la solucidn tiene tiempo de polarizarse adecuadamente [54,61,62].

Contrariamente, al emplear un caudal de alimentacion alto, se acelera la expulsion del chorro, lo
que puede llevar a que el disolvente no se evapore completamente y la nanofibra no se solidifique,
resultando en la formacién de nanofibras gruesas y perladas. Un flujo muy alto puede ocasionar
directamente un goteo continuo de la solucion.

Generalmente se prefiere aplicar un flujo de alimentacion bajo para mantener una produccion del
chorro de nanofibras continuo y estable.

Distancia entre electrodos

El espacio existente entre el electrodo extrusor y el colector ejerce su influencia en el tiempo
disponible para que el solvente se volatilice, impactando asi directamente en la morfologia de las
fibras [68].

Se requiere una distancia minima entre los electrodos para permitir que el disolvente se evapore
adecuadamente después de la expulsion del chorro, de lo contrario, se obtiene un resultado con la
presencia de perlas. A medida que se incrementa la distancia entre los electrodos, las fibras
resultantes tienen un didmetro menor debido al mayor estiramiento que experimenta el chorro
durante el proceso de electrohilado [54]. No obstante, es importante destacar que tanto distancias
extremadamente grandes como extremadamente pequefias pueden propiciar la formacién de
nanofibras perladas debido a la inestabilidad del chorro [61,69].

Morfologia de la superficie colectora

El aspecto de la superficie donde se depositan las nanofibras electrohiladas puede influir en gran
medida a la formacion de los velos.

Los resultados de nanofibras alineadas se pueden conseguir en funcion de la superficie recolectora
elegida y su velocidad de rotacion. Se debe prestar atencion a la conductividad de la superficie
recolectora, esta no debe interferir en el voltaje aplicado durante el proceso, pues podria alterar la
distribucion y deposicion uniforme de las nanofibras.

El uso de colectores metalicos y conductores facilita la reduccion de las cargas vy,
consecuentemente, de las fuerzas de repulsion entre las fibras. Esto se traduce en la obtencion de
fibras con superficies lisas y estructuras mas densas [61].
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En apartados posteriores se ahondara en la variabilidad de los dispositivos de recoleccion de
nanofibras utilizados en la electrohilatura.

1.3.2.3. Parametros ambientales

Ademas de los factores relacionados con el proceso de electrohilado y la composicion de la
solucion, se ha sefialado recientemente la influencia de las condiciones ambientales, como la
humedad relativa, la temperatura y la presion del aire, sobre el didmetro y la morfologia de las
nanofibras.

Temperatura ambiente

Se ha evidenciado una relacion inversa entre la viscosidad y la temperatura; a medida que la
temperatura aumenta, la viscosidad de la solucion disminuye, lo que puede resultar en la aparicion
de nanofibras mas delgadas con un didmetro inferior [54,62].

De igual forma, una temperatura alta puede causar una evaporacion mas rapida del solvente, sin
embargo, este aspecto puede provocar la obstruccion del componente extrusor al solidificarse
directamente sobre la punta del capilar.

Humedad relativa

La presencia de humedad durante el electrohilado muestra un impacto significativo en la
morfologia de las nanofibras.

Investigaciones han corroborado que el incremento de la humedad durante el proceso de
electrohilado conlleva a la aparicion de diminutos poros circulares en la superficie de las
nanofibras, asi como a un aumento en su nimero, didmetro, forma y distribucion. Una humedad
relativamente baja produce fibras con un diametro pequefio, mientras que, una humedad alta
produce fibras mas gruesas y generalmente porosas. Ademas, la orientacion de las nanofibras
sobre la superficie colectora puede desaparecer con una humedad elevada [70].

En condiciones de humedad extremadamente baja, un disolvente volatil tiene la capacidad de
evaporarse a un ritmo acelerado. En ocasiones, la velocidad de evaporacion es tan veloz en la
punta de la capilar que puede generar problemas en el proceso de electrohilado [70].

Presion del aire

El electrohilado debe llevarse a cabo bajo condiciones de presion atmosférica. Si se producen
fluctuaciones en la presion del aire durante el proceso, es probable que surjan inestabilidades en
el chorro de electrohilado. Estas variaciones también pueden incidir en la volatilidad del solvente
empleado en la solucion, lo que a su vez puede afectar la morfologia final de la nanofibra [69].
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1.3.3. Variabilidad del equipo de electrohilado

A lo largo de los afios, la técnica de electrohilado ha experimentado una evolucién notable,
respaldada por una extensa investigacion y desarrollo, lo que destaca su versatilidad en el proceso
y la obtencioén de resultados.

Se han introducido diversas variaciones en los componentes de la maquinaria de electrohilado,
tanto en los sistemas de extrusion de la solucion como en la tipologia del colector. Aunque el
sistema convencional de extrusion sigue siendo mediante un capilar monoaxial conectado a una
jeringa que contiene una solucion polimérica, se han explorado alternativas como el capilar
coaxial [71], triaxial [72] e incluso multiaxial [73]. Estas configuraciones permiten la produccion
de nanofibras de distintos materiales u otras que incluyen principios activos o aditivos en su
interior, siendo denominadas fibras nicleo-membrana. Ademas, se ha investigado la produccion
de fibras con dos componentes lado a lado [74], como en el electrohilado de soluciones en
emulsion, donde un compuesto inmiscible se encuentra en una fase dispersa [75], entre otros
métodos, como se ilustra en la Figura I.6.

Este nivel de diversificacion en la técnica de electrohilado ha ampliado significativamente las
posibilidades de disefo y aplicacion de nanofibras en diversas areas [75].
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Asimismo, la versatilidad del proceso de electrohilado se evidencia en la diversidad de elementos
utilizados para la extrusion de la solucion polimérica. No se limita inicamente al uso de capilares,
sino también se han encontrado estudios que emplean diversos elementos metalicos parcialmente
sumergidos en la solucién polimérica.

La Figura [.7. muestra la variedad de elementos empleados con este proposito, destacando formas
como conicas, cilindricas, esféricas, en espiral, en forma de disco o compuestos de eslabones.
Esta amplia gama de opciones para la extrusion refleja la adaptabilidad del electrohilado a
distintas configuraciones experimentales, ofreciendo oportunidades para la optimizacion del
proceso y la obtencion de nanofibras con propiedades especificas [76].

Otro enfoque para la extrusion de la solucion polimérica implica el uso de superficies no
sumergidas en la disolucién, las cuales se cubren con la solucion mediante una alimentacion
continua, tal como se representa en la Figura 1.8.

Estos métodos de extrusion ofrecen ciertas ventajas frente a las técnicas que empelan capilares
extrusores. Con estos elementos extrusores se consigue una mayor productividad de electrohilado
debido a la generacion de una mayor cantidad de conos de Taylor a lo largo de toda la superficie.
Sin embargo, también presentan algunas desventajas, como la rapida evaporacion del solvente
cuando es volatil, lo que podria resultar en una modificacion en la concentracion del polimero en
la solucion [77].

36



Capitulo 1. Introduccion

(e

(b) Solution | @ — (d)

Solution

(a) o Free-surface .{5}

Solution electrospinning

distributor L5 o
Stationary type spinnerets -
Solution inlet — _5_
9 (f Core slit
5 Sheath slit
Solution
FESEFVOIF

Solution inlet |

Figura I. 8. Componentes extrusores no sumergidos para el electrohilado [62].

No solo ha habido innovaciones en los componentes de extrusion del electrohilado, sino que
también se han empleado diversas superficies colectoras. Estas superficies pueden configurarse
en disposicion vertical u horizontal [62]. No obstante, se presenta un inconveniente en la
disposicion horizontal del colector, como se muestra en la Figura 1.9., ya que, si la solucién posee
baja viscosidad, es posible que esta se escape por el capilar y caiga sobre la superficie en forma
de gotas, generando defectos en la superficie nanofibrosa recogida y provocando un electrohilado
inestable. Entre los colectores empleados, segtin la bibliografia, se encuentran superficies planas,
rejillas, cilindros rotatorios, discos giratorios y cilindros rotatorios compuestos de alambres, entre
una gran variedad [69,78].
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Ademas, la aplicacion final del velo de nanofibras en diversos sectores ha propiciado una sinergia
entre la técnica del electrohilado y la tecnologia 3D. La impresion 3D es capaz de fabricar
multitud de elementos con formas completamente diversas, los cuales posteriormente pueden
utilizarse como superficies colectoras de nanofibras. El proceso de electrohilado se realiza
directamente sobre el colector impreso en 3D, adaptandose el velo nanofibroso a la morfologia
presentada, posteriormente, se pueden retirar las nanofibras del soporte obteniéndose asi un velo
nanofibroso con una forma exactamente idéntica a la del colector [79,80].

Figura I.11. Sinergia entre la tecnologia de impresion 3D y la técnica del electrohilado [80].

1.3.4. Estados del polimero

Para lograr resultados 6ptimos en la electrohilatura, es esencial contar con una solucioén que posea
caracteristicas especificas, siendo la viscoelasticidad un factor importante. La viscoelasticidad de
la solucion es vital porque influye directamente en la formacion y estabilidad de las fibras durante
el proceso de electrohilatura. Una solucion viscoelastica permite una adecuada fluidez y
deformacion bajo la accion de las fuerzas aplicadas durante el proceso de electrohilado,
facilitando asi la formacion de fibras finas y uniformes.

Hasta la fecha la electrohilatura se ha empleado en multitud de sectores muy diversos, los cuales
poseen unos requerimientos técnicos muy diferentes, por esta razén multitud de investigadores
han utilizado materias primas muy diversas para preparar las soluciones a electrohilar.
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A continuacion, se detallan distintos métodos de preparacion de la solucidon requerida para el
proceso de electrohilado.

1.3.4.1. Disolucion

El método de disoluciéon es el mas sencillo, se disuelve la materia polimérica en un solvente
adecuado para formar una solucion. Como se discutio anteriormente, la eleccion del polimero y
del solvente es critica para obtener una solucidn viscoelastica que permita la formacion de fibras
nanométricas segun los requerimientos de su aplicacion.

Multitud de investigaciones han empelado tanto polimeros de origen sintético como de origen
natural. Algunos de los polimeros sintéticos mas utilizados en el electrohilado son el poli(acido
L-lactico) (PLA) [81-83], poli(alcohol vinilico) (PVA) [84,85], policaprolactona (PCL) [86],
poliuretano termoplastico (TPU) [87,88], entre muchos otros.

Por otra parte, la celulosa [89,90], quitosano [91,92], almidon [93,94] o el algitano [95,96] son
algunos de los polimeros de origen natural mas utilizados en la técnica del electrohilado. La
aplicacion de estos polimeros de origen natural facilita la biodegradacion, biocompostabilidad y
biocompatibilidad de los productos finales.

En el presente proyecto el polimero seleccionado ha sido el PVA, este es un polimero
polihidroxivinilico soluble en agua. A diferencia de muchos otros polimeros que son hidréfobos,
el PVA tiene grupos hidroxilo (-OH) en su estructura, este lo confiere propiedades hidrofilicas.
Debido a su cualidad biodegradable, su simple limpieza, seguridad, excelente resistencia quimica,
su estabilidad térmica y la capacidad de modificarse facilmente a través de sus grupos -OH, se ha
utilizado ampliamente en procesos de extrusion en caliente. Ademas, el PVA, mediante un facil
proceso de reticulacion es posible transformarlo en un polimero hidréfobo, esta cualidad aumenta
exponencialmente su aplicabilidad [84, 97-99].

El método de disolucion se posiciona como el fundamento basico, del cual derivan los métodos
de emulsion y dispersion, explicados en los siguientes apartados. En este enfoque, la disolucion
actlia como la base primaria, estableciendo el punto de partida para la evolucion de procesos
secundarios como la emulsion y la dispersion con la finalidad de anadir diversos compuestos que
aporten nuevas caracteristicas o faciliten el proceso y obtencion de nanofibras.

1.3.4.2. Emulsion

Una emulsion se define como una mezcla coloidal de dos liquidos inmiscibles, como agua y
aceite. La fase dispersa, que en este caso podria ser el polimero, se dispersa en forma de pequefias
micelas o “gotas” en la fase continua, que podria ser el solvente. En muchas ocasiones se hace
uso de un agente tensioactivo que se encarga de reducir la tension superficial entre las dos fases.
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Generalmente, la estabilidad de la emulsion es un factor clave para su utilidad, es decir, la fase
dispersa debe mantenerse estable en forma de micela durante el tiempo en la fase continua. Para
encontrar esta estabilidad y evitar la coalescencia de la fase dispersa se hace uso de agentes
estabilizantes.

En la electrohilatura, las emulsiones desempefian un papel fundamental al dotar de nuevas
caracteristicas a las nanofibras producidas. Ademas, la eleccion cuidadosa de los componentes de
la emulsién permite la introduccion de funcionalidades adicionales, como propiedades hidréfobas
o capacidades de liberacion controlada, ampliando asi las aplicaciones potenciales de las
nanofibras electrohiladas en diversos campos, desde la medicina hasta la industria del packaging.

Por ejemplo, investigadores desarrollaron una técnica para la administracion de farmacos
insolubles en agua mediante la encapsulacion de tangeretina (TAN) por medio de una emulsion
con PVA/PAA como fase continua [100]. Otro ejemplo utilizé una emulsion de PLA/GG y aceite
esencial de tomillo para electrohilar un sistema prometedor en la seguridad y vida util de los
alimentos envasados [101].

La incorporacion estratégica de emulsiones en el proceso de electrohilatura se convierte asi en
una herramienta versatil para desarrollar multitud de investigaciones que buscan personalizar las
propiedades de las nanofibras a medida que avanzan en la innovacion de materiales avanzados.

Multitud de investigaciones han sustituido la adicion directa del principio activo embebido en el
polimero por la microencapsulacion de este. Esta técnica es particularmente util cuando se
requiere una liberacion direccional del principio activo en momentos o en lugares especificos.
Los principales beneficios que se generan frente a la retencion del principio activo embebido en
el polimero son:

e Lamicroencapsulacion proporciona una barrera fisica mas robusta alrededor del principio
activo, ya que este queda contenido dentro de una capsula. Esto puede ofrecer una mayor
proteccion contra factores externos como la luz, el oxigeno y la humedad, lo que resulta
en una mayor estabilidad y vida util del principio activo.

e La microencapsulacion permite la inclusion de principios activos que podrian ser
incompatibles con el polimero en la forma de distribucion homogénea. Esto amplia la
gama de principios activos que pueden ser utilizados en una formulacion.

e Dependiendo de la formulacion de las microcapsulas, se puede lograr una liberacion
controlada a lo largo del tiempo o en respuesta a condiciones especificas (por ejemplo,
pH, temperatura, presion). En el caso planteado en esta tesis, la liberacion se produce por
presion. Esto puede ser crucial en aplicaciones farmacéuticas, cosméticas o en sistemas
de liberacion controlada para agricultura o textiles técnicos.

e La concentracion de principio activo en la microcapsula es mayor que si se retiene de
forma homogénea en el polimero, por lo que su liberacion da lugar a mayores cantidades.
Aunque se debe resaltar que ello hace que se pierda homogeneidad de concentraciones a
lo largo del velo de nanofibras. En aplicaciones donde las propiedades organolépticas son
criticas (como en la industria cosmética o alimentaria), la concentracion del principio
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activo puede ser critica, y la microencapsulacion puede permitir una liberacion de
fragancias o sabores de manera mas controlada y precisa, con cantidades que sean
sensibles a la pituitaria o a las papilas gustativas.

1.3.4.3. Dispersion

En este método, la materia se dispersa en el solvente sin llegar a formar una solucion homogénea.
Las particulas se distribuyen en el solvente, y la estabilidad de esta dispersion es crucial para el
proceso de electrohilado.

Una inadecuada dispersion de las particulas puede llegar a formar agregados, lo cual, en funcién
del tamafio es capaz de obstruir el componente extrusor del equipo de electrohilatura e impedir la
realizacion de un proceso uniforme.

Al igual que el método de emulsion, la dispersion ofrece la posibilidad de anadir multiples
compuestos a una solucién inicial, obteniendo de esta forma una mejora en el proceso de
electrohilatura por la modificacion de distintos parametros, o nuevas cualidades en las nanofibras.
Algunos autores han investigado la adicion de aditivos conductores (pigmentos) en una solucion
de PLA con la finalidad de observar como decrece el didmetro de las nanofibras al aumentar la
conductividad de la dispersion [102].

La adicion de nanoparticulas mediante dispersion también ha sido ampliamente estudiada como
una alternativa para la elaboracion de soluciones para electrohilar. Por ejemplo, autores han
afladido didxido de titanio (TiO,) a una solucion polimérica con la finalidad de obtener velos
nanofibrosos con capacidad autolimpiante, con proteccion UV vy actividad antibacteriana [28,
104]. Otra particula ampliamente utilizada por sus excepcionales caracteristicas es la plata (Ag),
por ejemplo, su adicion en un velo nanofibroso de acetato de celulosa y nanotubos de carbono
propicid un efecto antibacteriano de larga duracion [104].

En resumen, el método de dispersion emerge como una técnica altamente efectiva para la
introduccion de diversos compuestos en soluciones, posibilitando la distribucion uniforme de
particulas.

1.3.5. Aplicabilidad de las nanofibras

La evolucion tecnoldgica y la diversificacion en la produccion de nanofibras han impulsado la
innovacion en diversos sectores gracias a sus caracteristicas unicas y singulares. Estas nanofibras
ofrecen una excepcional relacion entre superficie y volumen, una cualidad inigualable por otras
estructuras textiles. Esta particularidad ha adquirido especial relevancia en la fabricacion de
estructuras laminares no tejidas.
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Filtracion

Un campo donde el electrohilado se presenta como una técnica altamente prometedora para
mejorar la eficiencia en la produccion es el sector de la filtracion. La demanda en este ambito
experimentd un crecimiento significativo en un periodo breve, impulsado por la emergencia del
Covid-19, lo que ha estimuld la innovacidon en productos con alta capacidad filtrante. Las
membranas de nanofibras, caracterizadas por su tamafio de poro y fibra en el rango nanométrico,
una elevada relacion entre area superficial y volumen, asi como una alta cohesion superficial,
ofrecen una eficiencia de filtracion notable frente a particulas de tamafio inferior a 0,5 um [66].

Se han disefiado estructuras nanofibrosas para prevenir la inhalacidon de particulas con diametros
inferiores a 2,5 um, las cuales segiin muchos estudios pueden provocar serios problemas en el ser
humano, tales como cancer, asma, insuficiencia cardiaca e incluso la muerte [105].

Las membranas electrohiladas presentan la capacidad de simular filtros en entornos hiumedos,
filtrar particulas del aire [106], absorber sustancias toxicas de gases y aguas residuales [107], asi
como separar agua y aceite [ 108]. Ademas, demuestran cualidades aislantes tanto actsticas [109]
como térmicas [110].

Medicina

Actualmente, las nanofibras estan siendo aplicadas de manera destacada en el ambito de la
medicina, desempefiando un papel fundamental como sustituto bioldgico y soporte para la
reconstruccion, cuidado y mejora de tejidos nerviosos y musculares. La investigacion en
materiales biocompatibles ha avanzado de forma paralela a la aplicacion del electrohilado. La
formacion de velos de nanofibras compatibles con los tejidos humanos se utiliza como matriz
para el crecimiento celular, la cicatrizacion y la formacién de nuevas matrices extracelulares
naturales [111].

Otra faceta interesante en el uso de las nanofibras en el sector de la biomedicina es su aplicacion
en la administracion controlada de farmacos. La alta area especifica lograda mediante la técnica
del electrohilado, junto con la variabilidad en diametros y morfologia de las fibras, asi como la
facilidad de procesamiento y la flexibilidad en la seleccion de materiales, son aspectos destacados
y deseados para esta aplicacion.

Se proponen dos métodos de encapsulacion de compuestos farmacologicos en las nanofibras. En
el primero, se mezcla el farmaco con la solucidon polimérica, lo que da como resultado nanofibras
con el farmaco posiblemente ubicado en la superficie, permitiendo una liberacion instantanea del
compuesto. En el segundo método, se crean nanofibras con una estructura nucleo-membrana,
donde el agente farmacoldgico suele encapsularse en el interior de la membrana. Este enfoque
logra inhibir la liberacion inicial instantanea, permitiendo un rendimiento controlado y mas
prolongado [112], util, por ejemplo, en tratamientos oncoldgicos por quimioterapia [113] o en
apositos para heridas crénicas como ulceras [114].
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Equipos de proteccion

Las membranas de nanofibras surgen como una opcion ideal para la fabricacion de ropa de
proteccion, gracias a sus propiedades fundamentales de ligereza, amplia area superficial,
permeabilidad al aire y al vapor de agua debido a su tamafio de poro minusculo, eficiencia de
filtracion destacada, y resistencia a la penetracion de aerosoles de agentes quimicos perjudiciales.
La técnica de electrohilado ha sido empleada en la produccion de prendas de proteccion contra
micro/nanoparticulas [115], liquidos [116], productos quimicos [117], microorganismos [118] y
exposicion térmica (calor, calor radiante y superficies calientes) [119].

Packaging

La aplicacién de nanofibras en el sector del embalaje es méas reciente que en muchos otros casos.
El nuevo enfoque se orienta hacia la incorporacion de agentes activos en los materiales de
embalaje con el objetivo de mejorar la seguridad y calidad de los alimentos. Especificamente, la
fusion de antioxidantes con los materiales de embalaje pretende contrarrestar el deterioro de
propiedades fisicas, tales como el sabor y el color de los productos alimentarios [120].

El electrohilado no solo elimina posibles sabores u olores indeseados de los nutrientes, sino que
también facilita la inmovilizacién de células y enzimas, permite la liberacion controlada de
agentes bioactivos, mejora la viabilidad de los probidticos y simplifica su manipulacion.
Asimismo, contribuye a la creacion de alimentos funcionales [120].

Autores han disefiado nanofibras de gelatina para usarse como agentes espesantes, estabilizadores
para emulsiones alimentarias y para ralentizar la separacion del aceite de los alimentos. También
se han preparado una mezcla de nanofibras de quitosano y celulosa, la cual ha obtenido buenas
cualidades mecénicas y actividad anti-oxidante, asi como una capacidad de doblarse sin
agrietarse, lo cual podria aplicarse a un envase de alimentos activos [121].

También se han encapsulado multitud de proteinas en velos nanofibrosos, tales como: proteina de
soja, proteina de suero, zeina, caseina, colageno, entre otras [120].

Almacenamiento de energia

Las aplicaciones de las nanofibras se han ampliado significativamente en el dmbito de la
generacion y almacenamiento de energia. Estas incluyen su utilizacion en baterias de iones de
litio, supercondensadores flexibles, portatiles y ligeros. Ademas, se han sintetizado nanofibras
como material de fotoelectrodo en las células solares sensibilizadas por colorante (DSSC), y se
exploran velos nanofibrosos que actian como generadores de energia piezoeléctricos. También
se ha investigado su aplicacion en el almacenamiento y generacion de hidrogeno, con el objetivo
de impulsar fuentes de energia basadas en combustibles renovables [ 122].
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Sensores

Otro ambito donde las nanofibras encuentran aplicacion es en el diseflo de biosensores para la
deteccion de diversos parametros bioldgicos y su conversion en una sefial. Estos sensores se
distinguen por su rapida respuesta, alta sensibilidad y excelente biocompatibilidad en
comparacion con los sensores convencionales. Se han desarrollado diversos tipos de biosensores,
como termométricos, Opticos, impedimétricos y electroquimicos [123]. Ademas, se han llevado a
cabo investigaciones en la creacion de sensores electrohilados capaces de detectar la glucosa [ 124]
y, de manera notable, de identificar ciertos tipos de cancer, asi como de realizar la monitorizacion
continua del oxigeno en las células tumorales [125].

Tratamiento enzimatico

Las enzimas, catalizadores biologicos altamente especificos, enfrentan limitaciones en sus
aplicaciones debido a su inestabilidad y la falta de reutilizacion. Una estrategia eficaz para superar
estas restricciones es la inmovilizacion de enzimas en una matriz polimérica.

Se han estudiado multitud de métodos de inmovilizacién enzimatica, siendo uno de ellos su
incorporacion en nanofibras. Su incorporacion en velos nanofibrosos le aporta multitud de
ventajas como la estabilizacion, la posibilidad de recuperacion y reutilizacion, ademas de la propia
cualidad de las nanofibras producidas por electrohilatura de tener una elevada relacion superficie-
volumen, lo cual permite un mayor contacto de las enzimas con el sustrato.

Diversos estudios han utilizado multitud de nanofibras con enzimas en su composicion, tales
como: celulasa [126], glucosa oxidasa [124], lacasa [127], lipasa, entre otras [128].
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Capitulo 11
Objetivos y planificacion

I1.1. Objetivo general

En la actualidad, la funcionalizacion de textiles ha emergido como un campo de investigacion
clave en la busqueda de soluciones innovadoras para mejorar y expandir las propiedades y
aplicaciones de los materiales textiles. La encapsulacion de compuestos funcionales mediante la
electrohilatura se presenta como una técnica prometedora en este contexto, a partir de la cual se
pueden fabricar infinidad de nuevos productos de manera eficiente y controlada.

El objetivo general de este trabajo se basa en la funcionalizacidon de las nanofibras mediante la
técnica de electrohilatura. Dado que se trata de un objetivo muy genérico, se debe acotar el tipo
de funcionalizacién que se persigue, para ello se recurre a la funcionalizacion mediante dos
procesos de electrohilatura, la electrohilatura de emulsion y la electrohilatura de dispersion.
Concretamente, se persigue entender el comportamiento de la nanofibra con los principios activos
empleados y definir posibles aplicaciones.

Por un lado, se recurrira a estudiar la viabilidad de encapsular aceites esenciales que puedan
aportar las propiedades que derivan del aceite encapsulado, tomillo y salvia. La combinacion de
los aceites esenciales con la disolucién de PVA implica la formacion de emulsiones (O/W) lo que
deriva en la electrohilatura de emulsion.
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Por otro lado, se pretende estudiar la funcionalizacion de las nanofibras mediante la
electrohilatura de dispersion. En este caso en la disolucion de PVA empleado como polimero se

dispersara curcuma que es insoluble y se caracteriza por poseer un comportamiento halocrémico.

I1.2. Objetivos especificos

Con la finalidad de alcanzar satisfactoriamente el objetivo principal se han establecido una serie
de objetivos especificos que han sido desarrollados a lo largo de la tesis doctoral. Estos objetivos
han sido:

Electrohilatura de emulsion

La disoluciéon de PVA se caracteriza por ser altamente hidrofilica. Los aceites esenciales de
tomillo y salvia al ser de base oleosa dan lugar a que se trate de liquidos inmiscibles. Ello permite
tomar como punto de partida que es factible obtener emulsiones, aunque se deberan definir
aditivos como los tensioactivos que nos ayuden a dotar de estabilidad a las emulsiones, como
minimo durante un periodo de tiempo que sea superior al tiempo que dura el proceso de
electrohilado. Partiendo de una emulsion relativamente estable, se genera la hipdtesis de partida:
La electrohilatura de emulsiones puede derivar en la encapsulacion de los aceites. Definiendo,
por tanto, algunos de los objetivos secundarios de esta tesis:

e Determinar la presencia de los aceites en las nanofibras o si se han volatilizado durante
el proceso de formacion del cono de Taylor y la posterior evaporacion del disolvente.

e Estudiar la viabilidad de encapsular los aceites en estado liquido en la red de nanofibras.

e Evaluar la influencia de la emulsion en las nanofibras.

Electrohilatura de dispersion

La disolucion de PVA contendra clrcuma, rica en curcumina, principio que es insoluble en
disoluciones acuosas y soluble en grasa y aceites. Dado que la variacion de color de la circuma
en funcion del pH del medio se debe a su alteracion tautomérica, en este caso se plantea la
hipdtesis de ver si se mantiene el comportamiento halocrémico una vez queda atrapada en la
matriz polimérica y por tanto los objetivos secundarios que derivan de esta parte seran:

e Evaluar el efecto de la incorporacion de un agente reticulante como el acido citrico (CA)
en la matriz polimérica.

e Estudiar el efecto de la matriz polimérica en el halocromismo de la cliircuma una vez se
encuentra dispersada en una matriz polimérica de PVA.
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En la Figura II.1. se representa la planificacion de forma esquematica de la fase de investigacion
para la consecucion de los objetivos planteados.
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Figura IL. 1. Planificacion de la fase de investigacion.
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Capitulo III.
Contribuciones académicas

En este capitulo se incluyen las contribuciones académicas de articulos y conferencias realizadas
que no han sido incluidas en el compendio de la tesis (ver Anexos).

Estos estudios realizados simultaneamente al desarrollo de la tesis han sido de gran ayuda para
evaluar la influencia de varios factores sobre la produccion y morfologia de las nanofibras, asi
como optimizar las variables de proceso que permiten el desarrollo de los procesos descritos en
los articulos de los que se compone la tesis.

Revistas técnico-divulgativas

e Minguez-Garcia, David; Capablanca, Lucia; Montava-Segui, Ignacio; Diaz-Garcia,
Pablo. (2022) Nanofibras sobre sustratos textiles. Revista de Quimica e Industria
Textil, 24, 24 - 29. (Anexo I).

o En este estudio se analiza la influencia del tiempo de proceso y el tipo de sustrato
textil colector sobre la deposicion de las nanofibras.

= Debido a los resultados obtenidos respecto a la diferencia de deposicion
de nanofibras en funcion del tiempo, se decidié realizar 2 tiempos de
proceso diferentes en el articulo /V.2. PVA Nanofibers as an Insoluble pH
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Sensor. También fue decisivo para la utilizacion de un tejido de calada
en los articulos IV.I. Liquid Oil Trapped inside PVA Electrospun
Microcapsules y IV.3. Emulsion Nanofibres as a Composite for a Textile
Touch Sensor.

e Minguez-Garcia, David; Diaz-Garcia, Pablo; Montava-Segui, Ignacio; Bonet-
Aracil, Marilés. (2023) Influencia del estado de agregacion de los principios activos
encapsulados en la morfologia de las nanofibras. Revista de Quimica e Industria
Textil, 247, 43 - 47. (Anexo II).

o Este estudio se basa en determinar la influencia del estado en el que se encuentra
el material a encapsular en las nanofibras sobre la morfologia final de estas.

= Este estudio fue el primer paso para determinar que existia una influencia
entre las nanofibras electrohiladas a partir de una solucion emulsionada
o dispersada. Los resultados instaron a realizar una comparativa en el
estudio /V.3. Emulsion Nanofibres as a Composite for a Textile Touch
Sensor.

Conferencias nacionales

e Minguez-Garcia, David; Bou-Belda, Eva; Montava-Segui, Ignacio; Diaz-Garcia,
Pablo (2022). Evaluacion de la influencia de la vellosidad de los tejidos en la
deposicion de nanofibras. EN IX Congreso I+D+i Campus de Alcoi. Creando
sinergias. (177 - 180). Alcoy, Espafia: Compobell, S.L. (Anexo III).

o En esta conferencia se expone la influencia de que un sustrato, en funcion de su
tipo de hilo, presente cierta vellosidad en su superficie sobre la deposicion de
nanofibras en esta.

= Los resultados fueron determinantes para seleccionar un tejido
conformado por filamentos para obtener una deposicion homogénea en
los articulos V1. Liquid QOil Trapped inside PVA Electrospun
Microcapsules y 1V.3. Emulsion Nanofibres as a Composite for a Textile
Touch Sensor.

o Lopez-Ricart, Maria; Minguez-Garcia, David; Bou-Belda, Eva; Diaz-Garcia, Pablo
(2023). Desarrollo de NF de PVA insolubles en H20. EN X Congreso I+D+i Campus
de Alcoi. Creando sinergias. (85 - 88). Alcoy, Espaiia: Compobell, S.L. (Anexo IV).

o Esta conferencia explica el proceso para obtener velos de nanofibras de PVA
insolubles en H»O utilizando acido citrico.
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= El proceso analizado se sigui6 para la insolubilizacion de las nanofibras
en el articulo IV.2. PVA Nanofibers as an Insoluble pH Sensor.

e Minguez-Garcia, David; Montava-Segui, Ignacio; Gisbert Paya, Jaime; Diaz-
Garcia, Pablo (2023). Influencia de la humedad de los sustratos colectores en el
electrohilado. EN X Congreso I+D+i Campus de Alcoi. Creando sinergias (97 - 100).
Alcoy, Espaiia: Compobell, S.L. (Anexo V).

o Se analiza el efecto de la humedad presente en el tejido colector y como se
depositan las nanofibras sobre élI.

= Los resultados se tuvieron en cuenta principalmente para disminuir la
humedad en el interior del equipo durante cada uno de los procesos de
electrohilado.

Conferencias internacionales

e Minguez-Garcia, David; Bou-Belda, Eva; Montava-Segui, Ignacio; Diaz-Garcia,
Pablo; Bonet-Aracil, Marilés; Gisbert Paya, Jaime (2021). Selective Deposition Of
Nanofibers Net On Textile Structures. EN The 10th International Conference
TEXTEH 2021. (109 - 115). Online: National Research and Development Institute
for Textiles and Leather. (Anexo VI).

o En esta conferencia se presenta la variabilidad de deposicion de nanofibras en
funcién de la morfologia del sustrato colector.

= Estos resultados fueron determinantes para seleccionar como sustratos
colectores de nanofibras un tejido de calada frente a un tejido de punto o
no tejido.

e Ljungberg, Ida; Sanchez-Martinez, Ainhoa; Martinez-Gonzalez, Inés; Minguez-
Garcia, David; Montava-Segui, Ignacio; Diaz-Garcia, Pablo (2022). Fabric
topgraphy influence on nanofibers deposition. EN 21st AUTEX World Textile
Conference. (502 - 505). Online: Association of Universities for Textile (AUTEX).
(Anexo VII).

o Estaconferencia muestra la influencia del ligamento presente en el tejido colector
sobre la deposicion de nanofibras.

= El resultado fue decisivo para seleccionar un ligamento simple en los
tejidos de calada utilizados como colector para obtener una mayor
uniformidad de deposicion en el menor tiempo de proceso.
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e Minguez-Garcia, David; L. Capablanca; Montava-Segui, Ignacio; Diaz-Garcia,
Pablo (2022). Fiber cross-section influence on the deposition of nanofibers on textile
weaved structures. EN 21st AUTEX World Textile Conference. (498 - 501). Online:
Association of Universities for Textile (AUTEX). (Anexo VIII).

o Esta conferencia expone la influencia sobre la deposicion de nanofibras de la
seccion transversal del hilo que compone el sustrato colector.

= Los resultados expusieron una minima influencia de la seccion
transversal de los hilos frente a la deposicion de las nanofibras, por lo
que no se tuvo en cuenta este aspecto en la seleccion de los sustratos
colectores.

e Minguez-Garcia, David; Capablanca, Lucia; Diaz-Garcia, Pablo; Gisbert Paya,
Jaime (2022). Influence of temperature on the preparation of orange oil emulsion
electrospinning microcapsules. EN 18th Romanian Textiles and Leather Conference
(CORTEP 2022). (71 - 77). Iasi, Romania: Sciendo. (Anexo IX).

o En esta conferencia se analizan distintas temperaturas durante la preparacion de
la emulsion y su efecto sobre la morfologia de la nanofibra.

= Los resultados de este estudio determinaron que se obtiene una mayor
estabilidad de la emulsion cuando se prepara a temperatura ambiente.
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Capitulo 1V.
Resultados y discusion

En este capitulo se presentan los estudios que se enmarcan dentro del compendio de articulos:

IV.1. Liquid Oil Trapped inside PVA Electrospun Microcapsules
IV.2. PVA Nanofibers as an Insoluble pH Sensor

IV.3. Emulsion Nanofibres as a Composite for a Textile Touch Sensor
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Abstract: Electrospinning makes it possible to obtain solid fibers, in addition to core-shell fibers, using
coextrusion. However, an exhaustive control of parameters allows the core-shell fibers from emulsion
electrospinning to be obtained. The solvent in the outer surface tends to evaporate and the polymer
density increases, moving the emulsion drops towards the center, which in turn promotes coalescence,
thus creating the core. The aim of this work was to avoid coalescence and obtain a net of nanofibers
entrapping oil microcapsules. We obtained an emulsion oil in water (O/W), with polyvinyl alcohol
(W) and two essential oils (O), sage and thyme. An electrospinning process was used to place the
microcapsules of oil inside a net of nanofibers. The electrospun veil was characterized by organoleptic
testing, SEM microscopy, FTIR spectroscopy, DSC thermal analysis, and pressure tests. Organoleptic
testing, FTIR spectroscopy, and DSC thermal analysis demonstrated the presence of the oil, which
was retained in the spheres observed by SEM microscopy, while pressure tests revealed that the oil
remained in a liquid state. Furthermore, we demonstrated a strong relationship between the emulsion
size and the final microcapsules created, which are slightly larger due to the shell formation. The size
of the emulsion determines whether the spheres will be independent or embedded in the nanofibers.
Furthermore, the nanofiber diameter was considerably reduced compared to the nanofibers without
the oil.

Keywords: shell; essential oil; sage; thyme; nanofibers

1. Introduction

NF veils have a wide range of applications. They can be used for filtration [1,2],
biomedicine [3-5], or even for protection against COVID-19 [6-8]. NFs can be made of
different polymers, such as polypropylene (PP) [9], polyamide (PA) [10], polyvinyl alcohol
(PVA) [11], polylactic acid (PLA) [12], etc.

Electrospinning makes it possible to obtain solid fibers, in addition to core-shell fibers,
using coextrusion. When the core is not fed, hollow nanofibers are produced. The pro-
duction of nanofibers through electrospinning is controlled by a multitude of parameters
that affect the final result. These are solution parameters: polymer concentration, viscosity,
surface tension, molecular weight, conductivity, and solvent volatility; variables of the
electrospinning process: voltage, supply flow, type of collecting surface, and distance be-
tween electrodes; and environmental parameters: humidity, temperature, and air pressure.
However, in recent years there has been an increase in the number of publications related to
sustainable electrospinning, or green electrospinning. This type of electrospinning is mainly
characterized by the solvent used, which can be the universal solvent, water, or organic
solvents, the latter not meaning those that can be classified as green electrospinning [13,14].

The encapsulation of active principles, essential oils, drugs, enzymes, vitamins, etc.,
inside the nanofibers has led to great advances in different industrial sectors, such as in
filtration, in the controlled release of drugs, in dressings for wounds, and in the immobi-
lization of enzymes. Taking this to the next stage, it is possible to electrospin the active
compound dispersed within the polymer, i.e., an emulsion.

Polymers 2022, 14, 5242. https: / /doi.org,/ 10.3390 /polym14235242
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Abstract

Electrospinning makes it possible to obtain solid fibers, in addition to core-shell fibers, using
coextrusion. However, an exhaustive control of parameters allows the core-shell fibers from
emulsion electrospinning to be obtained. The solvent in the outer surface tends to evaporate and
the polymer density increases, moving the emulsion drops towards the center, which in turn
promotes coalescence, thus creating the core. The aim of this work was to avoid coalescence and
obtain a net of nanofibers entrapping oil microcapsules. We obtained an emulsion oil in water
(O/W), with polyvinyl alcohol (W) and two essential oils (O), sage and thyme. An electrospinning
process was used to place the microcapsules of oil inside a net of nanofibers. The electrospun veil
was characterized by organoleptic testing, SEM microscopy, FTIR spectroscopy, DSC thermal
analysis, and pressure tests. Organoleptic testing, FTIR spectroscopy, and DSC thermal analysis
demonstrated the presence of the oil, which was retained in the spheres observed by SEM
microscopy, while pressure tests revealed that the oil remained in a liquid state. Furthermore, we
demonstrated a strong relationship between the emulsion size and the final microcapsules created,
which are slightly larger due to the shell formation. The size of the emulsion determines whether
the spheres will be independent or embedded in the nanofibers. Furthermore, the nanofiber
diameter was considerably reduced compared to the nanofibers without the oil.

Introduction

NF veils have a wide range of applications. They can be used for filtration [1,2], biomedicine
[3,4,5], or even for protection against COVID-19 [6,7,8]. NFs can be made of different polymers,
such as polypropylene (PP) [9], polyamide (PA) [10], polyvinyl alcohol (PVA) [11], polylactic
acid (PLA) [12], etc.

Electrospinning makes it possible to obtain solid fibers, in addition to core-shell fibers, using
coextrusion. When the core is not fed, hollow nanofibers are produced. The production of
nanofibers through electrospinning is controlled by a multitude of parameters that affect the final
result. These are solution parameters: polymer concentration, viscosity, surface tension, molecular
weight, conductivity, and solvent volatility; variables of the electrospinning process: voltage,
supply flow, type of collecting surface, and distance between electrodes; and environmental
parameters: humidity, temperature, and air pressure. However, in recent years there has been an
increase in the number of publications related to sustainable electrospinning, or green
electrospinning. This type of electrospinning is mainly characterized by the solvent used, which
can be the universal solvent, water, or organic solvents, the latter not meaning those that can be
classified as green electrospinning [13,14].

The encapsulation of active principles, essential oils, drugs, enzymes, vitamins, etc., inside the
nanofibers has led to great advances in different industrial sectors, such as in filtration, in the
controlled release of drugs, in dressings for wounds, and in the immobilization of enzymes.
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Taking this to the next stage, it is possible to electrospun the active compound dispersed within
the polymer, i.e., an emulsion.

Emulsion electrospinning has recently become one of the techniques used to obtain core-shell
fibers without the need for the coaxial electrospinning system. In emulsion electrospinning, the
starting point is an emulsion which can be O/W (an oil is emulsified in an aqueous solution), in
order that, due to the conditions of the emulsion and the electrostatic field, the polymer solidifies.
The solidification of the polymer increases its density, displacing the emulsified oil droplets
towards the center of the polymer jet and, therefore, the oil tends to be located in a central channel,
after which coalescence of the droplets occurs. As a result of the fusion of these droplets, the core
is finally generated and the polymer from the aqueous phase surrounds it, forming the shell
[13,15,16]. During the electrospinning process, the solvent in the near-surface region evaporates
faster than the central part of the polymer, leading to a rapid increase in the viscosity of the outer
layer compared to that of the inner layer. Consequently, movement of the droplets towards the
inside of the polymer jet is induced, and the oil droplets are simultaneously condensed and
stretched into elliptical shapes in the axial direction of nanofibers under the force of a high-voltage
electric field [15]. The high-velocity jet is also subject to drag forces derived from its interactions
with the surrounding air, which can play a key role in the deformation and attenuation of the
emulsion droplets. Moreover, other forces, including gravity, the repulsive force between two
charges known as Coulomb’s law, surface tension, and viscoelastic forces also act on the charged
jet [17]. Repulsion according to Coulomb’s law and electrostatic forces are responsible for the
expansion of the droplets. Surface tension and viscoelastic forces contribute to the contraction of
the charged droplet to minimize the interface area between the air and the jet [18].

There are many types of oils, but essential oils are characterized by their extremely diverse range
of applications in the fields of medicine [19], biology [20], and aromatherapy [21], among others.
Their stability has been extensively studied, but there is a broad consensus that these oils are
highly sensitive to light, temperature, and oxygen, among other factors [22]. Electrospinning is a
protection mechanism for these oils, allowing their gradual release.

In this work, we focused on the encapsulation of two essential oils: sage (S) and thyme (T), by
means of the technique of emulsion electrospinning, from a solution of polyvinyl alcohol (PVA).
The preparation of stable O/W emulsions requires exhaustive control of process parameters such
as the type of agitation, speed, time, temperature, oil/water proportions, presence or absence of
surfactant, etc. When these emulsions are intended for electrospinning, it is extremely important
to keep the emulsion stable for the period elapsed between the preparation of the emulsion and
the application of the electrospinning process. PVA has been selected as a polymer because it is a
water-soluble polymer and is compatible with electrospinning. Thyme has been chosen as an
essential oil because it has antioxidant and antimicrobial properties [23] and contains thymol, one
of its components and one of the representative elements of essential oils [22]. The essential oil
sage has also been selected because, like thyme, it has antioxidant and antimicrobial properties
[24]. The objective of this paper was to demonstrate the possibility of generating PVA
microencapsulated oil from emulsion electrospinning. The authors aimed to demonstrate the
presence of the oil within the PVA capsules, characterize the capsules’ shapes and sizes, determine
the ideal electrospinning conditions, and test whether the encapsulation maintains the oil’s
antibacterial properties.
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Materials and Methods

Materials

Polyvinyl alcohol (PVA) Mw 61,000 g/mol, purchased from Sigma—Aldrich (Akralab, Alicante,
Spain), was used to obtain the emulsions. The solutions were prepared with distilled water. The
essential oils purchased were sage and thyme, both purchased from Lozano Essences (Esencias
Lozano, S.L., Murcia, Spain). Tween 80 from Panreac (Akralab, Alicante, Spain) was used as
surfactant.

Methods

To obtain the emulsions, a 9% (w/v) PVA solution was prepared by heating the water to 80 °C
with magnetic stirring until the PVA was completely dissolved. Subsequently, 2% or 4% (v/v) of
the essential oil to be tested was added to the PVA solution. The essential oil was added to the
PVA at room temperature. Initially, the PVA solution was placed in the reactor and the
homogenizer was activated at the revolutions established for each test. When the desired
revolutions were reached, the amount of oil was gradually added. Once the addition of the oil was
complete, the revolutions were maintained for a period of 60 or 3 min. The homogenizers and
conditions were as follow: a propeller homogenizer (500 rpm or 1000 rpm; 60 min) or Ultraturrax
homogenizer, and a toothed accessory (7000 rpm; 3 min).

The emulsions obtained were characterized using different methods. The viscosity of the
emulsions was measured with the Visco Elite R viscosimeter. The measuring device was selected
according to the manufacturer’s instructions for the measuring range obtained. For each of the
emulsions, in addition to the viscosity, the conductivity was measured with a Crison
Conductimeter Basic 30 (Hach Lange Spain, S.L.U., L’ Hospitalet de Llobregat, Spain). The
surface tension was measured as well, using a Kriiss tensiometer K9 (Kriiss, Hamburg, Germany).

The electrospinning process was carried out with a BIOINICIA electrospinning system (Bioinicia,
Paterna, Spain). During the electrospinning, the nozzle-collector distance was 15 cm. The
collector was placed vertically. The same flow rate (0.5 mL/h) and voltage values of 14 and 20
kV were used. Subsequently, after adjusting the voltage, electrospinning was carried out for
periods of 15 min.

The first characterization carried out on the electrospun samples was the detection of the essential
oil by means of an organoleptic test. To do this, the samples were presented to 5 individuals, and
they were asked to identify odor in front of samples referenced with letters of the alphabet,
avoiding the power of suggestion on the volunteers. Both the fabrics with PVA nanofibers and
those with the essential oil in the nanofibers were shown. They were asked to identify whether or
not they smell any essence and then, if possible, to identify the type of oil.

For the morphological characterization, FESEM ULTRA 55, (Carl Zeiss, Jena, Germany)
scanning electron microscopy (SEM) was used, using an accelerating voltage of 2 kV on the
surfaces to be analyzed of each of the samples and at the magnifications considered appropriate
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in each case. The sample was previously coated with gold/platinum to give the sample the
conductivity required for correct observation.

Fourier transform infrared spectroscopy (FTIR) was performed for the characterization of the
starting materials (oils and PVA) as well as for the characterization of the nanofibers obtained. A
JASCO FT/IR-4700 type A spectrophotometer (Jasco Spain, Madrid, Spain) with the ATR
accessory (Jasco Spain, Madrid, Spain) was used. Sixteen spectra with a resolution of 4 cm ™! were
performed for each sample. Thus, the main components of thyme, timol, and carvacol, as
represented in Figure IV.1.1., were used to study FTIR spectra.

CH, CH,

OH

OH

H,C CH, H,C CH,
(a) (b)

Figure IV 1.1. Structure of thymol and carvacrol present in thyme essential oil. (a)
Carvacol; (b) thymol.

Differential scanning calorimetry (DSC) was performed with a Mettler-Toledo 821 DSC (Mettler-
Toledo Inc., Schwerzenbach, Switzerland) at a heating rate of 10 °C min'in an oxygen
atmosphere (60 mL min™'). The samples (approximately 3 mg in weight) were placed in a standard
aluminum crucible with a volume of 40 pL and a sealing capacity to avoid the loss of material.

To obtain uniformity in the size distribution measurements, the image analysis software Image J
1.52p (Wayne Rasband, MD, USA) was used. Each of the images of the samples to be analyzed
were suitably calibrated to obtain measurements in the correct units. The different measurements
were transferred to Excel and the corresponding representations were obtained.

In order to determine whether the essential oil remained solid or liquid, a pressure test was
applied. This test consists of applying a force of 5 N on the surface for 5 min and then analyzing
the tested surface using scanning electron microscopy (SEM).

The antibacterial effect from the oils was tested according to ASTM E 2149-13 against
Escherichia coli (Origin ATCC25922).
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Results

Emulsion Characterization

The characteristics of the samples and the emulsions obtained were analyzed (see Table IV.1.1).
Emulsions were based on 4% sage (S) or thyme (T) oil in an aqueous solution.

Table IV.1. 1 Properties of the emulsions used.

PVA
REFERENCE S T 4% S 4% T
9%
Viscosity
173.2 30.7 28.9 338 230
(cP)
Conductivity
270 -- -- 242 268
uS
Surface Tension
70 27.82 32.76 37.12 33.25

(mN/m)

The correct characterization of the emulsions involves measuring the viscosity of each of the
components as well as that of the prepared emulsion. Figure IV.1.1a shows the optical microscope
image of a PVA emulsion (9% w/v) with the thyme essential oil (4%) made in a propeller
homogenizer, working at 500 and 1000 rpm for 60 min. The manner in which the micro-drops of
different sizes were obtained can be seen, demonstrating that, as expected given the hydrophilic
and hydrophobic nature of the components, an emulsion was obtained between the PVA (aqueous)
and the essential oil thyme (oil). The formation of aggregates or clusters of these droplets can also
be seen at 500 rpm. After 15 min, the emulsion broke, easily separating the two phases and clearly
showing the difference between the aqueous zone and the oil used, so this emulsion was discarded
due to its low stability. When the revolutions were increased to 1000 rpm and the time was 60
min, the formation of smaller droplets was observed, as can be seen in Figure IV.1.2. It can also
be seen (see area marked with a circle (Figure 1V.1.2.b)) that the emulsion was not stable, with
some of the droplets tending to coalesce after 30 min, which is an indicator of low emulsion
stability.
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Figure IV.1.2. PVA emulsion from thyme essential oil under optical microscope. (a) 500 rpm; (b) 1000 rpm.

The poor stability of the emulsions together with the high dispersion of sizes seen when working
with the propeller homogenizer and working between 500 and 1000 rpm led to the decision to
work with a slot homogenizer at 7000 rpm for 3 min. In this case, it was observed that the
emulsion was more stable. In the last 180 min after the end of the agitation, there was no tendency
for them to melt, as in Figure IV.1.2.b, therefore, this emulsion was stable for extrusion by means
of the electrospinning process.

The emulsions were measured using Image J software, determining the size of the droplets created
and their size distribution. Figure IV.1.3. shows that, when working at 7000 rpm, it is evident that
the Sage droplets were uniformly distributed. The majority (76%) were between 0.75—1.5 pm,
with a maximum peak (38%) of around 0.1-1 pm.

Sage 7000 rpm

40,00
35,00
30,00
25,00
20,00
15,00
10,00
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Thyme 7000 rpm

40,00
35,00
30,00
25,00
20,00
15,00
10,00

%

Figure IV 1.3. Size distribution of sage and thyme 4% emulsions on PVA solution. (a) Sage; (b) thyme.

Nanofiber Characterization

Organoleptic Test

The organoleptic test was carried out with 5 volunteers, and they were asked to identify the aroma,
initially without reference and then offering a sample of the aroma of sage and pure thyme.

As can be seen from the results of the survey (Table 1V.1.2), all respondents were able to identify
an odor in the nanofiber samples that came from the emulsion with essential oils, while no odor
was discernible in the samples with PVA alone. When asked to identify the perceived odor, the
answers were different, including definitions such as grass (3) or mountain (1) or, more precisely,
aromatic plants (1). In the case of essence identification, prior to being shown two essences (A =
sage essential oil) (B = thyme essential oil), essence identification also occurred in 100% of these
cases.
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Table IV 1. 2. Organoleptic test results.

PVA PVA +S PVA +S PVA +T PVA +T
REFERENCE
9% 14 kV 20 kV 14 kV 20 kV
Odor identification No Yes Yes Yes Yes
(volunteers) 5) &) 5) 5) 5)
Fragrance identification Yes Yes Yes Yes
(volunteers) &) 5) 5) 5)
SEM

The characterization of the nanofiber veils from the emulsions implies the need to distinguish two
specific measurements. On the one hand, the PVA nanofibers were found in the same conditions
as electrospinning without emulsion, which presented a tubular geometry and a cylindrical shape,
as can be seen in Figure IV.1.4.a. Moreover, the solvent evaporation was correct, and no porosity
was observed in the fiber. On the other hand, we can distinguish the spheres that were generated
due to the extrusion process in the emulsion of essential oil in the PVA solution (Figure IV.1.4.b).

(b)

Figure IV.1.4. PVA nanofiber veil. (a) PVA 5 K; (b) PVA + 4% sage essential oil 5 K.

As mentioned previously, the extrusion of emulsions can result in the formation of core-shell
nanofibers [15]. Callioglu et al. [16] show that the addition of the essential oil in percentages of
between 1% and 5% and surfactant help to eliminate the formation of what are called beds, which,
in this work, we considered to be the formation of microspheres. One of the objectives of this
work was to demonstrate whether they were solid (microspheres) or had the oil encapsulated
(microcapsules).
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When thyme essential oil was taken and extruded at different concentrations of oil (2% and 4%)
and the same concentration of surfactant (1%), the formation of the spheres was maintained, so it
can be understood that the formation of the spheres was attributable to the surface tension of the
oil with the surfactant. In this case, given that this work focused on encapsulating the oil, 4% O/W
formulation was considered to be optimal and the focus moved on to characterization.

Observational analysis of the nanofibers extruded with the 4% essential oil of sage and thyme
showed the presence of spheres and not the presence of a central channel with the oil and the PVA
polymeric membrane covering it, as would be expected in the formation of core-shell nanofibers.
This effect, the appearance of spheres, was observed in the two essential oils tested, sage and
thyme, as shown in Figure IV.1.5. This shows how an addition of 4% of essential oil generated
the formation of spheres in the nanofibers, but also shows the differences in behavior between the
two essential oils (a, b = sage vs. ¢, d = thyme) and the voltage applied to each of the samples
during the electrospinning process (a, ¢ = 14 kV vs. b, d =20 kV).

Figure IV.1.5. Nanofibers from essential oil emulsions. (a) Sage 14 kV; (b) sage 20 kV; (c) thyme 14 kV; (d)
thyme 20 kV.

The sage samples possessed a more regular surface, with a uniformly distributed nanofiber veil,
while the thyme samples possessed clearly differentiated grooves, forming preferential directions
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in the deposition of the nanofibers on the collector. This effect was mitigated when we increased
the potential difference from 14 kV to 20 kV (Figure IV.1.5.c with respect to Figure IV.1.5.d),
such that the increase in voltage favored the homogeneity of the jet and it is likely that at 14 kV
a jet that was not uniformly distributed was achieved. The thyme samples also showed a larger
capsule size when the voltage was increased, behavior which was not observed in the sage
samples. In order to be able to objectively analyze what was happening in each of the samples
obtained, the particles were counted, and their size and distribution were measured using images
at a higher magnification, specifically images at 5000 magnification (5 K).

Observation of the images at higher magnification (Figure IV.1.6.) revealed two types of particles,
some of which were embedded in the nanofiber, and others that seemed to have overcome the
electrostatic forces and resulted in the formation of individual spherical particles trapped by the
nanofiber network that was deposited previously or afterwards. These images show that a higher
voltage (20 kV) created more spherical spheres, while at lower voltage, especially in the smaller
particles, more elliptical shapes were obtained. An example of both is marked in red.

Figure IV.1.6. Differentiation between the particles formed in the nanofiber web electrospun with essential
oil (thyme 14 kV).

When the study was taken beyond visual observation and size measurements were taken for each
of the spheres obtained, the analysis of the size distribution in the samples (Table IV.1.3) showed
that, at higher field strength (20 kV), a greater homogeneity seemed to be obtained in the size
distribution, this is due to the strong influence that existed in the particles of smaller sizes that
were retained in the nanofibers with respect to the particles that managed to become independent
of the jet and form themselves as independent spheres. In order to further the study, a particle
analysis was carried out by segregating the results of the embedded particles from the ones that
were not embedded.
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Table IV.1. 3. Size distribution of microspheres from sage and thyme microemulsions electrospun at 14 kV or 20 kV.

SIZE S S T T
pm 14 kV 20 kV 14 kV 20kV
0-0.25 18.02 15.23 25.5 41.83
0.25-0.5 29.73 43.71 52.5 31.73
0.5-0.75 18.92 17.22 12 3.85
0.75-1 15.32 9.27 5 3.37
1-1.25 541 7.28 1.5 5.29
1.25-1.5 8.11 3.97 0.5 4.33
1.5-1.75 0.00 0.66 1 3.37
1.75-2 0.90 1.32 0.5 1.44
2-2.25 0.00 0.66 0.5 3.85
2.25-2.5 0.00 0.00 0.5 0.48
2.5-2.75 0.90 0.66 0 0.48
2.75-3 0.00 0.00 0 0.00
3-3.25 0.00 0.00 0 0.00
3.25-3.5 1.80 0.00 0 0.00
3.5-3.75 0.90 0.00 0 0.00

Analysis of the size distributions (Table 1V.1.3) demonstrated that the greatest homogeneity was
in the distribution when working at 20 kV, both in the embedded and nonembedded microspheres,
and for both sage and thyme essential oils. Thus, it can be affirmed that the greater intensity of
the electric field resulted in more rounded microparticles with a more uniform size distribution.
Furthermore, observing the contribution of the nonembedded spheres compared to the total
number of spheres obtained in each of the tests carried out, the number of particles generated was
higher for higher voltages, so it can be concluded that a greater number of independent particles

were generated.
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The nonembedded particles, which appeared as individual entities retained by the nanofiber
network, were larger than the aligned ones (Table IV.1.4). This leads to the conclusion that the
larger emulsion droplets, as they contain more oil, generated greater surface tension, a force which
is capable of overcoming electrostatic forces, generating independent particles. The smaller
particles were not able to break their bond with the jet polymer and were retained.

Table IV.1. 4. Comparison between embedded and nonembedded spheres.

SIZE S 14 kV S20kV T 14 kV T20 KV
uM % % % %
No Emb. No Emb. No Emb. No emb.
Emb. Emb. Emb. Emb.

0-0.25 0.00 20.62 0.00 18.85 0.00 28.18 0.00 5541
0.25-0.5 0.00 34.02 0.00 5410 0.00 58.01 0.00 42.04
0.5-0.75 0.00 21.65 6.90 19.67 31.58  9.94 9.80 1.91

0.75-1 1429 1546 3793 246 21.05 331 11.76  0.64

1-1.25 1429 412  27.59  2.46 10.53  0.55 21.57  0.00
1.25-1.5 3571  4.12 17.24  0.82 5.26 0.00 17.65  0.00
1.5-1.75 0.00 0.00 3.45 0.00 10.53  0.00 13.73  0.00

1.75-2 7.14 0.00 3.45 0.82 5.26 0.00 5.88 0.00

2-2.25 0.00 0.00 0.00 0.82 5.26 0.00 15.69  0.00
2.25-2.5 0.00 0.00 0.00 0.00 5.26 0.00 1.96 0.00
2.5-2.75 7.14 0.00 3.45 0.00 0.00 0.00 1.96 0.00

2.75-3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

3-3.25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3.25-3.5 14.29  0.00 0.00 0.00 0.00 0.00 0.00 0.00
3.5-3.75 7.14 0.00 0.00 0.00 0.00 0.00 0.00 0.00

The microspheres from the sage emulsions resulted in particles with more homogeneous size
distributions than those from the thyme. There seems to be a direct relationship between the sizes
of the emulsions obtained and the microspheres obtained. The majority of droplets in the sage
emulsion (0.75-1 pum) were slightly smaller in size than those in the thyme emulsion (1-1.25
um). This relationship was maintained in the microspheres obtained, showing, for example, in the
samples obtained at 20 kV, most of the sage spheres (38%) between 0.75 and 1 um and thyme
spheres (21%) between 1 and 1.25 pm. However, it is worth noting the presence of a large number
of particles in the two sizes immediately above, which can be justified as an increase in the size
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(diameter) of the spheres as a consequence of the formation of a PVA membrane covering the
essential oil.

The existence of independent particles requiring a polymer coating implied an increase in polymer
consumption around the sphere and generated tensions in the polymer jet with the consequent
stretching of the PVA, giving rise to much finer nanofibers, as can be seen in the measurements
shown in the following table (Table IV.1.5).

Table IV 1. 5. Nanofiber cross-section dimensions (nm).

PVA PVA +S PVA +S PVA +T PVA +T
REFERENCE
9% 14 kV 20 kV 14 kV 20 kV
Size
0.2256 0.098 0.0972 0.1408 0.1238
(nm)

During the microscopy analysis, some images were observed showing microspheres which had
not been completely closed and some with perforations. Initially, it was assumed that there was
not enough polymer to completely envelop the large spheres. However, a detailed analysis of the
surface showed that some microspheres had very rough and porous surfaces characteristic of the
rapid evaporation of the solvent [25]. It seems that evaporation of the highly volatile essential oil
occurred (Figure IV.1.7) as a consequence of the generation of the Taylor cone and the evaporation
of the solvent from the polymer as the nanofibers and microspheres reach the collector.

' e
&

Figure IV.1.7. Shell detail from some microspheres.

FTIR

Fourier transform infrared spectroscopy (FTIR) was very useful for the identification of
functional groups with special vibrations in certain areas of the spectrum between 4000—400 cm !,
however, a quantitative determination requires very precise calibrations, and is more complex to
carry out due to the superposition of the vibration of the molecules in some areas of the spectrum
[26]. This can cause fluctuations in the center of the band. In this case, we aimed to identify the
presence of the essential oil in the nanofiber by means of FTIR, so as to be sufficient to identify
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the characteristic functional groups of the essential oil used and to determine the evolution of the
PVA curve when the active compound was included. When the spectrum of the nanofibers
obtained was analyzed and compared with the spectrum of the essential oil used, the presence of
characteristic peaks of sage could be observed (Figure I'V.1.8a). This figure shows the spectrum
of polyvinyl alcohol in nanofiber on cotton fabric (blue), and the spectrum of the PVA nanofibers
from an emulsion with sage.
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Figure IV.1.8. Infrared spectrum of nanofibers. (a) Sage essential oil; blue line: PVA nanofibers; orange line: sage

emulsion nanofibers; grey line: sage oil. (b) Thyme essential oil; blue line: PVA nanofibers; orange line: thyme
emulsion nanofibers; grey line: thyme oil.
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These peaks were named A, B, C, and D. These are 4 characteristic peaks that have already been
cited by some other authors who have analyzed sage [27].

The band centered at A corresponded to the peaks centered at 3300 cm™' and essentially
corresponded to OH stretching, a peak that was practically nonexistent in sage. However, next to
this band we found band B, which corresponded to the band 29562849 cm™!, assigned to both
symmetrical and asymmetrical CH stretching (CH3 and CH>) [27] and which, when tested with
the essential oil sage, also presented considerable intensity. Thus, the presence of sage can be
identified as an increase in the CH band with respect to the OH band. This can be seen in Table
IV.1.6 where the spectrum of the electrospun PVA nanofibers on cotton (PVA), the spectrum of
the sage essential oil (S) as supplied by the supplier, and the spectrum of the electrospun PVA-
sage emulsion are displayed. The intensity analysis showed that the presence of sage caused the
CH stretching band intensity (I2015) to increase with respect to the OH stretching (I3300). Therefore,
when we analyzed the ratio of these two bands (I3300 /12915), there was a large difference between
PVA (1.8443) and sage (0.0481). This means that the presence of sage in the PVA was
demonstrated by a decrease in this ratio with respect to the PVA without sage.

Table IV.1. 6. Band intensity of FTIR spectra of PVA, sage, and electrospun PVA—sage nanofiber veils.

A B A/B C D C/D
REFERENCE
13300 I2915 I3300/12915 I 1640 I1734 L1640/ 11734
PVA 0.1007 0.0546 1.8443 0.0263 0.0153 1.7189
SAGE (S) 0.0062 0.1288 0.0481 0.0156 0.219 0.0712
PVA-S Electrospun 0.1381 0.0827 1.6699 0.0307 0.0231 1.3290

However, camphor and thujone, characteristic of sage, presented C=O stretching vibrations
centered around 1730 cm™!. In addition, there was the presence of pinene, evidenced by the -C=C-
alkene bond, the band of which was centered at 1640 cm™' [16,27]. These bands are characteristic
of the terpenes found in essential oils [28]. If analyzed in the spectra of nanofibers (Figure IV.1.8)
these peaks corresponded to the named C and D bands, respectively, of the sage spectrum. When
we analyzed the behavior of these bands in the sage sample used in the study, it was observed that
the presence of pinene was much lower than that of camphor and thujone, showing a band with a
very characteristic peak at 1730 cm™!. Table IV.1.6 shows that PVA nanofibers with sage
decreased the ratio (Iisso/l1734 = 1.3290) compared to that of PVA without sage (Iieso/l1734 =
1.7189). Therefore, these band intensities also confirmed the presence of sage inside the
nanofibers.

When we move to the sage and thyme essential oil, the bibliography indicates that it is
mainly composed of the volatile agents: thymol and terpinene [23], although other authors
indicate that its main composition is thymol and carvacrol [28], which are very similar in their
chemical structure, as can be seen in Figure IV.1.1. However, other authors assign the main
component as carvacrol [16].
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The peak at 3001 cm™' was associated with the CH stretching vibration in the benzene ring
of the thymol [26] and was also present in the carvacrol, a band identified by the letter F, according
to the spectrum shown in Figure IV.1.8b. This peak is characterized by being more intense than
the OH stretching band centered at 3300 cm™!, labelled with the letter E. The ratio between these
bands, Is300/13001, was very different between thyme (where I3300/I3001 < 1) and PVA (where
I3300/I3001 > 1), so the presence of thyme essential oil was observed with the decrease in this ratio
as can be seen in Table IV.1.7. This is due to the fact that the E band, centered around 3300 cm™,
which was practically constant, was slightly increased in the case of thyme essential oil due to the
presence of NH groups, whose band is found in this region [16]. There were different absorption
bands related to amide I (C=0 stretching), amide II (NH bending and CH stretching), and amide
III (CN stretching plus NH phase bending). Amide I, amide II, and amide III peaks appeared in
the spectrum around 1705 ¢cm™', 1516 cm™!, and 1232 cm™!, respectively. In the case that they
appear in thyme essential oil, this may be due to the presence of lignin residues that have been
included in the essential oil even after purification treatments, as shown by Choi et al. [29]. Table
IV.1.7 and Table I'V.1.8 show a summary of the values obtained in each of the characteristic bands
of the study for the electrospun thyme essential oil.

Table IV 1. 7. Band intensity of FTIR spectra of PVA, thyme, and electrospun PVA—thyme nanofiber veils.

E F E/F I I/E
REFERENCE

1 3300 I 2915 I3300/12915 Is12 1 812/ 13300
PVA 0.1018 0.0532 1.9135 0.0805 0.7908
Thyme (T) 0.1100 0.1261 0.8723 0.1329 1.2082
PVA-T Electrospun 0.0963 0.0639 1.5070 0.1011 1.0498

Table IV.1. 8. Intensity of other characteristic bands of the FTIR spectrum of the less-relevant thyme-essential-oil
nanofiber veils.

E H H/E 1 I/E Gl1 G2 G1/G2
REFERENCE

I 3300 T1420 T420/I3300 11226 I 1226/ I3300  T1700 T1640 T1700/ L1640
PVA 0.1018 0.0535 1.1863 0.0451 0.4430 0.0123 0.0265 0.4642
Thyme (T) 0.1100 0.1112 1.3745 0.0809 0.7355 0.032 0.0491 0.6517
PVA-T
Electrospun 0.0963 0.068 1.2274 0.0554 0.5753 0.0156 0.0188 0.8298

The peak around 800-820 cm™! was also associated with the presence of thymol and carvacrol
[19,28] as a consequence of the presence of substituted aromatic rings, a band which was clearly
seen in the spectrum of the thyme essential oil analyzed, which we labelled I, and which was also
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identified by Popa et al. [26]. When the ratio Isio/I3300 was established, it was observed that
Ig12/13300 < 1 for PVA (blue) and Igi2/I3300 > 1 for thyme essential oil (grey). The spectrum of the
PVA nanofibers with essential oil (orange) gave values of Igi2/I3300 > 1, so this ratio also
demonstrated the presence of thyme essential oil in the PVA nanofibers.

Observation of the spectrum showed two strong bands in the essential oil of Thyme, but which
did not create such a strong influence as in the two previously analyzed bands, the band at 1420
cm! (labeled H) and the band centered at 1226 cm™! (labeled 1), the results of which can be seen
in Table IV.1.8.

The H band (1420 cm™") was also characteristic of thyme and was attributed to CO stretching
vibrations (amide), CC stretching from phenyl groups, COO-symmetric stretching, and CH,
bending [28]. In PVA, only the CH; bending vibration was seen, so the spectrum of the essential
oil of thyme (green) offered greater intensity in the G band than PVA (blue) due to the greater
number of groups vibrating at this wavelength. When the essential oil was incorporated into the
PVA nanofibers, this band was also slightly increased.

The band at 1226 cm ™!, assigned to amide group III, also showed the presence of thyme essential
oil in the nanofibers obtained by increasing the ratio li226/13300 when thyme was introduced into
the PVA, and indicated not only the presence of the essential oil, but also that the essential oil
included traces of lignin from the plant [29]. When we analyzed the G band assigned to the
presence of the terpenes characteristic of essential oils [28], it was observed that the I1734/11640 ratio
detected was not as pronounced as in the case of sage, because the 1734 cm™! band did not appear
as such but a band was found around 1700 cm™!, which corroborates the presence of lignin, so in
this case it cannot be considered an appropriate indicator to determine the presence of thyme.
Although there was evidence of an increase in the PVA electrospun with the emulsion of this band
with respect to the PVA, this demonstrates the presence of the essential oil containing lignin.

DSC

The differential scanning calorimetry (DSC) technique allows the stability of materials versus
temperature to be categorized. In this case, the PVA nanofibers without essential oil, the essential
oil, and the nanofibers obtained from the essential oil with the microcapsules were tested. The
following figures show the behavior of the different samples tested.

As can be observed from the thermograms (Figure IV.1.9a,b), both sage and thyme essential oils
showed characteristic curves with degradation starting at around 180 °C, and in the case of sage,
degradation was also seen at around 70 °C.
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Figure IV.1.9. DSC of nanofibers. (a) Sage: (4) sage essential oil; (B) PVA nanofibers; (C) PVA—sage
nanofibers. (b) Thyme (4) thyme essential oil; (B) PVA nanofibers, (C) PVA—thyme nanofibers.

The PVA did not show any alterations in these areas, but showed an abrupt peak at around 210 °C.
When the nanofibers included the essential oils, an alteration of the curve was seen because of
the influence of the essential oil, which showed that the microspheres contained essential oil, as
expected from the results of the organoleptic test and in view of the FTIR results. However, it
could not be determined whether the oil had been solidified to create solid microspheres.

Pressure Test

To determine whether the essential oil seen in the FTIR spectrum was encapsulated in the spheres
or whether it had partially solidified and evaporated, a pressure test was carried out on the
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nanofiber veils. This test consisted of applying a force of 5 N on the surface for 5 min and then
analyzing the tested surface by microscopy (SEM) (Figure IV.1.10).

Figure IV.1.10. Surface of the nanofiber veils with beads after the pressure test. (a) Sage; (b) thyme.

Some of the microspheres degraded as a consequence of the pressure exerted on them, and a sort
of polymeric mass from the broken spheres was observed. They lost their spherical geometry and
became part of a flat layer together with the nanofibers. In some cases (Figure IV.1.10a), some
partially deflated capsules were also seen. It was also observed that it was essentially the larger
ones that degraded due to the pressure, and some of the smaller ones remained undegraded. This
effect has already been observed in the application of microcapsules on textiles [30], where results
showed that the smaller microcapsules fit between the fibers, finding a gap that frees them from
the pressure, and higher pressures are required to ensure enough compaction to cause degradation.
In the case of the test on thyme samples (Figure IV.1.10b), the appearance of a flattened polymeric
membrane was detected, without detecting the presence of empty capsules, the obvious
conclusion being that the test contributed to the complete rupture of the membrane, releasing the
oil.

Antibacterial Effect

The antibacterial effect of both oils was tested, and its high efficiency can be observed in Table
IV.1.9. Once the oil was encapsulated into the PVA and crosslinked by the nanofiber mesh, the
antibacterial effect remained for both the sage and thyme oils. These results show that
encapsulation does not impact the antibacterial effect, which may be due to the presence of a
semipermeable shell.

Table IV 1. 9. Intensity of other characteristic bands of the FTIR spectrum of the less-relevant thyme-essential-oil
nanofiber veils.

% Reduction S T S 20 kV T 20kV
(cfu/mL) oil oil nanofibers nanofibers
Escherichia Coli 99.99 99.99 99.99 99.99
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Discussion

In order to carry out a correct extrusion, it is important to start with stable, homogeneous
emulsions. If the two emulsions from different essential oils are compared, as expected, for the
same composition, at higher revolutions, a smaller sphere size was obtained. There is also a
difference in behavior between Sage and Thyme, with the Thyme droplets being slightly larger
than those of Sage, which coincides with the higher viscosity of the Sage emulsion.

The identification of aroma in the samples that came from emulsions with Sage and Thyme
essential oil, as well as the correct identification of the aroma that had been encapsulated, suggests
that the nanofiber veils created have generated the retention of the essential oil in some way.

The formulation of 1% surfactant with 4% oil used is sufficient to achieve uniform emulsions
which result in microspheres either embedded in the nanofiber or as an individual entity which is
interlinked by the multiple nanofibers generated in the process.

A higher voltage in electrospinning process results in more regular microspheres, and regular
distributions in the nanofiber veil of both the nanofibers themselves and the generated spheres, as
well as larger microspheres.

The generated microspheres are closely related to the starting emulsion droplet sizes, although an
increase in the % of microspheres is observed at slightly larger sizes and is attributed to the
formation of a PVA polymeric membrane around the oil drop in the emulsion.

The components of the essential oils used (Sage and Thyme) in the PVA nanofibers can be
identified in PVA nanofiber by FTIR. Specifically, the results showed that the bands
corresponding to the OH stretching vibrations centered at 3300 cm™ and CH stretching centered
around 3000 cm™ for Thyme and 2915 cm™ for Sage, were decisive for the two oils used. In
addition, each of the oils used showed characteristic bands that demonstrated the alterations in
the behavior of the PVA.

Calorimetric tests confirm the conclusions reached using FTIR, the presence of essential oils
trapped inside the electrospun spheres.

The pressure of 5 N on the microspheres caused many of the larger ones to lose their spherical
shape as a consequence of having been subjected to the pressure, and therefore the oil that was
encapsulated inside them was released. Thus, it can be affirmed that the spheres that can be seen
are in fact microcapsules containing the essential oil and not microspheres.

The presence of the essential oils in liquid state, as demonstrated by the pressure test was
confirmed. It was also concluded that the detail of some of the microspheres that apparently had
lost the essential oil by evaporation through the membrane during the encapsulation process
corresponds to smaller spheres.
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Conclusions

The organoleptic analysis revealed the presence of the aromas in the nanofiber veils and therefore
we proceed with the analysis of the samples obtained in order to identify whether the aroma is
retained in the fiber and whether it has solidified or is retained in the form of oil.

SEM scanning electron microscopy made it possible to observe the geometry of PVA nanofibers
electrospun from emulsions with essential oils of Sage and Thyme, showing that there is a certain
size of the emulsion that is capable of generating tensions in the nanofibers, creating deformations
in them. When the size of the emulsion is large enough, the tensions are such that the nanofibers
break, protecting the essential oil in the form of a nanosphere. The field strength influences the
size of the spheres and the homogeneity of the spheres in terms of size distribution.

The size ratio of the droplets in the emulsion and the microspheres in the nanofiber veils suggests
that an increase in the size of the microspheres is generated as a consequence of the formation of
a polymeric membrane covering the emulsion droplets. The formation of this polymeric
membrane around the oil droplet leads to a consumption of PVA and a consequent tension of the
jet, resulting in PVA nanofibers with diameters considerably smaller than those obtained when
starting from PVA without oil.

Given the FTIR results obtained, it can be concluded that the FTIR spectrum using the ATR
technique is capable of detecting the presence of the essential oils used to obtain the emulsions.
This leads on to the following conclusion: that both Sage oil and Thyme oil have been trapped in
the nanofibers and the electrostatic field generated for the evaporation of the PVA solvent is not
powerful enough to evaporate all the volatile compounds such as the thymol present in the Thyme
oil or those from Sage, such that these are retained and can therefore confer some of their
properties on to the nanofibers.

The DSC calorimetry test corroborated the presence of oil in the nanofiber veils, confirming that
the microspheres are in fact essential oil microcapsules.

The pressure test on the nanofiber veils revealed that the microspheres observed in the veils are
spherical cavities inside which part of the emulsified essential oil is housed, so it can be concluded
that the microspheres are in fact microcapsules.

Therefore, the results show that in the formation of the Taylor Cone, the essential oil is retained
by the PVA polymer, maintaining its liquid state, thus proving the hypothesis stated at the
beginning of the paper.
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Abstract: Turmeric has been widely studied as a color indicator for pH variations due to its
halochromic properties. It has been tested in solution or included in some polymeric matrices.
Some studies have demonstrated that its change in color is due to the tautomeric species of cur-
cumin, and this property can be observed even if turmeric is assimilated in a film or nanofiber.
Chitosan/ polyethylene oxide (PEO) polymers have been tested in previous studies. Polyvinyl alcohol
(PVA) nanofibers are used as potential carriers of drugs once they are insolubilized. The aim of this
work is to cross-link PVA with citric acid (CA) to insolubilize the nanofibers and determine the effect
on turmeric’s halochromic properties. The nanofibers were treated with a sodium hydroxide (NaOH)
solution, and a chromatic study was undertaken to determine color change. The change in color
was assessed by eye (subjective) and by spectroscopy (objective). The nanofibers were characterized,
in addition to the colorimetric study, by Fourier transform infrared (FTIR) spectroscopy and scan-
ning electron microscopy (SEM) as well. The results demonstrate how thermal treatment induces
cross-linking between the nanofibers, allowing them to keep their shape once the NaOH solution
is applied to them. The opposite effect (solubilization) can be observed for non-cross-linked (NCL)
samples. Although the final color varied, the cross-linked (CL) nanofibers’ halochromic behavior was
maintained. It was demonstrated that during cross-linking, ester groups are formed from the free
carboxyl group in the cross-linked CA and the ketones present in the curcumin under acid conditions.
So, CA acts as an acid catalyst to bond turmeric to the cross-linked PVA nanofibers.

Keywords: turmeric; citric acid; cross-linking

1. Introduction

The substantial progress and development that society has undergone in recent
decades has brought about a significant change in many people’s lifestyles. Nowadays,
human beings are purchasing smaller, safer, cheaper, and more rapidly produced prod-
ucts. Nanotechnology is a technique capable of producing and manipulating matter at the
nanometer scale to create new structures, materials, and products [1].

Nanotechnology has been able to demonstrate that materials at the nanometer scale
can offer different characteristics than when they are at a larger scale. For example, ceramic
materials have high brittleness except when they are present as nanoparticles, when they
can be malleable. When working at the nanometer scale, elements such as copper can form
substances that turn from opaque to transparent, and gold can change from insoluble to
soluble [1].

The advance of nanotechnology has driven development and innovation in the textile
industry, enabling the manufacture of smart and multifunctional textiles with applications
in various areas of health, pharmaceuticals, fashion, sports, transportation, protection, and
high-performance products. Smart textiles are able to detect an external stimulus, whether
mechanical, thermal, chemical, magnetic, electrical, optical, or physiological, and respond
to it. Functional fabrics are designed to exhibit functions in addition to their aesthetic
properties [2].
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Abstract

Turmeric has been widely studied as a color indicator for pH variations due to its halochromic
properties. It has been tested in solution or included in some polymeric matrices. Some studies
have demonstrated that its change in color is due to the tautomeric species of curcumin, and this
property can be observed even if turmeric is assimilated in a film or nanofiber.
Chitosan/polyethylene oxide (PEO) polymers have been tested in previous studies. Polyvinyl
alcohol (PVA) nanofibers are used as potential carriers of drugs once they are insolubilized. The
aim of this work is to cross-link PVA with citric acid (CA) to insolubilize the nanofibers and
determine the effect on turmeric’s halochromic properties. The nanofibers were treated with a
sodium hydroxide (NaOH) solution, and a chromatic study was undertaken to determine color
change. The change in color was assessed by eye (subjective) and by spectroscopy (objective).
The nanofibers were characterized, in addition to the colorimetric study, by Fourier transform
infrared (FTIR) spectroscopy and scanning electron microscopy (SEM) as well. The results
demonstrate how thermal treatment induces cross-linking between the nanofibers, allowing them
to keep their shape once the NaOH solution is applied to them. The opposite effect (solubilization)
can be observed for non-cross-linked (NCL) samples. Although the final color varied, the cross-
linked (CL) nanofibers’ halochromic behavior was maintained. It was demonstrated that during
cross-linking, ester groups are formed from the free carboxyl group in the cross-linked CA and
the ketones present in the curcumin under acid conditions. So, CA acts as an acid catalyst to bond
turmeric to the cross-linked PVA nanofibers.

Introduction

The substantial progress and development that society has undergone in recent decades has
brought about a significant change in many people’s lifestyles. Nowadays, human beings are
purchasing smaller, safer, cheaper, and more rapidly produced products. Nanotechnology is a
technique capable of producing and manipulating matter at the nanometer scale to create new
structures, materials, and products [1].

Nanotechnology has been able to demonstrate that materials at the nanometer scale can offer
different characteristics than when they are at a larger scale. For example, ceramic materials have
high brittleness except when they are present as nanoparticles, when they can be malleable. When
working at the nanometer scale, elements such as copper can form substances that turn from
opaque to transparent, and gold can change from insoluble to soluble [1].

The advance of nanotechnology has driven development and innovation in the textile industry,
enabling the manufacture of smart and multifunctional textiles with applications in various areas
of health, pharmaceuticals, fashion, sports, transportation, protection, and high-performance
products. Smart textiles are able to detect an external stimulus, whether mechanical, thermal,
chemical, magnetic, electrical, optical, or physiological, and respond to it. Functional fabrics are
designed to exhibit functions in addition to their aesthetic properties [2].
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The modification of textiles at the nanoscale allows the implementation of new functionalities or
improvements in their performance without overshadowing their initial characteristics of
lightness, flexibility, comfort, and aesthetics. The new functions provided can include
hydrophobicity [3.4,5], oleophobicity [6,7], antistatic properties [8,9], resistance to wrinkling
[10], improved resistance to mechanical stress [11,12,13], protection against ultraviolet radiation
[14,15], antibacterial capacity [14,16,17,18], and complex developments such as flexible
bioelectronics [19] among other characteristics.

In the textile industry, nanotechnology has also made its presence felt in the production of fibers.
One of the main objectives of chemical spinning is to produce fibers with the smallest possible
cross-section. Based on this objective, electrospinning has emerged as one of the most promising
technologies capable of producing fibers with a sub-micrometer or even nanometer cross-section.
Moreover, electrospinning is also a simple and versatile technique capable of producing
nanofibers with a multitude of morphologies using highly diverse materials, from polymeric to
ceramic materials, for example. The technique is able to offer exceptional characteristics, such as
a high surface-to-volume ratio, an ultrafine fibrous structure connected to itself at a multitude of
points, and high porosity and lightness [2,19,20,21].

Another feature of the electrospinning technique is the possibility of adding different compounds
to nanofibers, both superficially adhered and encapsulated inside them. Due to the simplicity and
versatility of the nanofiber morphologies that can be obtained, this technology has been
implemented in many industrial sectors, including self-cleaning textiles with applications in
medical devices and protective clothing [2,22], agrotextiles with living matter inside the
nanofibers [23], air filtration products, water treatment filters, catalysis processes, enzyme
immobilization, and solar cells. Nanofibers are used in a wide variety of products in the
biomedical sector, with applications including cellular tissue repair and regeneration, wound
healing and scarring, musculoskeletal tissue regeneration, tendon/ligament regeneration, cancer
diagnosis and treatment, and implant coating [2].

However, most of the research carried out to date has focused on the technical aspects of
nanofibers, and their aesthetic side has been completely overshadowed by their excellent and
diverse qualities that provide great value across many different sectors. However, their aesthetic
aspect can also provide technical value; several authors have used different halochromic
compounds encapsulated inside electrospun nanofibers as sensors to detect pH changes in the
environment. The incorporation of halochromic compounds into nanofibers involves a dyeing
process since the principle of halochromism is based on a color change in the compound as a
function of the pH in which it is found.

Agarwal et al. made electrospun PA 6 nanofibers that could encapsulate different halochromic
dyes, such as Phenol Red, Methyl Red, Bromothymol Blue, phenolphthalein, and Bromocresol
Green, with the aim of being able to detect color changes from pH 1 to pH 10, in a study that also
determined the effect of the compound on fiber morphology [24]. Van der Schueren et al. used
the halochromic dyes Bromocresol Purple and Brilliant Yellow to dye PA 6.6. nanofibers, and
they concluded that the incorporation of the pH indicator did not influence the average diameter
of the fibers; however, they did find an influence on the formation of droplets during the process
when the dye had not been properly dissolved. Nanofibers incorporating both dyes demonstrated
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good characteristics as pH indicators [25]. Tripathy et al. developed PA 6 nanofibers dyed with
the halochromic dyes Phenol Red, Bromocresol Purple, and phenolphthalein to determine the pH
change of milk as a function of its purity [26]. In the medical field, nanofibrous biosensors have
been designed with the dye Bromothymol Blue for the rapid and visual detection of wound
infection [27].

Naturally occurring dye compounds that offer halochromic characteristics have been used by
other authors due to their chemical composition, in addition to being renewable, non-toxic, non-
polluting, safe and biocompatible. Devarayan and Kim prepared electrospun cellulose nanofibers
containing a natural pigment extracted from red cabbage; the pigment’s anthocyanin content
results in a color change across a pH range of 1 to 14. They suggest a possible application in
medical monitoring of alcohol intake levels via a saliva test [28]. Maftoonazad and Ramaswamy
also employed red cabbage pigment along with polyvinyl alcohol for the production of
electrospun nanofibrous mats for monitoring pH changes in fresh date packaging [29]. Extensive
study has also been performed on curcumin, a natural lipophilic pigment found in turmeric and
extracted from Curcuma longa, which possesses the ability to change its color due to its diketone
groups being converted to the keto-enol form when exposed to alkaline conditions [30] (see
Figure IV.2.1). Researchers have fabricated various nanofibers with encapsulated turmeric for
visual monitoring of the pH of fresh food packaging [30,31,32].

HO OH*
o Keto
H5CO = OCH;
OH OH

pH>7
-0 o
Enol
H5CO = N OCH;
OH O~

Figure IV.2.1. Curcumin structure depending on pH.

The present research proposes polyvinyl alcohol (PVA) nanofibers incorporating turmeric as a
coloring agent in the polymeric solution for future application as a pH sensor in the field of air
filtration. PVA is characterized by being a hydrophilic, non-toxic, biodegradable, biocompatible,
semicrystalline polymer, qualities that allow it to be used in a wide variety of sectors. However,
it has low water stability, which limits its applicability; as a result, PVA is often treated to ensure
prolonged stability and improve its performance [33]. The methods studied to improve its stability
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in water have included crystallization by freezing and thawing, irradiation, acid-catalyzed
dehydration, heat treatments, radical production, and treatment with formaldehyde or
glutaraldehyde [34]. However, some of these methods are toxic or expensive; therefore, several
authors have used citric acid (CA) as a green method for PVA cross-linking. CA is a non-toxic
polycarboxylic acid that can react with the hydroxyl groups of PVA chains and give rise to
intermolecular and intramolecular ester bonds between them. The cross-linking reaction between
PVA and CA occurs upon heating to high temperatures, from 130 to 220 °C, for long periods of
time, depending on the temperature [33,35,36].

The objective of this study was to determine if cross-linking between PVA and CA influences the
ability of the halochromic sensor to detect pH changes and generate color changes in turmeric.
The possibility of creating non-water-soluble halochromic PVA nanofibers will increase PVA’s
field of application. Due to the possible presence of suspended substances in the turmeric
dispersion, the dispersion used in the study was filtered to avoid alterations in the electrospinning
process. Another unfiltered dispersion was used to evaluate whether there are differences after
filtration in terms of coloration and detection of pH change.

Materials and Methods

Materials

The nanofibers were composed of polyvinyl alcohol (PVA) Mw 61,000 g/mol with a degree of
hydrolysis of 98.0-98.8 mol% at 99% =+ 0.8 purity, purchased from Sigma-Aldrich (Akralab,
Alicante, Spain); turmeric, purchased from a local herbalist; and citric acid (CA) at 99% purity
purchased from Sigma Aldrich. The PVA with CA and turmeric dispersion was prepared in
distilled water.

The vertical metal collector of the electrospinning system was covered with wax paper supplied
by Bosque Verde (Tarragona, Spain). The halochromic effect was evaluated using a 10 g/L
solution of sodium hydroxide (NaOH) supplied by Sigma Aldrich, which has a pH value of 11—
12.

Methods

To produce the dispersion to be electrospun, the turmeric was first dispersed at 5 g/L in distilled
water with electromagnetic stirring for 2 h. After this time, half of the prepared dispersion was
filtered using a sintered glass fiber disc with a nominal pore diameter of 1.2 um. Subsequently, in
both turmeric dispersions (filtered and unfiltered). PVA was added at 9% w/v and CA at 10% w/v
with respect to the weight of PVA and stirred with an electromagnetic stirrer at 80 °C until
complete dissolution of the PVA.
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To characterize the viscosity of the dispersions, a FUNGILAB Visco Elite R viscometer from
Instrumentacion Analitica (Barcelona, Spain) was used with an R3 spindle and a stirring speed of
200 RPM. The electrical conductivity was measured at a temperature of approximately 22 °C in
both solutions with a Crison Basic 30 Conductimeter (Hach Lange Spain. S.L.U., L’ Hospitalet
de Llobregat, Spain). Surface tension was measured with a KRUSS K9 tensiometer (Kriiss,
Hamburg, Germany). For pH measurement, a GLP 22 pH meter from CRISON (CRISON,
Barcelona, Spain) was used.

The electrospinning process was carried out using a Spinbox instrument from Bioinicia
(Bioinicia, Paterna, Spain). The instrument’s vertical metallic collector was covered with white
waxed paper, which the nanofibers were deposited onto to facilitate their handling. A 16-gauge
capillary was chosen for the extrusion of the solutions to avoid clogging by the non-dispersed
compounds. The extrusion had the following characteristics: a rate of 0.8 mL/h, an applied voltage
of 19 kV, a distance between the extruder electrode and the collector of 12 ¢cm, and a process
duration of 30 and 120 min. The temperature of the environment where the experiment was
performed was 25 °C, with a relative humidity of 53%.

To cross-link the nanofiber veils, a TCF 120 oven from ARGO LAB (ARGO LAB, Carpi, Italy)
was used at a temperature of 190 °C for 10 min.

The first characterization of the nanofibrous veils was undertaken with the naked eye by 5
volunteers to determine whether there was coloration in the electrospun nanofibers and to
determine which of them had a greater or lesser color tonality.

The color of the nanofiber veils was determined by using a MINOLITA CM-3600d (Konica
Minolta Business Solutions Spain, Barcelona, Spain) reflection spectrophotometer. UV energy
was included. The measurements were made with the CIE-Lab 10° standard observer and the
standard illuminant D65 [37]; the values for L, a, and b for the evaluation of color and the total
color difference (AE) were calculated using Equation (1).

DE = \/(L — L2+ (a—a*)?+ (b —b*)?b? ()

As the electrospun samples were circular in shape (see Figure [V.2.2), the color measurement was
conducted in the center of the circle.

The samples were examined by electron microscopy using a field emission scanning electron
microscope FESEM ULTRA 55 (Carl Zeiss, Jena, Germany). Each sample was placed on a
surface and covered with a layer of gold and palladium using a sputter coater in order to make the
samples conductive. The samples were analyzed with the appropriate magnification and with an
acceleration voltage of 2 kV.

Fourier transform infrared (FTIR) spectra were recorded in order to characterize each fabric’s
surface. A JASCO FT/IR-4700 type A spectrometer (Jasco Spain, Madrid, Spain) with an ATR
accessory was used to record 16 spectra with a 4 cm™! resolution.
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Results

Solution Characterization

As a starting basis for sample characterization, a single polyvinyl alcohol dilution was tested
against filtered (PVA_F) and unfiltered (PVA_NF) turmeric dispersions.

The dispersion was filtered through a sintered glass fiber disc to remove any turmeric particles
larger than 1.2 um that could interfere with the electrospinning process by obstructing the
capillary exit or hindering the formation of the Taylor cone. Table IV.2.1 shows the
characterization parameters for the PVA preparations for electrospinning.

Table IV.2. 1 Characterization of the PVA solutions: polyvinyl alcohol without additives (PVA), PVA with non-filtered
turmeric (PVA_NF), and PVA with filtered turmeric (PVA_F).

REFERENCE PVA PVA_NF PVA_F
Viscosity (cP) 149.13 + 0.81 192.70 £ 4.68 129.02 +£7.30
Conductivity (mS) 250.66 + 13.67 1534.60 + 13.56 13152 +12.77
Surface tension (mN/m) 65.38£0.34 52.40£0.82 56.78 £0.36
pH (pH) 5.30+0.01 2.59+0.01 2.54+0.01

The characterization demonstrated the changes that occurred in the PVA starting solution when
citric acid and turmeric were added. It can be seen how the presence of these compounds increased
the viscosity up to 192.70 cP in the case of the PVA NF dispersion; however, when the dispersion
was filtered, it had a value slightly lower than that of the starting solution, 129.02 cP. The large
increase in the conductivity parameter also observed was due to the addition mainly of CA, since
it dissociates into hydrogen ions and citrate ions. The surface tension decreased only slightly in
both dispersions with respect to the PVA solution. However, there was a noticeable reduction in
pH in the dispersions due to their CA content with respect to the neutral pH from the initial
submission.

Nanofiber Veil Characterization
Visual Color Test

In order to prove that, in addition to the filtration of the solution, there is also a difference in the
color of the nanofiber mat due to the electrospinning time, two electrospinning process times were
employed, 30 and 120 min; thus, four samples were obtained: the samples from the filtered (F)
solution electrospun for 30 min (PVA_F 30) and 120 min (PVA_F 120) and the nanofibers
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produced from the non-filtered (NF) solution electrospun for 30 min (PVA_NF 30) and 120 min
(PVA_NF _120). The visual appearance of the samples can be seen in Figure [V.2.2. As can be
observed, the PVA without turmeric is white for both the 30 and 120 min samples (Figure [V.2.2a
and IV.2.2b, respectively). As can also be seen, turmeric inclusion gives a yellow color for both
the 30 min and 120 min samples (Figure IV.2.2¢c and IV.2.2d, respectively). The SEM results for
the samples are show in Section SEM.

Figure IV.2. 2. Visual observation of electrospun nanofibers. (a) PVA_F 30; (b) PVA_F 120;
(¢) PVA_NF 30, (d) PVA_NF_120.

The visual test was carried out by five volunteers. They were presented with the four samples
prior to cross-linking and were asked to rank, from highest to lowest, which sample had the
yellowest coloration following the incorporation of turmeric as a dye. Figure 1V.2.2 shows the
samples presented to the volunteers. The samples were presented to the individuals unlabeled; the
volunteers simply had to order them from left to right, from highest appreciation of yellowish hue
to lowest.

All the volunteers, without knowing the order decided by the other volunteers or the conditions
for the electrospinning, ordered the samples in the same way, as shown in Table IV.2.2.
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Table IV.2. 2. Visual color test results.

REFERENCE Color ++++ Color +++ Color ++ Color + No Color

Volunteers

5 PVA NF 120 PVA NF 30 PVA F 120 PVA F 30 -

Reflectance Spectroscopy
Initial Samples

Reflectance spectroscopy was carried out to determine the coloration of each sample accurately
and quantitatively. Measurements of the chromatic coordinates of each sample were taken at four
different positions.

Table IV.2.3 shows the CIE L*a*b* values obtained from the electrospun samples. Waxed paper
was used as the standard sample because it was used as the collector substrate on which the
nanofibers were collected and was kept during the analysis to facilitate the handling of the
nanofibers.

Table IV.2. 3. CIE L*a*b* coordinates of the wax paper collector, PVA_NF 30 nanofibers, PVA_NF 120 nanofibers,
PVA_F 30 nanofibers, and PVA_F 120 nanofibers.

REFERENCE L* a* b* DL* Da* Db* DE*ab Difference

Wax paper (Standard) 94.45 0.69 -5.70 - - - - Original
PVA_NF_30 94.63 -3.72 15.07 0.18 -4.42 20.77 2123 Yes
PVA NF 120 96.42 -292 1936 197 -3.61 2506 25.40 Yes
PVA_F 30 9538 -0.41 -0.59 093 -1.11 5.11 5.31 Yes
PVA_F 120 97.60 -0.48 0.62 3.15 -1.17 6.32 7.16 Yes

Table 1V.2.3 shows that all the samples present a difference with respect to the standard sample
in their DE*ab values. It can be seen that the nanofiber samples produced from the unfiltered PVA
solution have higher color difference values, with the 30 min electrospun sample having a value
of 21.23 DE*ab and the 120 min sample having a value of 25.40 DE*ab. Similarly, it can be
observed that all the samples have very similar brightness values that are close to the value
obtained for the collector wax paper; however, it is noteworthy that the samples electrospun for a
longer time, PVA_NF 120 and PVA_F 120, have higher brightness values, 96.42 and 97.60 L*,
respectively.
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Cross-Linked Samples

Due to the high solubility of PVA in water, a cross-linking process must be carried out to facilitate
the handling and applicability of the electrospun veils. After cross-linking, a change in the color
shade of the samples, including the waxed paper, can be observed. The CIE L*a*b* color
coordinates of the electrospun samples after cross-linking are shown in Table IV.2.4.

Table IV.2. 4. CIE L*a*b* coordinates of the cross-linked samples: wax paper (standard); cross-linked wax paper;
PVA_NF 30 CL nanofibers; PVA_NF 120 CL nanofibers; PVA_F 30 CL nanofibers; PVA_F 120 CL nanofibers

REFERENCE L* a* b* DL* Da* Db* DE*ab Difference

Wax paper (Standard) 94.45  0.69 -5.7 - - - - Original
Wax paper CL 9211 -124 937 -234 -193 1507 15.37 Yes
PVA NF 30 CL 94.07 -229 11.03 -0.38 -298 16.73 17 Yes
PVA NF 120 CL 95.71 -3.83 19.82 126 452 2552 25.95 Yes
PVA F 30 CL 9421 -137 789 -024 -2.06 13.59 13.75 Yes
PVA F 120 CL 96.24 -135 859 1.78  -2.04 143 14.55 Yes

The waxed paper was also subjected to the same cross-linking process to see if it undergoes
alterations on its own.

The results obtained from the measurements of the cross-linked nanofibers show chromatic
differences in relation to the original samples. The values obtained for the color differences with
respect to the base surface on which the solutions were electrospun, waxed paper, are shown. The
brightness values were hardly altered after cross-linking.

The value of 15.37 DE*ab obtained for the cross-linked waxed paper shows a notable color
difference with respect to the original sample (0 DE*ab). The cross-linking of the unfiltered
samples, PVA_NF 30 CL and PVA_NF 120 CL, hardly alters the initial coloration as the DE
*ab values are similar to those before cross-linking. On the other hand, the color difference for
the PVA_F 30 CL and PVA_F 120 CL nanofibers has increased with respect to the original
samples, with values of 13.75 DE*ab and 14.55 DE*ab, respectively, obtained after cross-linking.

In all cases, the samples show high luminosity values. It can be seen that the samples electrospun
for 120 min both present a higher luminosity than the samples that have been electrospun using
the same solution but for 30 min.
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Halochromic Study

After the halochromic test was performed on the electrospun samples, both thermally cross-linked
and non-cross-linked, new chromatic values were obtained.

Table 1V.2.5 shows the CIE L*a*b* values obtained from the electrospun samples after the
halochromic test was performed on the nanofibers. Waxed paper was still used as the standard
sample.

Table IV.2. 5. CIE L*a*b* coordinates of the wax paper collector, PVA_NF 30 H nanofibers, PVA_NF 120 H
nanofibers, PVA_F 30 H nanofibers, and PVA_F 120 H nanofibers after the halochromic test.

REFERENCE L* a* b* DL* Da* Db* DE*ab Difference

gi‘:ﬂflzlr’g)r 9445 069  -5.70 - - - - Original
PVA NF 30 H  80.13 1071 -979  -1432 1001 -4.09 17.94 Yes
PVA NF 120 H 7886 1234 -10.13  -1559 11.65 -442  19.96 Yes
PVA F30H 9377 134 556  -068 064 0.5 095 Yes
PVA F 120 H 9388 032 -337 057 -037 233 243 Yes

Figure 1V.2.3 clearly shows the color change resulting from performing the halochromic test.
Figure IV.2.3a shows the results when the NaOH solution is in contact with the sample with the
unfiltered turmeric solution electrospun for 120 min (PVA_NF _120).

Figure IV.2. 3. Halochromic behavior for PVA nanofibers: (a) non-
cross-linked; (b) cross-linked.

The halochromic test was also performed on the electrospun samples that were cross-linked to
obtain an insoluble PVA (Figure 1V.2.3b). The values obtained are shown in Table 1V.2.6.

106



Capitulo 1V. Publicaciones

Table IV.2. 6. CIE L*a*b* coordinates of the cross-linked samples: the wax paper collector (standard), cross-linked
wax paper, PVA_NF 30 CL H nanofibers, PVA NF 120 CL H nanofibers, PVA F 30 CL H nanofibers, and
PVA F 120 CL_H nanofibers after the halochromic test.

REFERENCE L* a* b* DL* Da* Db* DE%*ab Difference
Wax paper (Standard) 94.45 0.69 -5.7 - - - - Original
Wax paper_CL 92.11 -1.24 937 -234 -193 15.07 15.37 Yes
PVA NF 30 CL H 90.23 255 845 422 1.86 14.15 14.88 Yes
PVA NF 120 CL H 90.06 295 787 -439 225 1357 1444 Yes
PVA F 30 CL H 91.56 -041 993 -2.89 -1.11 15.64 1594 Yes
PVA F 120 CL H 92.33 -0.03 94 212 -0.72 15.11 15.27 Yes

SEM

The conditions used for PVA electrospinning were defined based on the microscopy analysis to
ensure that no bed or solvent presence was visible. Figure IV.2.4a shows PVA nanofibers that have
no bed but arrive at the collector without the complete evaporation of the solvent. In
contrast, Figure 1V.2.4b shows clearly defined nanofibers with no solvent present. Thus, these
were the conditions selected when conducting this study and the ones reported in Section
Methods.

correctly evaporated (PVA non-cross-linked 30 min).

107


https://www.mdpi.com/2073-4360/15/23/4480#fig_body_display_polymers-15-04480-f004
https://www.mdpi.com/2073-4360/15/23/4480#fig_body_display_polymers-15-04480-f004
https://www.mdpi.com/2073-4360/15/23/4480#sec2dot2-polymers-15-04480
https://www.mdpi.com/2073-4360/15/23/4480#sec2dot2-polymers-15-04480

Funcionalizacion de textiles mediante encapsulacion por electrohilatura

When the citric acid and turmeric were included in the PVA solution, the parameters varied, and
although, apparently, a Taylor cone was created, the nanofibers generated beds, which indicated
that the conditions should be changed (Figure 1V.2.5). However, no changes were made to the
electrospinning conditions as the solution parameters for conductivity and viscosity were
considerably increased by the addition of turmeric and CA (Figure IV.2.5a), but they slightly
decreased when filtered (Figure IV.2.5b), and in both cases, the Taylor cone was consistent. Small
changes in the parameter resulted in no nanofibers being formed. Figure 1V.2.5¢ shows the
nanofibers’ appearance once the nanofibers had been cross-linked (CL) by thermal treatment.

»<‘: ; i\ ? 2‘."'/ }—p“} v ) : \ i

Figure IV.2. 5. Effect of filtering and cross-linking on nanofibers. (a) Non-filtered non-cross-linked (NF-NCL),
(b) filtered and non-cross-linked (F-NCL), (c) filtered and cross-linked (F-CL).

Once the nanofiber veils were obtained, a drop of NaOH solution was placed on the surface of
the nanofibers and left to dry. This was done on both cross-linked (CL) and non-cross-linked
(NCL) nanofibers. The veils were subsequently analyzed by SEM in order to determine the effect.
As can be seen in Figure [V.2.6, the NCL nanofibers completely dissolved, whereas the ones that
had been thermally treated to induce cross-linking between the PVA and CA still showed a
nanofiber net.

(a)

1um

1pum

Figure IV.2. 6. Effect of NaOH solution (H) on nanofibers. (a) Filtered and non-cross-linked
(F-NCL_H); (b) filtered and cross-linked (F-CL_H).

FTIR

The FTIR spectra for the different samples were analyzed; the most important findings are shown
in Figure IV.2.7. The influence of CA cross-linking can be appreciated when the spectra are
compared with samples without the thermal treatment (NCL). The OH stretching band is altered
due to the cross-linking. As can be seen in Figure 1V.2.7a, the peak is centered around 3260
cm™! for the non-cross-linked (NCL) samples and represented by lines, whereas the samples with
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thermal treatment show a shift towards a higher wavelength centered around 3306 cm™'. When
the effect of filtration is compared (filtered (F) versus non-filtered (NF)), it can be clearly seen
that there is a slight difference, mainly observed in the region 800-500 cm™!, which corresponds
to the ring and OH bands [38]. For the non-filtered samples, the peaks in that region were lower,
and this may be due to the presence of agglomerated particles that were retained by the filter.

3306 3260
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- = =120_F CL
0.02 UA —— 120_NF_NCL
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Wavenumber (cm?)
(b)

Figure IV.2. 7. ATR—FTIR spectra from PVA nanofibers with turmeric and citric acid solution. (a)
Comparison of filtered (F) and non-filtered samples (NF) that were cross-linked (CL) or non-cross-linked
(NCL); (b) comparison of halochromic behavior for cross-linked (CL) and non-cross-linked (NCL)
samples as obtained or following alkaline treatment (H).
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Discussion

Effect of Solution Filtration and Electrospinning Time
on Nanofiber Color

Figure IV.2.8 shows the coordinates on the CIE L*a*b* space of the electrospun samples and the
collector wax paper of the nanofibers. The results show a brightness value for the collector wax
paper of 94.45 L*; however, the rest of the samples have values higher than this, indicating a
higher brightness in all the electrospun samples (Figure [V.2.8a).
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Figure IV.2. 8. Colorimetry results for the samples. (a) Sample brightness results. (b) Chromatic coordinates; blue
circle: wax paper (standard); orange circle: PVA_NF 30 nanofibers; grey circle: PVA_NF 120 nanofibers, yellow
circle: PVA_F 30 nanofibers, green circle: PVA_F 120 nanofibers.

For the electrospinning samples, the lowest value obtained is for the PVA NF 30 sample, with a
value of 94.63 L*, while the filtered sample with the same electrospinning process time, i.e., the
PVA_F 30 sample, has a slightly higher brightness, with a value of 95.38 L*. The samples
electrospun for a longer time, 120 min, have higher brightness values. The sample electrospun
from the unfiltered solution (PVA_NF_120) has a value of 96.42 L*, while the filtered sample,
PVA _F 120, has the highest brightness value, 97.60 L*.

Therefore, with respect to the electrospun samples, it is possible to state that the filtration of the
turmeric solution increases the luminosity of the nanofibrous mats, in addition to it being possible
to observe that a longer electrospinning time, i.e., a higher deposition of nanofibers, is also a
parameter that increases the luminosity value.

Regarding the color differences (DE*ab) (Figure IV.2.8b) with respect to the standard sample, it
can be observed that the unfiltered samples, PVA NF 30 and PVA NF 120, have higher values
than the filtered samples, 21.23 and 25.40 DE *ab, respectively. The nanofibrous sample obtained
from the turmeric solution filtered and electrospun for 30 min (PVA F 30) has a value of 5.31
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DE*ab, a lower value than the sample electrospun for 120 min from the same solution (PVA
_F 120), which has a value of 7.16 DE *ab.

The results demonstrate in both cases the higher color difference, i.e., the higher presence of color,
in the nanofibers when electrospinning takes place for longer process times, 120 min in this case.
They also show a notable difference in coloration depending on whether the PVA solution has
been filtered or not, with the presence of darker areas observed when the solutions have not been
filtered (Figure 1V.2.2).

In Figure 1V.2.8b, the chromatic coordinates measured on the samples show that the waxed paper
has a slight and barely noticeable blue coloration, with a value of —5.70 b*. The coordinates of
the PVA_F 30 nanofibers increase on the Y-axis with respect to the standard sample, with a value
of —0.59 b*; however, they remain very close to the center of both axes, so no color predominates
on the nanofiber surface. The sample filtered and electrospun for 120 min (PVA_F 120) shows a
slight increase in coloration with respect to the previous sample since it has chromatic coordinates
of —0.48 a* and 0.62 b*, which is explained by a slightly higher coloration in the nanofibers.

The electrospun nanofibers from the unfiltered turmeric solution have very different chromatic
coordinates than those obtained from the filtered solution. The PVA NF 30 nanofibers have
coordinates of —3.72 a* and 15.07 b*, which reflect a noticeable yellow coloration due to their
high value on the Y-axis. The PVA_NF 120 sample has coordinates of —2.92 a* and 19.36 b*,
where the value of +b*, responsible for the yellow coloration, is higher than that for the rest of
the samples, so this sample is the one with the greatest yellow coloration.

The chromatic coordinates have demonstrated that a greater coloration is obtained for the
nanofibers when the turmeric solution is not filtered, in addition to the fact that a more intense
color is obtained with longer electrospinning times. These results, as could be expected, agree
with the results obtained from the volunteers’ observations (Table V.2.2).

The filtration of the solution did not make any difference to the appearance of the nanofibers;
while the image for the non-filtered samples has some areas with a higher intensity of color
(see Figure 1V.2.2), the color was the same for the filtered (F) samples compared to the non-
filtered (NF) samples.

Effect of Cross-Linking on Nanofiber Color

From the data shown in IV.2.3 and Table 1V.2.4, it can be determined whether the thermal cross-
linking process has an influence on the color present in the electrospun nanofibers.

Figure IV.2.9a represents the values obtained from the original samples versus the cross-linked
nanofibrous samples. First of all, it is worth noting the influence of the thermal process on the
colorimetry of the waxed paper used as a collecting surface; it can be seen that, after cross-linking,
its brightness value has decreased to 92.11 L*, and at the same time it has moved along the X-
axis to give a value of 15.37 DE *ab, which shows an increase in coloration with respect to its
original color.
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Figure IV.2. 9. Colorimetry results for the samples. (a) Sample brightness results. (b) Chromatic coordinates; blue
circle: wax paper (standard); orange circle: PVA_NF 30 nanofibers; grey circle: PVA_NF 120 nanofibers, yellow
circle: PVA_F 30 nanofibers, green circle: PVA_F 120 nanofibers, blue square: cross-linked wax paper; orange
square: PVA_NF 30 CL nanofibers; grey square: PVA_NF 120 CL nanofibers, yellow square: PVA_F 30 CL
nanofibers; green square: PVA_F_120_CL nanofibers.
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The electrospun samples after cross-linking show slightly lower values in terms of brightness, as
can be seen in the points plotted in Figure IV.2.9a; this could be due to the fact that the heat
treatment partially opacifies the light of the samples. Regarding the color differences, the same
figure shows how the cross-linking process in the filtered samples, PVA F 30 CL and
PVA F 120 CL, increases their DE ab values until they are very close to the DE *ab value of the
collector wax paper.

From Figure IV.2.9b, it can be deduced that after cross-linking, the +b* value of the
PVA NF 120 CL sample has remained stable since it had a value of 19.36 b* before the heat
treatment and a value of 19.82 b* afterward. In the case of the PVA NF 30 CL sample, while
the cross-linking increased the chromatic coordinates on the Y-axis for the other samples, these
coordinate values slightly decreased in this case.

The +b* value of the heat-treated collector wax paper increased. Initially, it had a cold white
shade, and hence its value of —5.70 b* is towards the bluish area of the CIE L*a*b* space. After
cross-linking, it had a yellowish hue, as indicated by the 9.37 b* value.

The electrospun samples from the filtered solution (PVA_F 30 CL and PVA F 120 CL)
underwent significant color changes after the cross-linking of the polymer. The original samples
presented a* and b* values very close to the center of the axes (0.0), thus representing a whitish
coloration. However, the location of the points plotted for the cross-linked samples in Figure
IV.2.9b demonstrates the existence of a yellowish hue in the nanofibers. It is noteworthy that
although the b* values of these samples have increased, they remain below the value obtained for
the waxed paper; however, this can be explained by the nature of the components. The wax of the
paper may have undergone an oxidation process when a high temperature was applied for the
cross-linking of the PVA, which resulted in the yellowish coloration.

Halochromic Behavior

The visual analysis performed allowed the determination of the color change in the electrospun
nanofibers after the halochromic test was performed on them. The data in Table IV.2.3 and Table
IV.2.5 represent the color differences graphically and quantitatively.

Firstly, with respect to the brightness values, it can be seen in Figure IV.2.10a that the initial
samples have higher brightness values in all cases and that these values decrease slightly when
the final color is evaluated after the halochromic test. On the other hand, in Figure IV.2.11a, it is
also noticeable how a relationship is maintained between the initial color difference versus the
color difference after the color change; that is, the PVA_F 30 sample represented by the yellow
circle has the smallest color difference compared to this sample after being subjected to the
halochromic test, as indicated by the yellow square representing the PVA_F 30 H sample.
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Figure IV.2. 10. Colorimetry results for the samples. (a) Sample brightness results. (b) Chromatic coordinates; blue
circle: wax paper (standard); orange circle: PVA_NF 30 nanofibers, grey circle: PVA_NF 120 nanofibers; yellow
circle: PVA_F 30 nanofibers; green circle: PVA_F 120 nanofibers, blue square: cross-linked wax paper; orange
square: PVA_NF 30 H nanofibers; grey square: PVA_NF 120 H nanofibers, yellow square: PVA_F 30 H
nanofibers, green square: PVA_F 120 _H nanofibers.
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Figure IV.2. 11. Colorimetry results for the samples. (a) Sample brightness results. (b) Chromatic coordinates; blue
circle: wax paper (standard); orange circle: PVA_NF 30 CL nanofibers; grey circle: PVA_NF 120 CL
nanofibers; yellow circle: PVA_F 30 _CL nanofibers, green circle: PVA_F 120 _CL nanofibers, blue square: cross-
linked wax paper; orange square: PVA_NF 30 CL_H nanofibers; grey square: PVA_NF 120 _CL _H nanofibers;
yellow square: PVA_F 30 _CL_H nanofibers, green square: PVA_F 120 CL_H nanofibers.
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Therefore, it is possible to affirm that the color shade after the halochromic test is also influenced
by the electrospinning process time and the filtration of the solution used. It is noticeable how, in
both the filtered and unfiltered solutions, the PVA NF 120 H and PVA F 120 H samples,
electrospun for 120 min, show a greater color difference after the test than the samples made
employing a shorter process time. The unfiltered samples, PVA_NF 30 H and PVA_NF 120 H,
show greater color differences with respect to the filtered samples and the collector wax paper.

On the other hand, in Figure IV.2.10b, drastic changes in color shades are noticeable. The initial
sample PVA NF 120 is shown in the upper left quadrant of the graph because it has colorimetric
values of —2.92 a* and 19.36 b*, which explains its notable yellowish hue. However, the
PVA _NF 120 H sample has values of 12.34 a* and —10.13 b*, which places the gray square in
the lower right quadrant of the graph, thus giving a final purple hue. The same occurs with the
rest of the samples, however, as in the DE *ab color difference graph, the influence of lower
coloration is maintained due to the electrospinning time and the filtration of the electrospun
solutions.

Therefore, by means of the halochromic test, it has been possible to determine the existence of a
color change from yellow to purple for the nanofibers electrospun from the PVA and turmeric
solutions. It has also been possible to affirm that the color intensity ratio is maintained with respect
to the electrospinning and filtration time of the solutions.

The curcumin in turmeric varies from a keto to an enol tautomer depending on the pH. The enol
form is present when it is dissolved in organic solvents or alkaline solutions, whereas the keto
form dominates in acid media [39,40]. This halochromic behavior is kept when turmeric is
included in some polymeric films or nanofibers [30-32]. In this paper, we focus on PVA, and we
demonstrate that PVA has the capability to form yellow nanofibers which change their color when
in contact with alkaline solutions. This is due to the fact that alkaline solutions make the curcumin
lose protons to give a net charge of —3. This shift from the enol to the keto tautomeric form of
curcumin is demonstrated by the FTIR spectra (Figure IV.2.7b), where a variation can be seen in
the OH stretching band (3800-3000 cm™"). This is because the number of OH groups decreases
when the curcumin moves from the keto to the enol form, and consequently, this is directly related
to the color change from yellow (pH < 7) to a reddish hue (pH > 7), as many authors have reported
[39,40].

Effect of Cross-Linking on Halochromic Behavior

In the previous sections, the effect of thermal cross-linking on the colorimetric values of the dyed
nanofibers has been confirmed; similarly, the color change from yellow to purple after the
halochromic test has also been demonstrated. Therefore, in this section, we analyze both of the
factors that induce changes; i.e., we evaluate whether the thermal treatment to which the
nanofibrous veils are subjected to produce a water-insoluble polymer affects the halochromic
capacity generated by the encapsulation of turmeric inside the fibers. The data shown in Table
IV.2.4 and Table IV.2.6 are plotted in Figure IV.2.11.
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Figure 1V.2.11a clearly demonstrates that all the cross-linked samples initially show higher
brightness values before, rather than after, the halochromic test. This phenomenon may be due to
the fact that the nanofibers change from a yellow color with high lightness to a dark brownish
shade, as can be seen in Figure IV.2.3. As an example of this, the sample PVA NF 120 CL
(represented by a gray circle) had a lightness value of 95.71 L* and a color difference value of
25.95 DE *ab (the highest of all the cross-linked samples) after cross-linking; however, after the
halochromic test, it had values of 90.06 L* and 14.44 DE *ab, which also suggests a change in
color and luminosity with respect to the collector surface, but to a lesser extent.

Figure IV.2.11b shows the colorimetric values of each sample. It can be seen that the values of
the sample PVA_NF 120 CL place it in the upper left quadrant, with values —3.83 a* and 19.82
b*, thus demonstrating its yellowish coloration. However, when the halochromic test was
performed, the PVA_NF 120 _CL_H sample had values of 2.95 a* and 7.87 b*, which placed it
in the upper right quadrant, the sample having a brownish color. In the PVA NF 30 CL H
sample, the same occurs as for the sample electrospun for 120 min; however, its values are lower
due to the shorter deposition time during the electrospinning and therefore its shorter coloration
time.

The electrospun nanofibers from the filtered turmeric solution hardly underwent a color change
when the halochromic test was performed after cross-linking. As shown in Figure IV.2.11b, the
values obtained after the halochromic color change of the PVA F 30 CL H and
PVA F 120 CL_H samples are very close to the values recorded for the same samples after
thermal cross-linking; moreover, it is observed that all the values are very close to the color shade
of the cross-linked wax paper.

The cross-linking between PVA and CA takes place following the reaction shown in Figure
IV.2.12. As can be seen, after the cross-linking, there are still free hydroxyl groups from both PVA
and CA; furthermore, there are carboxyl groups from CA as well. Turmeric added to this solution
can take part in different reactions that establish turmeric retention. It is unlikely that hydrogen
bonds can be formed between PVA and curcumin because neither compound has functional
groups that are predisposed to form hydrogen bonds with each other, as they are formed between
hydrogen atoms and another electronegative atom. However, it is possible that ester bonds are
established between CA and certain ketones found in curcumin (see curcumin structure in Figure
IV.2.1). Thus, we suggest that, due to the cross-linking, an ester bond is established between the
free carboxyl group in the cross-linked CA and the ketones present in curcumin under acid
conditions. Therefore, CA acts as an acid catalyst to bond with curcumin. Due to this reaction, the
hydroxyl groups from curcumin are involved in the reaction, and consequently, the number of OH
groups to be ionized (O—) at pH > 7 is reduced. This could be the reason for the color change
associated with the halochromic effect when the nanofibers are cross-linked (CL) in comparison
to the non-cross-linked ones.
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Figure IV.2. 12. PVA and CA reaction during the cross-linking reaction.

Samples with thermal treatment show a cross-linked (CL) effect, as can be observed in the FTIR
spectra (Figure IV.2.7). The OH stretching bands show a shift in the maximum from 3260 cm™! for
non-cross-linked samples (NCL) to 3306 cm ™! when the treated (CL) samples were analyzed. This
indicates that OH groups were involved in the cross-linking reaction [41,42,43]. This behavior is
also due to the hydroxyl groups from the keto form of curcumin that react with carboxyl groups
from CA to create ester groups. This cross-linking between PVA and CA results in the
insolubilization of the PVA nanofibers, as can be seen from the SEM results (Figure 1V.2.6). The
characteristic absorption of the C=0 group in citric acid is observed at 1690—1750 cm™'. The SEM
images show how a drop of alkaline liquid can dissolve the NCL samples, whereas the CL samples
remain unaltered. This suggests that the thermal treatment enables the cross-linking of CA with
PVA and converts soluble nanofibers into insoluble ones. This thermal procedure increases the
applications of PVA as it can now be used in applications in which previously its high solubility
would have prevented this use. Furthermore, CA acts by bonding the turmeric within the PVA-
CA structure.

Conclusions

The use of turmeric as a natural pH indicator is well known; however, its halochromic behavior
when incorporated into PVA nanofibers insolubilized by cross-linking with CA has not previously
been demonstrated.

SEM microscopy showed the presence of PVA nanofibers, and their appearance, apart from some
beds, was not altered by the inclusion of CA or turmeric in the solution. This means that both the
turmeric and CA were completely dissolved. When the solution was filtered, no variations were
observed either.

The halochromic effect was determined subjectively by visual analysis and objectively by
spectrometry. Both results allow us to conclude that the non-filtered samples show higher color
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intensity, even though some areas of darker color can be observed in the non-filtered (NF)
samples.

FTIR spectroscopy confirmed the tautomeric variation from the keto to the enol form when NaOH
was added to the surface of the nanofiber veil. Furthermore, this technique demonstrated a cross-
linking effect between CA and PVA.

The cross-linking treatment modifies the halochromic response but does not cancel it out
altogether. This is due to the ester formed between CA and the keto form of curcumin, and we can
conclude that CA plays a double role, on one hand, cross-linking with the PVA nanofibers to make
them insoluble, and on the other hand, acting as an acid catalyst allowing the keto form to react
with CA and bonding it to the nanofibers.

The advantage of this treatment is that the nanofibers maintain their structure even when in an
alkaline environment, whereas the non-cross-linked nanofibers become completely dissolved.

This response allows insoluble PVA nanofibers to be generated and used as a non-soluble sensor,
opening the door to multiple applications, including applications in the food industry and
medicine.

In summary, we can highlight that CA acts as a catalyst, converting curcumin into the keto
tautomeric form. This form is able to react with CA in an esterification reaction. Consequently,
turmeric is entrapped by CA. The ester reaction binds some of the hydroxyl groups and thus
reduces the number of O-groups, which causes the change in color. This implies a decrease in the
color intensity, but the halochromic effect remains.
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Abstract: The combination of a nanofibre net and textile support represents an interesting composite
capable of conferring various properties. Nanofibres are so thin that they can be easily damaged by
human touch. In this study, we hypothesised that dyeing nanofibres with different colours from their
textile supports would result in a colour difference upon their degradation, providing evidence that
the composite has been touched and acting as a touch sensor. Two different methods were studied:
directly inserting the dye into the polymer via electrospinning or creating a coloured liquid emulsion
encapsulated by the polymer via electrospinning. Two black dyes were studied. Colour index (CI)
Acid Black 194 was added directly to polyvinyl alcohol (PVA) as the polymer. Sage oil was used for
CI Solvent Black 3. The nanofibre nets were conveniently electrospun on a white polyester fabric; the
fabrics were then characterised by colour coordinate analysis, FTIR, and SEM. The results showed
that the dyed solution in oil was encapsulated, and the black colour could only be observed when
rubbed, whereas the dyed polymer showed a black colour that was removed when rubbed. Therefore,
the hypothesis was confirmed, and both samples demonstrated the desired touch sensor behaviour.

Keywords: electrospun; polyvinyl alcohol; fibre; colour

1. Introduction

The application of nanofibrous veils in multiple industrial sectors has increased dra-
matically in recent decades. Interest in electrospun nanofibres has arisen due to their
exceptional characteristics, high surface-area-to-volume ratio, high porosity, ultra-thin in-
terconnected and lightweight fibrous structure, and their potential for use with a multitude
of synthetic and natural polymers and compounds that provide different characteristics [1].
Nanofibre veils have been widely studied in filtration-related fields, including air filtra-
tion [2-4], water filtration [5-7], biomedicine [5-10], sensors [11,12], soundproofing [13,14],
defence and protection garments [15,16], food packaging [17,18], cosmetics [19,20], and
home furnishing [21,22].

Currently, across various fields of application, there is a growing need for the creation
of a singular matrix that possesses multiple functional traits. By integrating functional
nanoparticles and active ingredients into electrospun fibres, it becomes possible to fulfil the
demands for enhanced mechanical strength, electrochemical properties, and other technical
performances all at once. In the food sector, authors have combined thymol essential oil
with PLGA nanofibres via coaxial electrospinning to prevent microbial growth in fruits
during storage [23]. In the biomedicine field, the addition of camptothecin (CPT), a natural
hydrophobic chemotherapy agent, to electrospun amphiphilic peptide (AP) nanofibres has
demonstrated the inhibition of breast cancer tumour growth [24]. Nanofibre veils have
also been used in the design of protective clothing. The activation of Ag nanoparticles and
Zn nanowires in electrospun poly(methyl methacrylate) (PMMA) nanofibres has provided
conventional garments with antibacterial, antiviral, and self-cleaning properties [25].

To date, most studies related to nanofibres have mainly focused on their functional
properties and technical applications, leaving the aesthetic aspect of these nano-sized
structures largely unexplored. While significant progress has been made in understanding
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Abstract

The combination of a nanofibre net and textile support represents an interesting composite capable
of conferring various properties. Nanofibres are so thin that they can be easily damaged by human
touch. In this study, we hypothesised that dyeing nanofibres with different colours from their
textile supports would result in a colour difference upon their degradation, providing evidence
that the composite has been touched and acting as a touch sensor. Two different methods were
studied: directly inserting the dye into the polymer via electrospinning or creating a coloured
liquid emulsion encapsulated by the polymer via electrospinning. Two black dyes were studied.
Colour index (CI) Acid Black 194 was added directly to polyvinyl alcohol (PVA) as the polymer.
Sage oil was used for CI Solvent Black 3. The nanofibre nets were conveniently electrospun on a
white polyester fabric; the fabrics were then characterised by colour coordinate analysis, FTIR,
and SEM. The results showed that the dyed solution in oil was encapsulated, and the black colour
could only be observed when rubbed, whereas the dyed polymer showed a black colour that was
removed when rubbed. Therefore, the hypothesis was confirmed, and both samples demonstrated
the desired touch sensor behaviour.

Introduction

The application of nanofibrous veils in multiple industrial sectors has increased dramatically in
recent decades. Interest in electrospun nanofibres has arisen due to their exceptional
characteristics, high surface-area-to-volume ratio, high porosity, ultra-thin interconnected and
lightweight fibrous structure, and their potential for use with a multitude of synthetic and natural
polymers and compounds that provide different characteristics [1]. Nanofibre veils have been
widely studied in filtration-related fields, including air filtration [2,3,4], water filtration [5,6,7],
biomedicine [8,9,10], sensors [11,12], soundproofing [13,14], defence and protection garments
[15,16], food packaging [17,18], cosmetics [19,20], and home furnishing [21,22].

Currently, across various fields of application, there is a growing need for the creation of a singular
matrix that possesses multiple functional traits. By integrating functional nanoparticles and active
ingredients into electrospun fibres, it becomes possible to fulfil the demands for enhanced
mechanical strength, electrochemical properties, and other technical performances all at once. In
the food sector, authors have combined thymol essential oil with PLGA nanofibres via coaxial
electrospinning to prevent microbial growth in fruits during storage [23]. In the biomedicine field,
the addition of camptothecin (CPT), a natural hydrophobic chemotherapy agent, to electrospun
amphiphilic peptide (AP) nanofibres has demonstrated the inhibition of breast cancer tumour
growth [24]. Nanofibre veils have also been used in the design of protective clothing. The
activation of Ag nanoparticles and Zn nanowires in electrospun poly(methyl methacrylate)
(PMMA) nanofibres has provided conventional garments with antibacterial, antiviral, and self-
cleaning properties [25].
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To date, most studies related to nanofibres have mainly focused on their functional properties and
technical applications, leaving the aesthetic aspect of these nano-sized structures largely
unexplored. While significant progress has been made in understanding and exploiting the unique
properties of nanofibres and the other technical characteristics of various materials, it is surprising
to note that the visual and aesthetic impact of these fibres has often taken a back seat. As
nanofibres are increasingly integrated into various products and materials, it is essential to
consider how they will visually affect the result. It is essential to recognise that aesthetics is not
merely a superficial aspect but can influence the overall perception of a product’s quality and
usefulness.

The study of the aesthetic aspect of nanofibres involves understanding how they interact with
light, how they influence colour perception, and how they can be modified to achieve desirable
visual effects [26]. Regarding the interplay between light and materials, a single nanofibre is not
visible to the naked eye or through an optical microscope because the obtained nanometer
diameters (50—1000 nm) [27] are generally in the same wavelength magnitude range as visible
light (400-700 nm) [28]. However, a single nanofibre is only visible with an electron microscope.
While it is feasible to visually detect the existence of nanofibres through the naked eye or optical
microscopy under circumstances where these nanofibres create a dense layer enveloping a
substrate, the reality is that a substantial accumulation of nanofibres, when illuminated by white
light, presents itself as a white, impenetrable, and uniformly even surface. This white colour
occurs when a thick layer of nanofibres is produced due to the physical phenomenon of light
scattering [26].

Recent advancements in nanofibre dyeing have enabled the enhancement of their aesthetic
properties. Researchers have studied two methods of dyeing nanofibres. The first method involves
the incorporation of the dye compound directly into the polymer solution before the
electrospinning process [26,29,30]. As the fibres are generated from the solution and deposited
on the collector structure, an increase in the deposition of nanofibres leads to an increase in the
perceived colour intensity. This approach can achieve more intense and uniform colours from the
outset due to the direct incorporation of dyes into the fibre structure itself. In contrast, the other
method of dyeing nanofibres takes place after the electrospinning process, i.e., the fibres are
immersed in a dye solution [31,32,33]. This allows more precise control over the intensity and
uniformity of the colour, as the fibres can be immersed in the solution for different periods to
achieve the desired shade.

In this work, we focused on composites made of a textile and coated with a nanofibre layer. The
nanofibres were colour-treated by encapsulating dyes inside them using two different techniques:
polymer colouration and liquid solution encapsulation. Two different polymer solutions were
prepared for electrospinning, thus comprising two different types of dyeing. To obtain one
solution, the dye was dispersed directly on an aqueous polymeric solution of polyvinyl alcohol
(PVA). To prepare the other solution, the dye was solubilised in an oily solution of sage essential
oil, which was then emulsified in a polymeric solution of PVA with a surfactant. PVA was selected
as the polymer because it is a water-soluble polymer and is compatible with electrospinning. The
two dyes were used, one water-soluble and the other oil-soluble, and were black in colour. This
colour was selected because of its high contrast with the surface where the nanofibres were
collected (which was white), as, in this way, the colour can be seen with the naked eye and with
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short electrospinning process times. The dyes were selected based on their molecular weights
since their very similar values rule out their influence on the dyeing power of the nanofibres or
the obtained colour. Sage essential oil was used because it has shown good levels of encapsulation
in the nanofibres in previous studies as well as because it is an almost colourless oil, which
facilitates the appreciation of the dyeing.

Materials and Methods

Materials

Polyvinyl alcohol (PVA) with a molecular weight (Mw) of 61,000 g/mol was obtained from
Sigma-Aldrich (Akralab, Alicante, Spain) and used to create the solutions. Distilled water was
utilised to prepare both solutions. As colouring compounds, the water-soluble dye Acid Black 194
(AB194) supplied by BASF (Tarragona, Spain) and the oil-soluble dye Solvent Black 3 (SB3)
supplied by ANALEMA were used, its chemical structure is shown in Figure IV.3.1. The essential
oil used in the experiment was sage, which was purchased from Lozano Essences (Esencias
Lozano, S.L., Murcia, Spain). For surfactant purposes, Tween 80 from Panreac (Akralab,
Alicante, Spain) was employed.

OH
HO
NaO;S O N, \\ h N CH3
W
9 f o
W,

(a) (b)
Figure IV.3. 1 Chemical structures of the dyes. (a) Acid Black 194, (b) Solvent Black 3.

The nanofibres were deposited on a plain white weave fabric comprising 100% polyester (PES),
200 g/m?.

Methods

Preparation of the Solutions

Both solutions were obtained by preparing a 9% (w/v) PVA solution. This involved heating the
water to 80 °C via magnetic stirring until the PVA was completely dissolved. To prepare the
solution with the Acid Black 194 dye, it was added to the PVA solution at a concentration of 5
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g/L and left to stir for 2 h at room temperature in a propeller homogeniser. To prepare the
emulsion, the essential oil was added to the PVA at room temperature. Sage oil was added at 3%
(v/v) and Tween 80 surfactant at 1% (v/v) to the PVA solution. Initially, the PVA solution was
placed in the homogeniser and when the desired speed was reached, the amount of Tween 80 was
gradually added. Subsequently, a set amount of sage essential oil was gradually added. After the
addition of oil was finished, the revolutions were sustained for 5 min. The homogeniser and its
respective conditions were as follows: an Ultraturrax homogeniser with a toothed accessory at
4000 rpm for 10 min for the surfactant and 1500 rpm for 5 min for the sage oil.

Characterisation of the Solutions

The obtained solutions were characterised using a variety of methods. The viscosity of the two
solutions was measured with the Visco Elite R viscometer (Fungilab, Sant Feliu de Llobregat,
Spain). The selection of the measuring device was based on the manufacturer’s guidelines for the
specific measuring range achieved. For each solution, the conductivity was measured using a
Crison Conductimeter Basic 30 (Hach Lange Spain, S.L.U., L’ Hospitalet de Llobregat, Spain).
Additionally, the surface tension was measured using a Kriiss tensiometer K9 (Kriiss, Hamburg,
Germany). The pH was measured with the GLP 22 CRISON pH metre (CRISON, Barcelona,
Spain). Three samples were prepared, and every sample was tested for each parameter (viscosity,
conductivity, surface tension, and pH) five times.

Electrospinning Process

The electrospinning process was conducted using a BIOINICIA electrospinning system
(Bioinicia, Paterna, Spain). A 100% polyester (PES) bleached fabric with a taffeta weave was
placed on the vertical stainless steel flat collector, where the nanofibres were later collected. A
22-gauge extruder capillary was used for all electrospinning processes. The parameters of the
electrospinning process are listed in Table IV.3.1, which were optimised to avoid beds [34].

Table IV.3. 1. The electrospinning parameters.

Flow Rate (mL/h) 0.3 0.45 0.35

Voltage (kV) 10.5 10 11.5
Nozzle—collector distance (cm) 15 15 15
Process time (min) 90 90 90
Room temperature (°C) 24 22.5 26
Room humidity (%) 44 57 40
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The parameters given in Table IV.3.1 were selected to facilitate a constant and stable
electrospinning process. A balance between the selected voltage and the flow rate is imperative;
if an excessively low flow rate is applied relative to the applied voltage, electrospinning will be
interrupted, whereas if a greater flow rate than the voltage can withstand is applied, an irregular
Taylor cone will form and solution droplets will be deposited on the collector, not just the
nanofibres. The nozzle—collector distance was selected so that the solvent used in the solutions
evaporates in that space—time. All parameters have proven effective in previous research.

Characterisation of Nanofibres

The first characterisation of the nanofibres was performed to determine if there was visible
colouring to the naked eye due to the encapsulation of the dye in each of them. Three different
electrospun samples, PVA nanofibres, PVA + Acid Black 194 nanofibres, and PVA + sage oil +
Solvent Black 3 nanofibres, were presented to five individuals who were asked to determine the
appearance of colour in each sample referenced with letters of the alphabet, avoiding the power
of suggestion on the volunteers’ opinions.

Subsequently, in parallel with the opinions of the five individuals, reflection spectroscopy was
carried out to determine the chromatic coordinates of the produced nanofibres. For this purpose,
measurements were carried out with the Datacolor Spectro 700 reflection spectrophotometer; the
measurement parameters were illuminant D65 and observer at 10°, including the specular
component, and an aperture size of 3 cm. Analysis of the samples’ colours was conducted via the
CIEL*a*b* colour space, as it is the most comprehensive colour space. The three coordinates of
CIELAB space represent the lightness of the colour (L* = 0 indicates black and L* = 100 indicates
white), its position between red and green (a* < 0 indicates green colour while a* > 0 indicates
red), and its position between yellow and blue (b < 0 indicates blue while b < 0 indicates yellow
colour). The three veils were measured, and each one was measured in five different zones.

For the morphological characterisation, scanning electron microscopy (SEM) was employed via
a FESEM ULTRA 55 (Carl Zeiss, Jena, Germany) with an accelerating voltage of 2 kV. The
surfaces of each sample were analysed at appropriate magnifications for the study. Before
observation, the samples were coated with gold/platinum to ensure the necessary conductivity.

Fourier transform infrared spectroscopy (FTIR) was conducted to characterise the starting
materials (PVA, dyes, and sage oil) and the obtained nanofibres. A JASCO FT/IR-4700 type A
spectrophotometer (Jasco Spain, Madrid, Spain) with an ATR accessory (Jasco Spain, Madrid,
Spain) was used. Each sample underwent sixteen spectra measurements with a resolution of 4
cm L

To ensure uniformity in size distribution measurements, we utilised the image analysis software
ImageJ 1.52p (Wayne Rasband, MD, USA). Each image of the samples under analysis was
accurately calibrated to obtain measurements in the correct units. The obtained measurements
were then transferred to Excel, and corresponding representations were generated. Three different
nanofibre veils were obtained, and 20 measures were made from every image.
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Finally, to evaluate the staining capacity of the nanofibres after subjection to a 20-cycle rubbing
process, the Crockmeter model CM-1 from ATLAS ELECTRIC DEVICES Co. (Chicago, IL,
USA) was used. The control fabric used during the test was the same fabric on which the
nanofibres were deposited, i.e., a 100% polyester fabric.

Results

Solution Characterization

The characteristics of all the solutions and the components used are given in Table IV.3.2. All
measurements were carried out at room temperature so as not to influence the parameters.

Table IV.3. 2. Solution parameters.

Reference PVA9% PVA + Acid Black 194 PV A + sage oil + Solvent Black 3
Viscosity (cP)

(SD 3.47) 143.88 177.36 181.66

Conductivity (uS)

(SD 6.78) 294.2 2620 248.8

Surface tension
(mN/m) 59.58 54.24 33.86
(SD 1.76)
pH
(SD 0.03) 5.62 6.32 5.09

We correctly characterised the solutions by measuring the viscosity, surface tension, conductivity,
and pH of each one, as well as the starting solution of 9% (w/v) PVA. We also measured the
solution parameters of Solvent Black 3 dye and sage oil to determine their influence on the
emulsion. Table IV.3.2 shows how the viscosity values increase with the addition of the colouring
substances in the PVA solution. However, the opposite was true for surface tension values, which
decreased. The conductivity parameter increased considerably when AB194 dye was added;
however, it decreased slightly when SB3 dye and sage oil were added. The pH values remained
partially stable.

Figure 1V.3.2 shows the images of the solutions under an optical microscope. As expected, no
compounds or aggregates were found in the PVA solution (Figure 1V.3.2a), which means that the
polymer was correctly dissolved. The same happened with the dissolution of the AB194 dye in
the PVA solution (Figure 1V.3.2b); a completely homogeneous solution was observed due to the
great solubility of the dye in the aqueous solution. However, at first glance, it can be observed
that the solution had lost its initial transparency attributed to the PVA and now had a high black
colouring. Finally, due to the hydrophilic and hydrophobic nature of the components, an emulsion
was obtained between PVA (aqueous) and sage essential oil dyed with Solvent Black 3
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(oil). Figure IV.3.2c shows the microdroplets generated by the emulsion, which were
characterised by a homogeneous distribution of the encapsulations’ radial sizes.

Figure IV.3. 2. Different solutions under an optical microscope. (a) PVA solution; (b) PVA + Acid Black 194 solution;
(c) PVA + sage oil + Solvent Black 3 emulsion.

Maintaining the stability of an emulsion over time is complicated, and this becomes even more
difficult when voltage is applied to the solution. The electrospinning technique requires the
creation of an electrostatic field between two electrodes by applying an electric current to the
extruder component. Figure 1V.3.3 shows the effect of voltage application on the stability of the
emulsion.

R (LT U e e T SOOI o1 e SV S e AR
Figure IV.3. 3. PVA + sage oil + Solvent Black 3 emulsion under an optical microscope. (a) Solution extracted
from the extruder capillary where the electric current is applied, red circles show different size drops, (b)

solution extracted from the syringe where the emulsion is held.
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The application of electric current to an emulsion can separate its component phases; in this case,
PVA is the aqueous phase and sage oil is the oily phase. For years, many researchers have shown
interest in electrostatic phase separation for the separation of oil from water. When an electric
current is applied to an emulsion, electrocoalescence can occur. This means that when an electric
field is applied, the dispersed emulsion droplets start to move and experience electrostatic forces
that can lead to coalescence until they merge. In addition, if the outer membrane of the droplet
becomes too narrow, it can break and separate the dispersed and dispersing phases [35,36]. Figure
IV.3.3a shows a big difference from the initial emulsion image; the encapsulated droplets were
greatly reduced, and a different size distribution was generated. Figure 1V.3.3a shows a big
difference concerning the image of the initial emulsion. After applying electric current in the
electrospinning process, the encapsulated droplets were greatly reduced, and a different size
distribution was generated. In addition, it can be seen (Figure IV.3.3a, marked in red circles) that
the encapsulation of the oil in the droplets has apparently decreased. However, as shown in Figure
1V.3.3b, the emulsion that was retained in the syringe of the equipment was stable, just like the
initial emulsion, and the encapsulated black-dyed sage oil could be seen (see Figure IV.3.4).

) i R

Figure IV.3. 4. Solutions used in the experiment. (a) PVA 9%, (b) PVA + Acid
Black 194, (c) PVA + sage oil + Solvent Black 3.
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Nanofibre Characterisation

Visual Colour Test

The visual staining test was carried out with five volunteers who were shown three samples and
asked to answer which one had black staining. Figure IV.3.5 shows the electrospun dye
nanofibres.

Figure IV.3. 5. Nanofibres on polyester fabric. (a) PVA + Acid Black 194 nanofibres; (b) PVA + sage oil +
Solvent Black 3 nanofibres.

As can be seen from the survey results (Table 1V.3.3), all respondents were able to identify the
colour black in only one sample; the other two apparently showed a white colour.

Table 1V.3. 3. Visual colour test results.

Reference PVA9% PVA +Acid Black 194  LVA T sageoil +
Solvent Black 3
Colour Identification White Black White
(five volunteers) 6) %) ®)

Diffuse Reflectance Spectroscopy

Diffuse reflectance spectroscopy was used to perform a detailed and quantitative analysis of the
obtained colour data. The chromatic coordinates of the samples were determined by averaging at
least four measurements of the samples.
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Table IV.3.4 shows the CIE Lab* colourimetry values obtained for each sample. The 100% PES
textile was used as the standard sample because the nanofibres were electrospun on it.

Table IV.3. 4. CIE Lab* data of the samples.

L*

a*

b*

Reference (SD (SD SD dL* da* db* dE*ab Difference
0.81) 0.19) 0.21)
PES
(Standard) 95.29 -0.89 1.91 - - - - B
PVA 9% 94.83 -0.87 2.12 -0.46 0.02 0.21 0.50 No
PVA + Acid
Black 194 76.39 -0.75 -1.73  -18.89 0.14 -3.64 19.24 Yes
PVA + sage oil +
Solvent Black 3 94.99 -0.88 2.07 -0.3 0.01 0.16 0.34 No

Figure 1V.3.6 shows the location of the values obtained in CIE Lab* space. The values obtained
for the PVA nanofibres (yellow point) showed minimal colour variation with respect to the white
polyester fabric. This could be because, although the PVA solution is transparent in its liquid state,
when it solidifies, it turns white or slightly yellow. The brightness of the sample was very similar

to the standard sample.

100 ‘
80
[ J
5
v 60 @ PES (Standard)
o
oy .
%o 40 PVA 9% nanofibers
=
® PVA + Acid Black 194 nanofibers
20
PVA + Sage oil + Solvent Black 3 nanofibers
-1 9 14 19
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Figure IV.3. 6. Results of the colourimetry of the samples. (a) Sample brightness results. (b) Chromatic
coordinates: blue point: PES fabric (standard); yellow point: PVA 9% nanofibres; orange point: PVA + Acid
Black 194 nanofibres, grey point: PVA + sage oil + Solvent Black 3 nanofibres.

Figure 1V.3.6. Results of the colourimetry of the samples. (a) Sample brightness results. (b)
Chromatic coordinates: blue point: PES fabric (standard); yellow point: PVA 9% nanofibres;
orange point: PVA + Acid Black 194 nanofibres; grey point: PVA + sage oil + Solvent Black 3
nanofibres.

On the contrary, the results showed that the addition of Acid Black 194 dye to the PVA solution
generated bluish-coloured nanofibres, as indicated by its value (—1.73 b*), which can be seen in
the position of the orange point in Figure IV.3.6b. This result is compatible with what the five
volunteers answered in the visual test. It also decreased the brightness value (76.39 L*) of the
sample compared to the standard (95.29 L*) due to dyeing.
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However, although the emulsion of PVA + sage oil + black solvent 3 had a greyish colour in the
liquid state, this colour did not appear on the nanofibres when they were electrospun. The CIE
Lab* measurements showed a value of —0.88 for parameter a* and a value of 2.07 for b* for the
nanofibres generated from the PVA + sage oil + Solvent Black 3 emulsion. These values are very
close to those obtained for the standard sample (—0.89 a* and 1.91 b*), which indicate that the
nanofibres generated from the emulsion did not show a black colouring on their surface but

showed a slightly yellowish—whitish shade, similar to the PVA nanofibres.

Rubbing Test

We sought to determine what happens to both types of nanofibres when subjected to a rubbing
process. After the test, the colours of the rubbed sample and the control used for the rubbing were
evaluated. Table IV.3.5 shows the colourimetry results obtained after rubbing.

Table IV.3. 5. CIE Lab* data of the samples after the rubbing test.

L* a* b*
Reference (SD (SD (SD DL* Da* Db* DE*ab  Difference
0.76) 0.17) 0.18)
PES
(Standard) 95.29 -0.89 1.91 - - - - -
PVA + Acid
Black 91.45 -0.94 0.78 -3.84 -0.05 -1.14 4.01 Yes
194 Rubbed
PVA + Acid
Black 76.91 -0.64 -2.7 -18.38 0.25 -4.62 18.95 Yes
194 Control
PVA + sage oil +
Solvent Black 94.24 -0.78 2.11 -1.05 0.11 0.19 1.07 Yes
3 Rubbed
PVA + sage oil +
Solvent Black 93.41 -0.82 2.06 -1.88 0.07 0.14 1.89 Yes
3 Control

Figure IV.3.7 shows the brightness results obtained after the rubbing tests. Concerning the
nanofibres containing the AB194 dye (PVA + Acid Black 194), it can be seen that after performing
the test on the electrospun sample (PVA + Acid Black 194 Rubbed), the brightness value of the
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latter increased to 91.45 L*, a value that almost reached that of the standard PES sample, 95.29
L*. In the same way, it can be seen that the brightness value of the control fabric (PVA + Acid
Black 194 Control), which would initially be 95.29 L* as it is the same standard fabric, decreased
to 76.91 L*, a value very similar to that of the PVA + Acid Black 194 sample, 76.39 L*. These
results can be explained by the fact that the rubbing process caused the nanofibres to detach from
the PES fabric, where they were deposited and transferred to the used control fabric.

120
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Lightness (L*)

Figure IV.3. 7. Luminescence (L*) results of the samples after the rubbing test.

However, when analysing the brightness values of the rubbed sample with the encapsulated SB3
dye (PVA + sage oil + Solvent Black 3 Rubbed) and the control fabric (PVA + swage oil + Solvent
Black 3_Control), these values are not very different from those obtained with the original sample.

Figure IV.3.8 shows the colour difference results obtained after the rubbing tests.
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2 1,07
0 0,34 l_l
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PES (Standard) PVA + Acid Black PVA + Acid Black PVA + Acid Black PVA + Sage oil + PVA + Sage oil + PVA + Sage oil +
194 194 _Rubbed 194_Control  Solvent Black 3  Solvent Black Solvent Black

3_Rubbed 3_Control

Figure IV.3. 8. Results of colour difference (DE*ab) of the samples after the rubbing test.
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The colour difference data obtained corroborate the abovementioned; in the case of the PVA +
Acid Black 194 sample, the dyed nanofibres or dye was directly transferred to the control fabric
(PVA + Acid Black 194 Control) used. For this reason, the control, which was initially white after
the test, had a DE*ab value of 18.95. As the value increased in the control sample, it decreased in
the rubbed sample, as it obtained a value of 4.01 DE*ab.

After the rubbing of the PVA + sage oil + Solvent Black 3 sample, the DE*ab value increased
slightly (1.07 DE*ab) compared to the original sample (0.34 DE*ab). However, a higher increase
in the control sample was observed, which reached a value of 1.89 DE*ab.

Despite the rubbing tests, a greater colour difference was still observed in the samples containing
the Acid Black 194 dye compared with the nanofibres produced from the emulsion with sage oil
and Solvent Black 3 dye.

FTIR

Fourier transform infrared spectroscopy (FTIR) is highly valuable in discerning functional groups
exhibiting distinct vibrations within specific spectral ranges, typically between 4000 and 400
cm!. Nonetheless, achieving quantitative determinations demands meticulous calibrations and
involves increased complexity due to the overlapping molecular vibrations in certain regions of
the spectrum [37]. These overlaps can lead to fluctuations in the centre of the vibrational bands,
making accurate measurements more challenging. In this case, we intended to use FTIR to
identify the presence of the different dyes and the essential oil of sage in the nanofibres so as to
identify the functional groups characteristic of the type of dye and the essential oil used and
determine the evolution of the PVA curve when the additive compounds are included.

When analysing the spectrum of the nanofibres obtained from the PVA + Acid Black 194 solution
and comparing it with the spectra of the PVA and the dye, the presence of peaks characteristic of
both can be seen in Figure 1V.3.9. This graphic shows the polyvinyl alcohol nanofibre in blue, the
spectrum of the AB194 dye in orange, and the spectrum of the PVA + Acid Black 194 in grey.
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Figure IV.3. 9. Infrared spectra of the nanofibres. (a) Acid Black 194, blue line: PVA nanofibres; orange line:
Acid Black 194 dye; grey line: PVA+Acid Black 194 dye nanofibres. (b) Solvent Black 3; blue line: PVA
nanofibres, orange line: sage oil; yellow line: Solvent Black 3 dye; green line: PVA + sage oil + Solvent Black 3
dye nanofibres.
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The characteristic peaks, named A, B, and C, have already been cited by several authors who have
analysed the same or similar compounds. Point A marks a characteristic peak of PVA at
wavelength 3300 cm™!; this is due to its -OH groups [38]. The characteristic peak of the dye called
B at 1580 cm ™! is due to the presence of the azo bond (-N=N-), characteristic of azo dyes [39,40].
Finally, the C peak at wavelength 1100 cm™' shows the aromatic nature of the dye, i.e., it reflects
the presence of carbon—carbon bonds (C=C) [40,41].

The presence of the AB194 dye should provide an increase in the -N=N- band with respect to the
OH band. This is reflected in Table 1V.3.6, where the spectrum of PVA nanofibres, the spectrum
of Acid Black 194, and the spectrum of the PVA+ Acid Black 194 nanofibre veil are analysed.

Table IV.3. 6. Band intensity of FTIR spectra of electrospun PVA nanofibres, Acid Black 194 dye, and electrospun
PVA+ Acid Black 194 nanofibres.

Reference A B B/A c A/C
13300 I1s80 T1580/ 13300 T1100 13300/ T1100
PVA nanofibres 0.3435 0.0772 0.1650 0.0618 0.7946
ACID BLACK 194 0.1591 0.1922 1.2080 0.4142 0.3841
PVA+ Acid Black 194 0.0364 0.0492 13516 0.0777 04634

nanofibres

The intensity analysis showed that the presence of AB194 in the PVA nanofibres increased the
ratio (I1ss0/I3300 = 1.3516) with respect to that of the nanofibres without dye (I1ss0/13300 = 0.1650).
The opposite occurred when the C=C band was studied with respect to the OH band. In this case,
the presence of the dye could be seen when the absorbance of the coloured nanofibres (13300/13100 =
0.4684) decreased with respect to the PVA nanofibres (I3300/I3100 = 0.7946). In this way, it is
possible to demonstrate the presence of Acid Black 194 in the PVA nanofibres, even if it is already
visually observed.

Similarly, to determine the presence of sage oil and SB3 dye in the electrospun PVA nanofibres,
their FTIR spectra were analysed and are shown in Figure [V.3.9b. In this case, the remarkable
peaks were named D, E, F, G, and H.

!, primarily indicating OH

The peak centred around point D aligned with the peaks at 3300 cm™
stretching. This peak was notably absent in sage oil. Adjacent to this feature, we observed another
peak labelled E, aligning with the range of 2956-2849 c¢cm™'. This range is attributed to both
symmetrical and asymmetrical stretching of CH bonds (in CHz and CH, groups) [42]. Notably,
this band exhibited significant intensity even when tested with sage essential oil. Consequently,
the presence of sage can be recognised by an elevated CH band in comparison to the OH band.
This observation is evident in Table IV.3.7, which displays the spectra of three samples:
electrospun PVA nanofibres, the sage essential oil spectrum provided by the supplier, the spectrum

of the Solvent Black 3 dye, and the spectrum of the PVA + sage oil + Solvent Black 3 nanofibres.

142


https://www.mdpi.com/2073-4360/15/19/3903#B38-polymers-15-03903
https://www.mdpi.com/2073-4360/15/19/3903#B39-polymers-15-03903
https://www.mdpi.com/2073-4360/15/19/3903#B40-polymers-15-03903
https://www.mdpi.com/2073-4360/15/19/3903#B40-polymers-15-03903
https://www.mdpi.com/2073-4360/15/19/3903#B41-polymers-15-03903
https://www.mdpi.com/2073-4360/15/19/3903#table_body_display_polymers-15-03903-t006
https://www.mdpi.com/2073-4360/15/19/3903#fig_body_display_polymers-15-03903-f009
https://www.mdpi.com/2073-4360/15/19/3903#B42-polymers-15-03903
https://www.mdpi.com/2073-4360/15/19/3903#table_body_display_polymers-15-03903-t007

Capitulo 1V. Publicaciones

The intensity assessment revealed that the presence of sage led to an augmentation in the intensity
of the CH stretching band (I2e15) in relation to the OH stretching band (Is300). As a result, the
calculation of the ratio between these two bands (I3300/l2015) exhibited a substantial contrast
between PVA (1.9902) and sage (0.0450). This discrepancy signifies that the presence of sage in
sample PVA + sage oil + Solvent Black 3 nanofibres (0.6412) was confirmed through a reduction
in this ratio compared to PVA devoid of sage.

Table 1V.3. 7. Band intensity of the FTIR spectra of electrospun PVA nanofibres, sage oil, and PVA+ sage oil +
Solvent Black 3 nanofibres.

D E D/E F G G/F H D/H

Reference
13300 12915 13300/ L2015 T1734 T1640 T1640/ 11734 1520 13300/ L1520

PVA nanofibres 0.1017 0.0511 1.9902 0.0139 0.0259 1.8633  0.0212  4.7972

Sage oil 0.0058 0.1288 0.0450 0.2193 0.0143  0.0652  0.0040  1.4500

Solvent Black 3  0.0871  0.0849 1.0259 0.0597 0.0570  0.9547  0.2846  0.3092

PVA + sage oil
+ Solvent Black  0.0202 0.0315 0.6412 0.0027 0.0037 1.3703  0.0022 9.1818
3 nanofibres

Likewise, the distinct characteristics of salvia, namely camphor and thujone, displayed C=0O
stretching vibrations with a central frequency of 1730 cm™!. Additionally, the presence of pinene
was identifiable by the -C=C- alkene bond, as evidenced by a peak centred at 1640 cm™' [43,44],
which corresponds to typical features of terpenes found in essential oils [45]. In the spectra of the
nanofibres (Figure IV.3.9b), these specific peaks aligned with the designated F and G peaks of the
sage oil spectrum. Upon scrutinising the behaviour of these bands within the sage sample utilised
in the study, it was evident that the presence of pinene was notably less prevalent in comparison
to camphor and thujone. This was reflected by a distinctive peak at 1730 cm ™. The data presented
in Table 1V.3.7 demonstrate that PVA nanofibres with sage led to a reduction in the ratio
(Ligao/l1734 = 1.3703) when contrasted with PVA without sage (Iis40/11734 = 1.8633). Consequently,
the intensities of these bands provided further substantiation for the existence of sage within the
nanofibres.

To identify the Solvent Black 3 dye inside the nanofibres, the so-called H peak (Figure 1V.3.9b)
was observed at wavelength 1520 cm™ due to the stretching of the azo groups (N=N) [46]. By
studying the ratios in Table IV.3.7, it can be seen that with the addition of the SB3 dye, the ratio
(Is300/11520 = 9.1818) increased with respect to that observed when the nanofibres were produced
without dye (Is300/l1520 = 4.7972), which may be evidence of the presence of dye inside the PVA
and sage oil nanofibres.
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SEM

SEM characterisation was performed to assess whether there was any difference at the nanoscale
according to the electrospinning solution. Figure IV.3.10a shows the nanofibres generated from
the dissolution of AB194 dye in the PVA solution. It can be seen that the aqueous solvent
evaporated correctly during the electrospinning process, as the nanofibres did not have pores on
their surfaces. The nanofibres were mostly tubular in cross-section, but there were many elongated
beads of similar size along them. Due to the long process time of 90 min, a high deposition of the
nanofibres and the creation of different nanofibrous layers on the PES collector substrate were
observed.

Figure IV.3. 10. SEM images of the nanofibres. (a) PVA + Acid Black 194 nanofibres (5.00 kx) in bad condition
(with beds); (b) PVA + Acid Black 194 nanofibres (5.00 kx); (c) PVA + sage oil + Solvent Black 3 nanofibres (5.00
kx).

On the other hand, when the solution prepared from the emulsion of sage oil dyed with SB3 dye
in an aqueous solution of PVA was electrospun, a different result was obtained. Figure 1V.3.10b
shows the produced nanofibres, which had more beads in their cross-section; in this case, the
beads were also more spherical in shape. Previous studies have shown that the spherical beads
contain the sage oil used in the emulsion [34]. In both cases, it is observed that the deposition of
the nanofibres was completely random due to the use of a static collector. Table 1V.3.8 shows the
average diameter of the nanofibres and beads.

Table 1V.3. 8. Average diameter of the nanofibres and beads.

+ il +
Reference PVA + Acid Black 194 PVA + sage oil + Solvent
Black 3
© Nanofibres (nm)
(SD 2.81) 87.83 68.94
0 Beads (nm)
(SD 1.99) 271.04 430.20

Bead formation in nanofibre veils can be due to multiple factors. However, it is generally
attributed to an unstable Taylor cone due to an inexact balance between the feed flow rate and
applied voltage. A lower viscosity favours the appearance of larger-diameter beads. When Acid
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Black was added to 9% PVA, as shown in Table I1V.3.2, the viscosity slightly increased from
143.88 cP to 177.36; the flow rate and voltage need to be adjusted as described in Table IV.3.1;
otherwise, beads appear (Figure 1V.3.10a). Once the parameters were adapted to the solution’s
viscosity, no beads were present in the PVA + Acid Black 194 nanofibres, as can be seen in Figure
IV.3.10b. The nanofibres showed a diameter of around 87.3 nm, and slight widening was
observed, which is attributed to the dyestuff presence in the polymer solution, whose size is
271.04 nm. In contrast, the PVA + sage oil + Solvent Black 3 solution had a higher viscosity,
181.66 cP, so the beads formed in the nanofibres were of a higher diameter, 430.20 cP. It can be
seen that the beads showed a spherical shape, which is likely due to the round shapes that keep
the oil inside [34]. When the nanofibres were measured, it can be easily appreciated (Table 1V.3.8)
that the fineness decreased considerably when the 9% PVA was electrospun from the oil emulsion
(68.94 nm) in comparison to the 9% PVA with dyestuft (87.83). This can be due to the stretching
generated by the oil sphere in the polymer in order to be fully coated with PVA.

SEM images of the nanofibrous samples that were subjected to a rubbing test demonstrate the
non-existence of nanofibres on the polyester fabric after the test (Figure 1V.3.11a,c). This also
demonstrates the low adhesion of the dyed PVA nanofibres to the collector substrate.
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Figure IV.3. 11. SEM images of the nanofibres after the rubbing test. (a) PVA + Acid Black 194 nanofibres

(24x), (b) control fabric for the rubbing test on PVA + sage oil + Solvent Black 3 nanofibre sample (200x);

(c) PVA + sage oil + Solvent Black 3 nanofibre (24x); (d) control fabric for the rubbing test on PVA + sage
oil + Solvent Black 3 nanofibre sample (200x).

In addition, on the control fabric used to rub the nanofibres, a multitude of small bulges appeared
along the polyester fibres and between them (Figure 1V.3.11b,d). These bulges were not present
on the original fabric before the test was carried out.

Discussion

In the electrospinning technique, the use of different compounds can significantly alter the
morphology of the nanofibres. The initial characterisation of the two studied solutions shows how
the initial values of the PVA solution can be modified by adding various compounds.
Nevertheless, very similar electrospinning process values were established for both processes.

The optical microscopy performed on the polymeric solutions demonstrated the difference
between dissolving the AB194 dye in an aqueous solution of PVA, where the obtained image was
very similar to that of the PVA solution compared with the image obtained from the emulsion of
the RB3 dye dissolved in sage essential oil together with the PVA solution. The image of the
emulsion showed the microcapsules generated where the coloured oil was stored due to its darker
appearance.
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The 5 g/L concentration of dye in the PVA solution was shown to be able to colour the nanofibres
and be visible to the naked eye. However, when this amount was added to the sage oil and the
emulsion was prepared, the produced nanofibres showed no noticeable colouring.

A quantitative analysis of the colour of the nanofibres by means of diffuse reflectance
spectroscopy enabled us to establish the exact colour differences between the samples. The PVA
and PVA + sage oil + Solvent Black 3 nanofibres presented brightness values very close to the
values obtained by the collector substrate where the nanofibres were deposited, i.e., 94.83 and
94.99 L*, respectively. However, the PVA + Acid Black 194 sample presented a lower brightness
value than the rest, 76.39 L*, due to the dark colouring obtained. In addition, the latter sample
shifted on the X-axis shown in Figure IV.3.6a, which is explained by the large colour difference
in the sample compared with the standard polyester collector sample.

The nanofibre veils produced from the solution of AB194 in the PVA solution had a greyish
colour, as can be seen in the lower-left grid of Figure IV.3.6b, closer to the blue colour due to its
value of —1.73 b*. In the case of the nanofibrous veils produced from the emulsion of sage oil
dyed with the SB3 dye in the PVA solution, the location of the point that represents it in the graph
is very close to the representative of the PVA nanofibres and the standard polyester fabric, which
reflects the non-existence of surface colour in the generated nanofibres.

Rubbing tests are useful to determine what happens to the dyed nanofibres when the fabric is
rubbed. The results on the PVA + Acid Black 194 sample showed that when the fabric with
nanofibres was subjected to a rubbing test, the brightness of the fabric increased (91.45 L*). This
could be attributed to the removal of the nanofibres from the fabric, as this results in a value very
similar to that obtained on the collector fabric (95.29 L*). When analysing the control fabric with
which the test was carried out, which initially had a value of 95.29 L* as it was the same fabric,
this value dropped to 76.91 L*. This decrease could mean that a large part of the nanofibres that
were initially on the sample to be tested were transferred to this control fabric. On the PVA + sage
oil + Solvent Black 3 sample, no significant changes were observed after the rubbing test.

The previously assumed transfer of the nanofibres to the control fabric was confirmed by the
evaluation of the colour difference shown in Figure IV.3.8. The obtained values showed a large
decrease in the value of the rubbed PVA + Acid Black 194 sample (4.01 DE*ab) compared with
the initial value (19.24 DE*ab), which reflects the disappearance of the nanofibres from the
surface. Similarly, the value of the control sample increased to 18.95 DE*ab, which means that it
can be categorically stated that almost all the nanofibres were transferred to the fabric with which
the rubbing test was carried out. In the case of the nanofibres produced from the emulsion, it is
worth noting that the values increased with respect to their original values after the rubbing test.
The rubbed fabric reached a value of 1.07 DE*ab, a higher value than the 0.34 DE*ab of the
original sample. The value of the control sample was 1.89 DE*ab. Therefore, as with the other
solution, greater differences in colour were obtained in the rubbed sample because the nanofibres
remained adhered to it.

The colourimetry results after the rubbing test on the nanofibres produced from the PVA + sage
oil + Solvent Black 3 emulsion confirm the presence of encapsulated dye inside the nanofibres,
which comes out when the polymeric shell from the nanofibre is destroyed. For this reason, the
nanofibre veil generated from the emulsion looks very similar to the one produced from the PVA
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solution, as the SB3 dye remained encapsulated inside the fibre and only PVA was present on the
outside.

FTIR characterisation was useful in demonstrating the presence of the Acid Black 194 and Solvent
Black 3 dyes, as well as a sage essential oil, in the electrospun nanofibres.

SEM microscopy was able to demonstrate that nanofibres can be generated from both solutions
and also provided information regarding the morphology of the fibres, highlighting the
appearance of elongated beads along the tubular section of the nanofibres electrospun from PVA
and AB194. In this case, an average value of 87.83 nm was obtained for the tubular diameter of
the nanofibres and an average diameter of 471.04 nm for the beads. SEM images showed the
difference when electrospinning the SB3 sage oil emulsion with PVA. These showed a greater
number of beads along the nanofibres with a much more spherical shape. The beads had an
average diameter of 430.20 nm, while the nanofibres had an average diameter of 68.94 nm, both
values being lower than those obtained from the PVA and AB194 solution.

In agreement with diffuse reflectance spectroscopy, SEM images also showed that the nanofibre
veils disappeared in the scrubbed sample and were transferred as aggregates to the test fabric.

Conclusions

Nanofibres have been extensively studied in terms of their technical aspects; however, the
aesthetics of nanofibres have hardly been of interest. In recent decades, nanofibres have become
integrated into a multitude of sectors due to their specific characteristics. However, in some of
them, such as fashion and biomedicine, the aesthetics of these nanometric structures are beginning
to be important.

Conventional textile dyeing can be carried out in multiple ways; however, the dyeing of
electrospun nanofibrous structures has not been extensively studied. In this study, the influence
of producing electrospun nanofibres from two dyed solutions, one from a dye solution and the
other from an emulsion, including oil-soluble dyestuffs, was studied. The results proved the ability
to incorporate a dye compound by both processes and its correct subsequent electrospinning
process with slight modifications in comparison to the polymer electrospun without dyestuff.
Furthermore, although both solutions were initially quite similar in colour, a large difference in
colour was evident when the nanofibres were obtained.

The results showed a higher colouring of the nanofibres produced from the PVA+ Acid Black 194
solution. Therefore, we conclude that if a product requires visibly coloured nanofibres, dissolving
the dye directly in the PVA solution is the best solution.

On the other hand, the electrospinning of the Solvent Black 3 dye emulsion in the essential oil of
sage and PVA showed a non-existent surface colouring due to the fact that the dye remained
encapsulated inside the nanofibre, so a completely white surface was obtained on the outside.
Subsequently, when this fibre was destroyed, the dye was visible on the surface. This result is
ideal for those applications where an initial surface colouring modification is not required, and it
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is necessary to provide evidence when some stimulus comes into contact with the surface and
consequently touches nanofibres and destroys them.

In addition, rubbing tests showed the disappearance of the colour when rubbing the collector
substrate where the nanofibres were collected, which is evidence of the weak adhesion between
the nanofibres and the polyester fabric. The low adhesion between the collector fabric and the
electrospun nanofibres can open up different fields of application, but it can also prevent its
application in other fields where a stronger bonding of the two structures is required.

This study aimed to open up new fields of application where aesthetics is important or a touch
sensor is necessary, based on the two types of nanofibre colourings studied. These conclusions
are limited to 9% PVA solutions and the dyestuff tested. Further studies with different polymers,
dyestuffs, and surfaces should be conducted to generalise this behaviour.
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Capitulo V.
Conclusiones

V.1. Conclusiones parciales

De acuerdo con los objetivos especificos planteados en la presente tesis, las conclusiones mas
relevantes de cada uno de los procesos de electrohilatura se resumen a continuacion:

Electrohilatura de emulsion

En este proceso de hilatura, se emulsionaron dos aceites esenciales (salvia y tomillo) y se
caracterizan los velos de nanofibras a partir de emulsiones (O/W) en PVA al 9%.

El analisis organoléptico reveld la presencia de aromas en los velos de nanofibras evidenciando
que no se habia generado la volatilizacion del aceite. Esto llevd a caracterizaciones mas
exhaustivas que determinaran el estado de dichos aceites.
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La microscopia por SEM permite observar la geometria de nanofibras de PVA electrohiladas a
partir de emulsiones con los aceites esenciales de salvia y tomillo. Gracias a los histogramas de
tamafio se demuestra que en las emulsiones se genera una determinada tension sobre el polimero
de PVA que es capaz de generar, deformaciones, en las nanofibras. Cuando el tamafio de la
emulsion es suficientemente grande, las tensiones son tales que las nanofibras se rompen,
protegiendo el aceite esencial en forma de nanoesfera.

La intensidad del campo electrostatico generado para la obtencion de las nanofibras influye en el
tamafio de las esferas y la homogeneidad de estas en términos de distribucion de didmetro.

La relacion de tamafio de las gotas en la emulsion y las microesferas obtenidas en el velo de
nanofibras sugiere que se genera un aumento en el tamafio de las microesferas como consecuencia
de consumir polimero de PVA en la formacion de una membrana polimérica que cubre las gotas
de la emulsion. La formacion de esta membrana polimérica alrededor de la gota de aceite conduce
a un consumo de PVA y la consiguiente tension del chorro, lo que da como resultado nanofibras
de PVA con didmetros considerablemente menores que los obtenidos al partir de PVA sin aceite.

Dados los resultados FTIR obtenidos, se puede concluir que el espectro FTIR utilizando la técnica
ATR es capaz de detectar la presencia de los aceites esenciales utilizados para la obtencion de
emulsiones. Esto lleva a la siguiente conclusion: que tanto el aceite de salvia como el de tomillo
quedan atrapado en las nanofibras y el campo electrostatico generado por la evaporacion del
disolvente de PVA (agua desionizada) no era lo suficientemente potente como para evaporar todos
los compuestos volatiles presentes en el aceite de tomillo o los de salvia, de manera que estos
fueron retenidos y, por tanto, podrian conferir algunas de sus propiedades a las nanofibras. La
prueba de calorimetria DSC, confirma los resultados de FTIR y corrobora la presencia de aceite
en los velos de nanofibras, confirmando que las microesferas eran en realidad microcapsulas de
aceites esenciales.

La prueba de presion sobre los velos de nanofibras reveld que las microesferas observadas en los
velos eran cavidades huecas de forma mas o menos esférica o eliptica, en cuyo interior se alojaba
parte del aceite esencial emulsionado, por lo que se puede concluir que las microesferas eran en
realidad microcépsulas.

Todo ello permite corroborar la hipotesis de partida que presuponia la capacidad de encapsular
aceites al 4 % a partir de electrohilatura de emulsion en PVA al 9 %.

Cuando el aceite se emplea para encapsular un colorante negro soluble en aceite, y se compara
con la formacion de un velo de nanofibras de PVA que contienen colorante hidrosoluble,
depositado los velos sobre un tejido, se puede observar que las nanofibras que encapsulan el
colorante generan una leve modificacion del color mientras que las que contienen el colorante
disuelto derivan en un cambio mas acusado del color de la superficie. Esto permite concluir que
en este caso el colorante ha sido encapsulado con el aceite. Lo cual se evidencia mediante el
ensayo de frote que genera un cambio en la coloracion de la superficie por rotura de las capsulas
debido a la presion y generando la correspondiente liberacion del colorante.
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Electrohilatura de dispersion

El uso de la carcuma como indicador natural del pH es bien conocido; sin embargo, se desconoce

si dicho comportamiento halocromico se mantiene cuando se incorpora a nanofibras de PVA
insolubilizadas mediante reticulacion con CA.

En este estudio la microscopia SEM muestra la presencia de nanofibras de PVA y su apariencia,
cuando se incluya la circuma se observa la presencia de perlas que indican la influencia de esta

en la conductividad de la dispersion, afectando a las variables del proceso de electrohilatura tanto
si se filtraba la dispersion como si no se filtraba.

El efecto halocromico se determino subjetivamente mediante analisis visual y objetivamente por
espectroscopia de reflexion. Ambos resultados nos permiten concluir que las muestras no filtradas
muestran mayor intensidad de color, aunque se pueden observar algunas areas de color mas
oscuro, con efecto moteado, en las muestras no filtradas (NF), evidenciando la incorporacion de

particulas que son retenidas durante el filtrado y dando pie a coloraciones irregulares en aquellas
muestras no filtradas.

La espectroscopia FTIR confirma la variacion tautomérica de la curcumina de la forma ceto a la
enol cuando se anade NaOH a la superficie del velo de nanofibras. Ademas, esta técnica demuestra
un efecto de reticulacion entre CA 'y PVA. El tratamiento térmico que induce el entrecruzamiento,
modifica la respuesta halocromica pero no la anula por completo. Esto se debe al éster formado
entre CA y la forma ceto de la curcumina, lo que permite concluir que CA juega un doble papel,
por un lado, entrecruzandose con las nanofibras de PVA para hacerlas insolubles y, por otro lado,
actiia como catalizador &cido, permitiendo que la forma ceto de la curcumina reaccione con CA
y uniéndose a su vez a las nanofibras de PVA. A continuacién, en la Figura V.1 se muestra un
esquema simulando el efecto que genera dicho comportamiento.
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Figura V. 1. Esquema de entrecruzamiento y reaccion entre PVA-CA-Curcuma.

7

La microscopia electronica permite demostrar que, tras el tratamiento de una disolucion con
determinado pH, las nanofibras mantienen su estructura de velo.
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V.2. Conclusion general

Los resultados y su analisis posterior muestran que es viable la funcionalizacion de las nanofibras
bien por electrohilatura de emulsion o por electrohilatura de dispersion.

En el caso de la electrohilatura de emulsion, en la formacion del cono de Taylor, el aceite esencial
es retenido por el polimero PVA, manteniendo su estado liquido y por tanto permitiendo
incorporar compuestos activos que sean solubles en aceite.

En el caso de la electrohilatura de dispersion, se demuestra que el CA actia como catalizador
favoreciendo la reaccion con la circuma y manteniendo esta retenida, efecto que modifica el
comportamiento halocromico pero no lo anula.

Ante las funcionalizaciones propuestas se puede concluir que en ambos casos se puede considerar
el velo de nanofibras como un sensor de color, en el caso de la electrohilatura por emulsion se
trataria de un sensor de tacto (ver Anexo X, patente publicada), mientras que en el caso de la
electrohilatura de dispersion se obtiene un sensor de pH.

V.3. Viabilidad economica

La presente tesis se ha planteado desde la perspectiva cientifica y como consecuencia se han
generado los articulos cientificos vinculados directamente a ella. Asi pues, una vez demostrada la
viabilidad técnica de los desarrollos planteados en la presente tesis, se aporta un pequeio analisis
de la viabilidad econémica del proceso.

La viabilidad econdmica de la electrohilatura dependera de diversos factores, y es importante
evaluar cuidadosamente estos elementos para determinar la sostenibilidad financiera del proceso
en un contexto especifico. A continuacion, se definen algunos aspectos a considerar al evaluar la
viabilidad econdmica de la electrohilatura tomando como ejemplo la electrohilatura por emulsion:

Costos de equipamiento

La inversion inicial en equipos para la electrohilatura puede ser significativa. Se deben considerar
los costos de la maquinaria, los generadores de alto voltaje y otros equipos necesarios para el
proceso. En el caso que ocupa esta investigacion la inversion del equipo oscila los 20.000 € y
unos 5.000 € de mantenimiento anual. Se trata de un equipo de laboratorio, aunque se pueden
obtener equipos mas economicos desarrollados por uno mismo mediante la compra y ensamblaje
de los componentes, o se puede recurrir a equipos de produccion industrial cuyo coste es mayor.

158



Capitulo V. Conclusiones

Se supone una amortizacion a 10 afos y una produccion de unas 1000 muestras, lo que implica
2,5 €/muestra.

Costos de materias primas

Es importante evaluar los costos de los polimeros y otros materiales necesarios para la produccion
de las nanofibras mediante electrohilatura por emulsion. Ademas, es crucial analizar la
disponibilidad y estabilidad de suministros a precios competitivos.

En cuanto al coste de las materias primas se puede indicar:

e PVAal 9% (240 €/kg) = 0,0216 €/mL.
e Aceite esencial de tomillo (198 €/kg) = 0,8 €/mL.

e Agua: Se estima que el coste, incluida la amortizacion del sistema de 6smosis, es de 0,01
€/L = 0,00001 €/mL.

Para muestras de exposicion de 15 minutos, se obtienen velos de 0,00000625 g/m?. Dado que
dicha muestra requiere un consumo de 0,00021 mL, esto supone un coste en concepto de materias
primas de 0,0001695 €/muestra.

Eficiencia del proceso

La eficiencia del proceso de electrohilatura es esencial para determinar la cantidad de producto
que se puede fabricar en un periodo de tiempo determinado. La productividad del equipo y la
optimizacion de los parametros de proceso afectaran directamente los costos de produccion, la
ineficiencia derivara en mermas que se estiman en un 10%.

Consumo de energia

El consumo de energia durante el proceso de electrohilatura debe ser evaluado. Una eficiencia
energética mas alta puede tener un impacto positivo en los costos operativos a lo largo del tiempo.

El coste de la energia se estima en 0,01 €/muestra.

Mano de obra

Considera el tiempo y la mano de obra requeridos para operar el equipo de Bioinicia. Para el
calculo se estima la contratacion de una persona con un salario bruto de 26.000 €/afio, realizando
1000 muestras/afio, se obtiene un coste de 8,67 €/muestra. Como se puede apreciar, esto hace que
el coste de la muestra a partir de los productos descritos dependa practicamente del coste del
personal.
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Regulaciones y cumplimiento

Cumplir con las regulaciones y estandares de calidad puede afectar a los costos asociados con la
fabricacion y comercializacion de productos basados en nanofibras.

En el caso que se estima, donde no se contemplan certificaciones, se es consciente que en funcion
del mercado de aplicacion esta partida puede incluso superar a la de personal.

Ante todo ello, el coste de cada muestra seria:

Materias primas: 0,0001695 €.

Personal: 8,6 €.

Electricidad: 0,01 €.

Mermas: 10 %.

Otros costes indirectos (gastos de administracion, local, marketing, etc): 10 %.
Propiedad intelectual: 0,6 €.

Total muestra = 11,13 €.

Todo ello redunda en un coste aproximado de 12 €/muestra.

Aplicaciones y demanda del mercado:

La viabilidad economica también depende de la demanda del mercado y las aplicaciones
especificas para las que se destinan las nanofibras producidas. Evaluar la competitividad en el
mercado y la disposicion de los clientes a pagar por productos basados en nanofibras es esencial.

Esto depende del valor afiadido que se puede aplicar al producto, en este caso se aporta un margen
del 200 % lo que permitiria su venta por 24 €.

Desarrollo de aplicaciones innovadoras

En resumen, la viabilidad economica de la electrohilatura por emulsion depende de la
optimizacion de costos, eficiencia operativa, calidad del producto y la capacidad para satisfacer
la demanda del mercado. Realizar un analisis detallado de estos factores especificos a la situacion
y mercado en cuestion permitirda una evaluacién mas precisa de la viabilidad econdémica del
proceso. Se debe considerar que, productos de gran nivel innovador o mercados donde el producto
puede tener un impacto considerable como el de la medicina, pueden reflejar margenes de
beneficio superiores, aunque conllevarian también un mayor coste por certificaciones.

Como conclusion queda patente la gran influencia del coste de personal, y la técnica de insercion
del principio activo (dispersion o emulsion) influye minimamente.

Ante los datos reflejados, se puede concluir que queda demostrada la viabilidad econdomica de los
resultados que se han demostrado frente a la viabilidad técnica publicada en los articulos de esta
tesis. No obstante, se debe matizar que el equipo empleado es un equipo de laboratorio destinado
a la realizacion de pruebas experimentales y que esta lejos de cualquier produccion industrial, por
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lo que se estima que estos valores podrian verse mejorados ante equipos destinados a
producciones industriales.
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Capitulo VI.
Lineas futuras

Los trabajos de investigacion en que se ha basado esta tesis han dejado abiertas distintas lineas o

ensayos que permitirian bien profundizar en los estudios o bien diversificar los resultados. A

continuacion, se exponen algunos de los cuales se pretende trabajar en un futuro préximo.

Funcionalizacion por disolucion de otros principios activos como el quitosano.
Modificar variables del proceso de electrohilatura y de la emulsion para obtener
nanofibras con un canal central de aceite.

Determinar variaciones térmicas de las nanofibras con aceites encapsulados para
determinar su acciéon como materiales de cambio de fase (PCM).

Evaluar la influencia en el halocromismo de la encapsulacion de la curcuma disuelta en
aceite o en alcohol.

Determinar la reversibilidad de halocromismo y el nimero de ciclos que se mantiene
activo.

Funcionalizacion por dispersion de enzimas, por ejemplo, glucosa oxidasa.
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RESUMEN

En este articulo se realiza una introduccién bésica a los
principales pardmetros que influyen en la obtencion de
nanofibras, evaluando la obtencion de nanofibras ho-
mogéneas y analizando los tiempos necesarios para
poder obtener una superficie textil totalmente recubier-
ta de nanofibras. Se trabaja con un polimero de alcohol
de polivinilo (PVA) sobre dos tipos de telas, calada y
punto. Ademas, en cuanto a variables de proceso se
modifica el voltaje aplicado y los tiempos de recubri-
miento. Como conclusiones se observa que la capaci-
dad cubriente de los velos de nanofibras depende del
tiempo de electrohilado aplicado, por lo que la capaci-
dad de filtracién debe optimizarse para cada aplicacion
filtrante persegida, entre las que se puede encontrar la
proteccion frente a virus y bacterias.

Palabras clave: electrohilado, nanofibras, porosidad,
densidad, filtracion.
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ABSTRACT

This article provides a basic introduction to the main

parameters influencing the production of nanofibers,
evaluating the production of homogeneous nanofibers
and analyzing the time required to obtain a textile sur-
face completely covered with nanofibers. It works with
a polyvinyl alcohol (PVA) polymer on two types of fa-
brics, weaved and knit. In addition, in terms of process
variables, the applied voltage and the coating times
are modified. As conclusions, it is observed that the
covering capacity of the nanofiber veils depends on
the electrospinning time applied, so the filtration ca-
pacity must be optimized for each filtering application
pursued, among which protection against viruses and
bacteria can be found.

Key words: electrospinning, nanofibres, porosity, den-
sity, filtration.



1. Introduccion

El electrospinning o electrohilado es una técnica que
utiliza fuerzas eléctricas para producir fibras poliméri-
cas de pequeno didmetro, comprendido en un rango
que varia desde los micréometros (10-100) um hasta los
nanometros (10 x 103 =100 x 10-%) um, y con una eleva-
da area especifica, de una forma relativamente simple
y poco costosa (1).

La técnica consiste en la aplicacion de un campo elec-
troestéatico elevado entre una solucion polimérica y una
superficie colectora. El polo positivo esta unido a un
sistema de inyeccién, en este caso la aguja (capilar me-
talico) y el negativo a una placa metalica o colector (co-
nectado a tierra) que se encuentra entre 5 cm y 30 cm
de distancia del capilar metélico (1, 2). Sobre el colector
colocaremos un sustrato donde se depositan las fibras
nanométricas formando un tejido con textura, densidad
y color caracteristicos (2).

La gota liquida queda sujeta a la punta del capilar gracias
a la tensién superficial hasta que la repulsion es mayor y
provoca una fuerza en sentido contrario a la contraccion
de la gota. Como consecuencia de esta aplicacién se
forma un menisco electrificado conocido como el Cono
de Taylor, es debido a la polarizacién y carga, provocan-
do una fuerza transversal y otra normal. A medida que el
cono acelera el proceso de elongacién llega a un punto
que las componentes tangencial y normal son iguales,
en este momento el cono se solidifica creando fibras y
depositandose sobre la placa colectora (1, 2).

Parametros

Los parametros que afectan a la electrohilatura se pue-
den clasificar en tres grupos: pardmetros de la diso-
lucién (solucién polimérica), parédmetros del proceso y
pardmetros ambientales o entorno. Todos ellos influyen
en la morfologia y las propiedades de las fibras (1, 2).

Propiedades de la disolucion

- Concentracion: es uno de los parametros mas de-
terminantes en el tamano y la morfologia de las fi-
bras. La concentracion afecta tanto a la viscosidad
como a la tensiéon superficial de esta. Si la concen-
tracién es muy alta, a parte de dificultar el paso de
la disolucién a través del capilar, puede ser que au-
mente el didmetro de la fibra. En cambio, si hay una
baja concentracion de polimero, lo que pasara es que
la disolucién seré tan liquida que las gotas romperan
antes de llegar al plato colector debido al efecto de la
tension superficial (1, 2).
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- Peso molecular: El peso molecular del polimero tie-
ne un efecto significativo en cuanto a la reologia y
las propiedades eléctricas tales como la viscosidad,
tensién superficial, conductividad y resistencia die-
léctrica. Se ha observado que las disoluciones con
bajo peso molecular tienden a formar perlas en lugar
de fibras, y una de alto peso molecular tiende a for-
mar fibras con grandes didmetros. El peso molecular
también influye en el nimero de enredos de cadenas
de polimero en una disolucién, por tanto, la visco-
sidad y el enmaranamiento de la cadena juegan un
papel importante en el proceso de electrospinning
(2, 3).

Viscosidad: Como se nombra también en la concen-
tracién, la viscosidad juega un papel muy importante
en la electrohilatura, ya que si la viscosidad es muy
baja no habra una formacién continua de fibra, las go-
tas romperan antes de llegar al colector. En cambio,
sila viscosidad es muy alta el polimero podria presen-
tar dificultades en su paso por el capilar (1 - 3).

- Tension superficial: La tensién superficial depen-
deré del polimero y el disolvente utilizado. Tiene un
papel relevante en la obtencién de fibras sin presencia
de beads (perlas). La tension superficial determina los
limites superior e inferior del campo eléctrico, si todas
las demds variables se mantienen constantes (2).

» Conductividad: La conductividad de la disolucién
esta determinada por el tipo de polimero, el disolven-
te utilizado, y la disponibilidad de sales ionizables (2).
Soluciones con alta conductividad tendran mayor ca-
pacidad de transportar cargas que aquellas con baja
conductividad. La adicién de sales a la disolucion au-
menta la conductividad y por tanto la fuerza eléctrica
para el estiramiento del jet, lo que significa la obten-
cién de fibras con un didmetro menor (1). La falta o
baja conductividad eléctrica de la disolucion provoca
que el alargamiento del jet por la fuerza eléctrica re-
sulte insuficiente, y por tanto, impide producir fibras
uniformes.

- Efecto dieléctrico del disolvente: El disolvente
cumple dos trabajos dentro del proceso de electro-
hilado; en primer lugar, disuelve las moléculas del
polimero para formar el chorro con carga eléctrica,
y en segundo lugar lleva las moléculas del polimero
disuelto hasta el colector (2).

Debido a eso, generalmente una disolucién con buenas
propiedades dieléctricas reduce la formacién beads
(perlas) y también el didmetro de las fibras resultantes.
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Parametros del proceso

Son los pardmetros que se pueden modificar durante el
proceso. Son pardmetros que se pueden manipular con
facilidad directamente desde los displays de la maqui-
na que utilicemos.

- Voltaje (tension aplicada): El voltaje es uno de los
parametros mas fundamentales, ya que solamen-
te después de alcanzar la tension umbral ocurre la
formacion de las fibras (3). Se ha demostrado que
al aplicar mayores valores de tensién, se permite un
mayor estiramiento de al disolucién ya que aumenta
la fuerza repulsiva electroestatica (fuerza de Culomb)
provocando una reduccion del didmetro de las fibras.
También al aumentar el voltaje se favorece la rapida
evaporacion del disolvente. Por otro lado, al aumentar
el voltaje también aumenta la probabilidad de obtener
fibras con defectos (beads o perlas) (1, 2).

» Caudal: El caudal o flujo de salida, también es un
pardmetro importante del proceso. Una menor velo-
cidad del flujo serfa deseable ya que se le da al di-
solvente méas tiempo para evaporarse, evitando de
esta forma la formacién de defectos en la fibra. En
cambio, cuando el flujo de salida se incrementa hay
un aumento en el didgmetro de las fibras y en el tama-
Ao de los defectos. El minimo valor de caudal para

- Distancia aguja-colector: Se requiere una distancia

minima entre la aguja y el colector, esta es la distan-
cia minima que se le debe dar a la fibra para permitir
al disolvente evaporarse. En cambio, en distancias
muy grandes, las fibras pueden llegar a romperse por
su propio peso o formaciéon de beads.

Parametros ambientales

- Temperatura: La temperatura puede disminuir el

tiempo de evaporacién del disolvente. Ademads, hay
una relacion directa entre la temperatura y viscosi-
dad, a mayor temperatura menor viscosidad. La dis-
minucion de la viscosidad puede provocar una dismi-
nucién del didametro de la fibra (1, 2).

Humedad: Una alta humedad en el ambiente puede
provocar pequenos poros en la superficie de las fi-
bras debido al agua condensada que se deposita en
ellas mientras van de la aguja al colector, teniendo
influencia en la morfologia de las fibras especialmen-
te cuando se trabaja con disolventes volatiles (1). En
cambio, una tasa baja de humedad puede producir
que el disolvente se evapore muy rapido, provocando
que en algunos casos el proceso debe llevarse a cabo
en el menor tiempo posible para que la disolucién no
se seque en la punta de la aguja y llegue a obstruirla
(2).

conseguir un cono de Taylor estable es el que deberia
mantenerse para evitar defectos en la fibra y permitir Tabla 1.- Resumen de los pardmetros y su influencia en la
al disolvente evaporarse (1, 2). produccién de nanofibras.

PARAMETROS TENDENCIA | EFECTO

Parametros de la disolucion

» ) Aumenta Dificulta el paso de la disolucion a través del capilar
Concentracion polimero — - >
Disminuye Las gotas de disolucién rompen antes de llegar al colector
Aumenta Dificulta el paso de la disolucion a través del capilar
Peso molecular o ) -
Disminuye Las gotas de disolucion rompen antes de llegar al colector
) . Aumenta Dificulta el paso de la disolucion a través del capilar
Viscosidad o . -
Disminuye Las gotas de disolucién rompen antes de llegar al colector
- . Aumenta Se generan nanofibras sin presencia de beads (perlas)
Tensién superficial . :
Disminuye Se generan beads en las nanofibras
_ Aumenta Se reduce el didametro de las nanofibras
Conductividad S " : o o S .
Disminuye Fuerzas electroestéaticas derivan en la ampliacién del jet, impide producir fibras uniformes.
Parametros del proceso
Voltaie Aumenta Disminuye el didmetro de fibra, aparecen beads.
J Disminuye La solucion no llega hasta el colector
Caudal Aumenta Fibras de menor didmetro, mayor presencia de perlas
auda S . - ) )
Disminuye Mayor tiempo de evaporacién para el solvente, fibras homogéneas
) ) . Aumenta Mayor alargamiento de la disolucién. Fibras més finas
Distancia aguja-colector . - B i : ,
Disminuye No hay suficiente tiempo para la evaporacién del solvente, las fibras hiimedas llegan al colector.

Parametros ambientales

Temperatura Agménta El solvente se evapora dema.s.iado rapido y aparece pqlimero seco en la aguja. .
Disminuye El solvente no se evapora. Dificultad para que la solucién pase a través del capilar.
Humedad Aumenta El disolvente no se evapora correctamente. Nanofibras porosas
Disminuye Réapida evaporacién del disolvente. Aparece polimero seco en la aguja.
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El presente trabajo persigue optimizar las condiciones
de extrusion del polimero de alcohol de polivinilo y eva-
luar la influencia del tiempo en el poder cubriente de las
nanofibras sobre la superficie del tejido.

2. Materiales y métodos

2.1 Materiales

El Sistema de electrohilatura es un Nanospider by
Bioinicia. Las nanofibras empleadas eran de Alcohol
de Polivinilo alcohol (PVA) Mw 61.000 g/mol, adquirido
de Sigma-Aldrich. Las disoluciones se prepararon con
agua destilada.

El colector del equipo de electrohilatura se recubrié por un
tejido 100% de algodon blanqueado quimicamente de 115
g/m? y una tela de punto de poliamida 100% de 60 g/m?.

2.2. Métodos

Las nanofibras se electrohilaron en una solucién de po-
limero al 9% p/v que se prepard con PVA y agua desti-
lada a 80 °C hasta su completa disolucién con la ayuda
de un agitador magnético. El proceso de electrohilado
se realizd con una distancia Boquilla-colector de 15 cm.
El colector se colocd en forma vertical. En primer lugar,
se utilizd un mismo caudal (0,5 mL/h) y unos valores de
voltaje de 12, 15y 20 kV. Posteriormente, tras haber
determinado el voltaje ideal se electrohilé durante pe-
riodos de 5, 10, 15, 20, 25 y 30 minutos.

Para la caracterizacion del tejido, se utilizd microscopia
electronica de barrido (SEM) para observar la superficie
de los tejidos y la formacion de NanoFibras. Se utilizéd un
microscopio FIB de Zeiss como Microscopia Electrénica
de Barrido (SEM) para analizar la superficie de los tejidos
a 1,5 kVy un aumento adecuado. Las muestras se pulve-
rizaron previamente con un recubrimiento de oro/platino.

Los didmetros de las nanofibras se han tomado con el
software de medicién Image J.

3. Resultados

Cada una de las muestras obtenidas se ha sometido a
distintos tiempos de exposicién ante el inyector. Las
muestras tomadas a intervalos de 5 minutos se han
analizado con Microscopia Electrénica de Barrido.

La Figura 1a muestra la presencia de una especie de
recubrimiento polimérico sobre las fibras de algodoén
sin formacion de nanofibras (NF) cuando el voltaje es
de 12 kV. Cuando se electrohila esta muestra, se pue-
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de observar que el cono de Taylor se forma a la salida
de la zona de extrusion, sin embargo, la observacion al
microscopio electronico nos aporta informacion valio-
sa, puesto que nos evidencia que las nanofibras no se
han consolidado como tal, y el polimero se desprende
sobre la totalidad de la superficie de la fibra sin haber
solidificado cuando se recoje en el colector recubierto
del tejido. Asi pues, se decide proceder a modificar el
voltaje. En cambio, cuando se aumenta el voltaje hasta
15 kV se obtienen un velo de nanofibras con una eleva-
da cantidad de perlas (Figura 1b), factor que determina
que el incremento de potencial de 12 a 15 kV no es su-
ficiente y en consecuencia se aumento hasta los 20 kV
(Figura 1, c) donde se consiguié una notable reduccion
de la presencia de beads.

Figura 1. Nanofibras de PVA sobre tejido de algodén con
variaciones de voltaje: a) 12 kV, b) 15 kV, ¢) 20 kV.
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Los resultados de las investigaciones son rotundamen-
te concluyentes, en la Figura 2 se observa como las na-
nofibras se depositan selectivamente orientadas sobre
el patron de disefio del tejido. Se ha percibido como a
mayores tiempos de deposicién se obtiene un velo de
nanofibras mas homogéneo, el cual es capaz de ocultar
los espacios existentes entre los hilos que conforman
el tejido (dejos).

Figura 2. Deposicién selectiva de las nanofibras de PVA
sobre un tejido de calada de algoddn 100% con ligamento
tafetdn; los tiempos de proceso utilizados han sido los
siguientes: 5 min (a), 10 min (b), 15 min (c), 20 min (d),

25 min (e), 30 min (f).

Las nanofibras obtenidas sobre el tejido de calada de

algodén resultaron tener un didmetro medio de 128 nm.

Figura 3. Nanofibras de PVA medidas mediante
el software ImagedJ.

Por otro lado, se utilizé la misma disolucion para elec-
trohilar sobre un tejido de punto y observar de nuevo
la influencia del patron del tejido frente a la deposicion
de las fibras. En la Figura 4 se observa como el liga-
mento empleado es determinante para la deposicion
de las nanofibras, al retirar el sustrato textil del colector
metélico se puede apreciar como aparecen una serie
de puntos sobre los que corresponden a las nanofibras
electrohiladas que no se han depositado sobre el tejido
de punto.
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Figura 4. Deposicion de nanofibras de PVA sobre un tejido

de punto (a). Nanofibras que han traspasado el tejido de
punto sobre el colector (b).

4. Conclusiones

El tamafo del diametro de fibra conseguido mediante
la técnica del electrohilado oscila entre las sub-micras y
los nanémetros, lo cual permite obtener grandes super-
ficies de area en relacién con su volumen, gran flexibi-
lidad en su superficie, alta porosidad y mejora del ren-
dimiento mecénico de los materiales en comparacién a
otras estructuras de presentacién del mismo material.

La elevada porosidad obtenida, asi como el nanométri-
co tamano del poro permiten el uso de textiles electro-
hilados como elementos de filtracion. Se observa una
gran diferencia en la cantidad de nanofibras deposita-
das en funcion del tiempo de electrohilado.

Por lo tanto, se puede concluir que cuanto mayor sea el
tiempo durante el que se electrohilen las nanofibras so-
bre una zona localizada del sustrato, se obtiene mayor
capacidad filtrante. Esta caracteristica filtrante resulta
idénea para su aplicacién en textiles que mejoran la

proteccién frente a bacterias y virus.
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RESUMEN

En este articulo se evalla la influencia del estado de
agregacion de distintos principios activos sobre la mor-
fologia de nanofibras de alcohol de polivinilo (PVA) pro-
ducidas mediante la tecnologia del electrohilado. Los
principios activos, aceite esencial de salvia y curcuma
en polvo, son ahadidos a una soluciéon de PVA y poste-
riormente encapsulados en el interior de las nanofibras
electrohiladas. Las nanofibras resultantes presentan
distinta morfologia en su seccién en funcién del estado
de agregacion de la materia encapsulada, las nanofibras
compuestas por alcohol de polivinilo (PVA) presentan
una seccion transversal tubular homogénea, la morfo-
logfa se mantiene similar cuando se aditiva el PVA con
curcuma en polvo, aunque aparecen pequefnos abulta-
mientos con forma de huso. En cambio, cuando se pre-
para una emulsion de PVA vy aceite esencial de salvia
se generan nanofibras con multitud de microcapsulas
esféricas de distinto didmetro a lo largo de su seccion.
Los resultados han evidenciado una notable influencia
del estado de agregacion del compuesto afiadido en la
morfologia de las nanofibras electrohiladas.

Palabras clave: electrohilatura, aceite esencial, clrcu-
ma, salvia, encapsulacion.

ABSTRACT

This article evaluates the influence of the aggregation
state of different active ingredients on the morpholo-
gy of polyvinyl alcohol (PVA) nanofibers produced by
electrospinning technology. The active ingredients,
sage essential oil and turmeric powder, are added to
a PVA solution and subsequently encapsulated within
the electrospun nanofibres. The resulting nanofibers
present different morphology in their section depen-
ding on the state of aggregation of the encapsulated
material, the nanofibers composed of polyvinyl alcohol
(PVA) present a homogeneous tubular cross-section,
the morphology remains similar when PVA is added
with turmeric powder, although small spindle-shaped
bulges appear. On the other hand, when an emulsion
of PVA and sage essential oil is prepared, nanofibres
with a multitude of spherical microcapsules of different
diameters along their cross-section are generated. The
results have shown a significant influence of the aggre-
gation state of the added compound on the morpholo-
gy of the electrospun nanofibres.

Key words: electrospinning, essential oil, turmeric,
sage, encapsulation.
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1. INTRODUCCION

La nanotecnologia ha despertado gran interés en el
sector textil debido a las multiples caracteristicas que
se pueden aportar a textiles convencionales, ademas,
la aplicacion de esta tecnologia ofrece diversas venta-
jas frente a procesos textiles convencionales en térmi-
nos de economia, ahorro energético, respeto del me-
dio ambiente, asi como el control y almacenamiento de
sustancias a escala micrométrica [1].

Dentro del sector de la hilatura quimica se encuentra
la técnica del electrohilado, también conocido como
electrohilatura o electrospinning, un método simple
que utiliza fuerzas electroestaticas para la produccién
de fibras continuas con didmetros comprendidos en el
rango de 40 — 2000 nm [2] a partir de una solucién vis-
coelastica. Esta tecnologia es capaz de producir gran-
des superficies flexibles de area electrohilada con una
elevada relacion area superficial-volumen junto a una
alta y uniforme densidad de poros [3].

El equipo presenta una simple configuracién, consta de
un sistema extrusor de la solucion, una fuente de ali-
mentacion de alto voltaje y un elemento colector de las
nanofibras conectado a tierra. Inicialmente, una gota he-
misférica situada en el capilar extrusor del equipo es car-
gada eléctricamente, posteriormente, bajo la influencia
de un campo electroestatico, conforme se aumenta el
voltaje aumentan las fuerzas de Coulomb entre el elec-
trodo extrusor y el electrodo colector, lo cual provoca el
estiramiento de la gota de soluciéon hasta presentar una
forma cdénica conocida como cono de Taylor. Cuando las
fuerzas de Coulomb superan a las fuerzas de la tensién
superficial que retienen la solucion en la punta del capilar
se genera un chorro helicoidal hacia la superficie colec-
tora, depositandose de esta forma nanofibras solidas [4].

La técnica del electrohilado viene controlada por multi-
tud de pardmetros que alteran la morfologia de las na-
nofibras, su deposicién, orientaciéon y didmetro; estos
parametros se pueden clasificar en: parametros de la
solucioén viscoelastica, del proceso de electrohilado y
ambientales [5].

La elevada variabilidad en las nanofibras obtenidas me-
diante electrospinning ofrece una amplia aplicabilidad
en multitud de sectores. En el campo de la biomedicina
se ha estudiado extensamente la encapsulacion de prin-
cipios activos en el interior de las nanofibras para una
liberacién controlada del farmaco; se han encapsulado
desde compuestos orgéanicos sintéticos (clorhidrato de
quitosano/tetraciclina, clorhidrato de tetraciclina, clor-
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hexidina, sales de amonio cuaternario...), particulas inor-
ganicas (Ag, TiO,, nanotubos de carbono, derivados del
grafeno, etc), polisacéridos (&cido hialurénico, quitosa-
no, acetato de celulosa...), proteinas (gelatina, coldgeno,
fibroina de seda...), extractos de plantas naturales (acei-
te esencial de tomillo, aceite esencial de Nigella, aceite
de oliva, miel...), entre otros compuestos que pueden
aportar multitud de caracteristicas al textil final [6,7].

En el presente estudio se realiza una comparacion de la
encapsulacion de compuestos en estado soélido frente
a compuestos en estado liquido en el interior de nanofi-
bras de alcohol de polivinilo, se analiza la morfologia de
las fibras resultantes.

2. MATERIALES Y METODOS

2.1 Materiales

El equipo de electrohilatura utilizado es un Nanospider
Spinbox by Bioinicia. Las nanofibras producidas son de
alcohol de polivinilo (PVA) Mw 61.000 g/mol, adquirido
en Sigma-Aldrich. Las disoluciones se prepararon con
agua destilada.

En el interior de las nanofibras se han encapsulado dis-
tintos aceites esenciales; aceite esencial de naranja dis-
tribuido por Sigma-Aldrich (Akralab, Alicante, Espana) y
aceites esenciales de timol y salvia de Esencias Lozano
(Esencias Lozano, S.L., Murcia, Espafna). Para preparar
las emulsiones se ha utilizado el surfactante Tween 80
PS de Panreac (Akralab, Alicante, Espana). También se
han encapsulado compuestos sélidos como clurcuma y
rubia tinctorea de un proveedor local.

El colector metalico del equipo de electrohilatura se re-
cubrié por un tejido 100% de algoddn blanqueado qui-
micamente de 115 g/m2 con ligamento tafetan.

2.2. Métodos

Las nanofibras con aceites esenciales se obtuvieron a
partir de una solucién polimérica de PVA al 9% p/v que
se prepard en agua destilada a 80 °C hasta su comple-
ta disolucién con la ayuda de un agitador magnético.
Posteriormente se anadié un 1% de Tween 80 PS y un
4% del aceite gradualmente mientras se agitaba a 7000
rom durante 3 min con un homogeneizador de palas
hasta conseguir una emulsion estable.

El proceso de electrohilado de las emulsiones se reali-
z6 con un caudal de alimentacién de 0,5 mL/h, un vol-
taje aplicado de 15 kV y una distancia entre el electrodo
extrusor y el colector de 15 cm.



Para la preparacién de las dispersiones de curcuma vy
rubia se disuelve 1,5 g/L del compuesto sélido en agua
destilada, se filtra la dispersién con un filtro de vidrio
sinterizado para eliminar cualquier particula de circuma
de tamano superior a 0,7 um. Posteriormente se ana-
de un 9% de PVA 'y se agita a 80 °C hasta disolverse
completamente.

El electrohilado de las dispersiones de cUrcuma y rubia
se realizd con un caudal de alimentacion de 0,3 mL/h,
un voltaje de 15 kV y una distancia entre electrodos
de 15 cm. Se utilizaron los mismos pardmetros para el
electrohilado de la disolucion de PVA.

En ambos casos se dispuso el colector metélico de for-
ma vertical y se utilizd un capilar extrusor de calibre
22. Los pardmetros ambientales de temperatura y hu-
medad no pudieron ser anotados por indisponibilidad
del equipo. Los tiempos de deposicion de nanofibras
estuvieron comprendidos entre 10 y 15 min.

Se utilizé un microscopio FIB de Zeiss como micros-
copia electronica de barrido (SEM) para observar la su-
perficie de los tejidos y la morfologia de las nanofibras.
El microscopio se utilizé a 1,5 kV y a aumentos adecua-
dos. Las muestras se pulverizaron previamente con un
recubrimiento de oro/platino.

3. RESULTADOS

En primer lugar, se tuvieron que caracterizar las solu-
ciones a electrohilar para determinar si los parédmetros
resultantes eran adecuados para el proceso de elec-
trohilado. Se evaluaron ciertos factores de remarcable
importancia que pueden ocasionar defectos en las na-
nofibras electrohiladas, tales como [8]:

e Viscosidad: este pardmetro esta estrechamente re-
lacionado con la concentracién de polimero en la
disolucion y el peso molecular de este. Cuando se
presenta un valor de viscosidad muy bajo es dificil
la formacion de fibras continuas, en cambio, cuan-
do la viscosidad es muy alta complica la salida de la
solucién a través del electrodo extrusor, pudiéndose
obstruir.

Conductividad: este parametro afecta directamente
al didmetro y morfologia de las nanofibras produci-
das, una alta conductividad de la solucién disminuye
significantemente el didmetro, mientras que con un
valor de conductividad extremadamente bajo apare-
cen fibras multiformes y perladas debido al insufi-
ciente alargamiento del chorro de solucién contra el
electrodo colector.
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e Tensién superficial: este pardmetro viene definido
por el solvente utilizado en la disolucion. Una baja
tension superficial puede ocasionar la aparicion de
perlas en la seccion de la nanofibra, mientras que la
alta tension superficial puede producir una inestabili-
dad en la extrusion de nanofibras y expulsar gotas.

Tabla 1: Caracterizaciéon de las soluciones a electrohilar.

PVA +
PVA + Aceite

REFERENCIA PVA ) .
Cudrcuma | esencial de

Salvia

Viscosidad (cP) 149,13 | 131,48 338,00

Conductividad (uS) | 250,66 | 352,00 242,00

Tension Superficial

(mN/m) 65,38 62,34 3712

En la Tabla 1 se observa cémo se produce un conside-
rable aumento de la viscosidad de la solucion al anadir
el aceite esencial de salvia, mientras que la adicion de
cdrcuma no supone apenas variacion. La tension super-
ficial también se ve afectada al afadir el aceite esencial
a la disolucion de alcohol de polivinilo. También es no-
table el incremento de la capacidad conductiva de la
solucién que contiene clrcuma en comparacion con las
dos soluciones restantes.

Figura 1. Disolucion de
PVA al 9% (a). Dispersién
de curcuma en PVA bajo
el microscopio optico (b).
Emulsion de aceite esen-
cial de salvia y PVA bajo el
microscopio 6ptico (c).

En primer lugar, bajo el microscopio 6ptico aparece una
clara diferencia entre ambas soluciones, en la com-
puesta de PVA + Aceite esencial de salvia + Tween 80
PS (Figura 1 (c)) se observa una microencapsulacion de
tamano de capsula variable del aceite (fase dispersa)
en la fase dispersante de alcohol de polivinilo. En cam-
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bio, el anadir circuma a una disolucién de PVA (b) no
se observa apenas diferencia respecto a la disolucion
de PVA inicial (a).

Figura 2. Nanofibras de PVA al 9%
(a). Nanofibras de PVA + Cdrcuma (b). Nanofibras perladas
de PVA + Aceite esencial de salvia + Tween 80 PS (c).

Las iméagenes resultantes de microscopfa muestran
varias diferencias en la seccién transversal de las na-
nofibras. En la Figura 2 (a) se observan las nanofibras
producidas a partir de la solucién de PVA al 9%, presen-
tan una seccién transversal homogéneamente circular.
El solvente utilizado se ha evaporado correctamente
durante el proceso de electrohilado por lo que no se
observan poros en las fibras. Las nanofibras se sitlan en
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su mayoria orientadas con una inclinacién de -40° respecto
al plano horizontal.

Las fibras producidas a partir de la dispersién de PVA y
curcuma (Figura 2 (b)) también presentan una seccién
transversal circular y homogénea. El compuesto sélido
de curcuma genera pequefos abultamientos con forma
de huso durante la longitud de la nanofibra. Las nanofi-
bras se encuentran depositadas de forma desorientada
sobre el colector metélico.

Finalmente, las nanofibras producidas a partir de la
emulsion de PVA + Aceite esencial de salvia + Tween
80 PS (Figura 2 (c)) presentan una morfologia comple-
tamente distinta al resto de muestras. Las nanofibras
presentan poca uniformidad en su seccion, aparecen
multitud de perlas esféricas a lo largo de las nanofibras,
reduciéndose al mismo tiempo el diametro de estas. La
formacién de microcdpsulas se origina por la diferencia
de tensién superficial existente entre el aceite esencial
y el alcohol de polivinilo en el momento de la extrusion
en la punta del capilar extrusor. En la Tabla 1 se observa
como el valor de tension superficial disminuye desde
los 65,38 mN/m del PVA hasta aproximadamente la mi-
tad, 37,72 mN/m, cuando se afiade el aceite esencial de
salvia y el surfactante.

En otras investigaciones realizadas simultdneamente
se ha comprobada la existencia de aceite esencial de
salvia encapsulado en el interior de las microesferas
presentes entre las nanofibras [9].

4. CONCLUSIONES

Los resultados obtenidos en las investigaciones mues-
tran la capacidad del PVA de producir nanofibras con un
diametro de seccion transversal homogéneo y tubular,
sin porosidad en su superficie.

Las imagenes SEM han confirmado la posibilidad de
encapsulacion de distintos principios activos en el inte-
rior de nanofibras de PVA. Mediante la encapsulacion
de la curcuma, un principio activo en estado sélido dis-
persado en una solucién de PVA, se es posible obtener
nanofibras con un tamafo de didmetro bastante homo-
géneo en toda su longitud, sin embargo, se aprecia en
algunas zonas pequefos abultamientos con forma de
huso originados por la encapsulacién.

Por otro lado, se observa como la encapsulacion del
aceite de salvia en el interior de las nanofibras de PVA
genera multitud de microcapsulas esféricas de distin-
tos didmetros a lo largo de la seccién de las nanofibras
debido a la diferencia de tension superficial entre los
compuestos que contiene la emulsién.



Los resultados muestran que utilizando la misma so-
lucion de PVA de partida al 9% y unos parametros de
caudal de alimentacion y voltaje similares, se obtienen
nanofibras con distinta morfologia en funcién del esta-
do de agregacion del compuesto encapsulado.

La electrohilatura promete ser una tecnologia con un
amplio potencial para encapsular distintos compuestos
que se caractericen por aportar principios activos di-
Versos.
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Evaluacién de la influencia de la vellosidad de los tejidos en la
deposicion de nanofibras.

Minguez-Garcia, David "), Bou-Belda, Eva (", Montava, Ignacio'", Diaz-Garcia,
Pablo
(1) Department of Textile and Paper Engineering, Universitat Politecnica de Valéncia, PI.
Ferrandiz Carbonell, 03801 Alcoy-Alicante-Spain, pdiazga@txp.upv.es

RESUMEN

La técnica del electrohilado se encuentra influenciada por multitud de parametros, tanto
de la solucién polimérica, del propio proceso y de los parametros ambientales. En esta
investigacién se ha tratado la influencia de la aparicion de vellosidad superficial sobre la
deposicién de nanofibras electrohiladas en dos tejidos de calada 100% PES, uno
compuesto por fibras cortadas y otro de filamento continuo.

Los resultados obtenidos son determinantes, se obtiene una notable vellosidad sobre el
tejido de fibra cortada mientras que en el tejido compuesto de filamentos continuos no
se consigue apenas vellosidad superficial.

Posteriormente, tras electrohilar sobre ambos tejidos, se observa la influencia de la
vellosidad producida; sobre el tejido de fibra cortada la deposicion de nanofibras es
orientada siguiendo el disefio de los tomos cuando no se frota el tejido, en cambio,
cuando se electrohila sobre el tejido frotado se encuentra una deposicion
completamente desorientada. En cambio, el frote sobre el tejido de filamento continuo
no cambia el aspecto inicial de este, por lo que la deposicién de nanofibras tampoco
sufre ninglin cambio.

Palabras clave: electrohilatura, rugosidad, vellosidad, calada, nanofibras.
INTRODUCCION

La electrohilatura se describe como una técnica eficiente y versatil capaz de producir
fibras continuas con distinta morfologia y caracteristicas con un diametro comprendido
entre las sub-micras y los nanémetros. Esta técnica destaca por la produccién de
grandes superficies de fibra electrohilada, un area superficial muy grande en relacién
con su volumen y una alta porosidad [1].

Las caracteristicas de las nanofibras se definen principalmente a partir de distintos
parametros, tales como: la distancia jeringa-colector, el caudal de alimentacion, el
voltaje aplicado, el tiempo de proceso, la concentracién de polimero en la solucién, entre
otros [2].

Las membranas de nanofibras tienen la gran desventaja de ser muy sensibles a la
manipulacién y los esfuerzos mecanicos de traccion y abrasién, esto supone un factor
muy relevante que limita su aplicacion en multitud de sectores industriales. Para
subsanar este inconveniente se utiliza un sustrato textil (tejido o no tejido) como
superficie colectora de las nanofibras, de esta forma se facilita la manipulacion de la
membrana, se incrementa sus propiedades mecdanicas y se acrecientan sus
posibilidades de aplicacion.
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Investigaciones han demostrado una deposicion selectiva de las nanofibras en funcion
del disefio de la superficie colectora, a tiempos cortos de electrohilado las fibras se
depositan sobre las protuberancias que se encuentran en un plano superior a la
superficie plana. A mayores tiempos de electrohilado se consigue una uniformidad en la
estera de nanofibras, esto se produce debido a que la carga positiva acumulada en las
protuberancias repele las nuevas fibras entrantes y las direcciona hacia las regiones
planas del colector [3].

OBJETIVOS

En el presente estudio se plantea realizar un proceso de frotado sobre dos tejidos de
calada con distinta tipologia de hilo, uno compuesto de fibra cortada y otro tejido de
filamento. Se pretende observar la influencia que posee la creacion de vellosidad
(protuberancias) a partir del frote en el resultado de la formacién de la membrana
nanofibrosa electrohilada.

Los objetivos perseguidos durante la investigacion se definen como:
e Determinar el cambio superficial del tejido tras realizarle un proceso de frotado.

e Determinacion de la influencia de la vellosidad superficial del tejido colector
sobre la deposicion de nanofibras.

MATERIALES Y METODOS

MATERIALES

La disolucion utilizada para electrohilar se trata de alcohol de polivinilo (PVA) Mw 61.000
g/mol suministrado por Sigma-Aldrich. Se emplean dos tejidos de calada 100% poliéster
(PES), un tejido compuesto de hilos de fibra cortada y ligamento tafetan y otro tejido
compuesto por filamentos que emplea un ligamento de esterilla. El sistema de
electrohilado utilizado es un Nanospider by Bioinicia.

METODOS

Las nanofibras se fabricaron a partir de una disolucién de PVA al 9% p/v disuelto en
agua destilada a 80 °C con agitacion electromagnética. El electrohilado se llevé a cabo
con un caudal de alimentacién de 0,5 mL/h, un voltaje aplicado de 16 kV, una distancia
entre electrodos de 15 cm y un tiempo de electrohilado de 20 min. El proceso se realizé
con una temperatura ambiente de 25°C y una humedad relativa de 48%.

La vellosidad superficial de los tejidos se consigui6 a partir de realizarle un ensayo de
frote durante 1500 ciclos con un abrasimtero. La caracterizacion de los tejidos se llevo
a cabo a partir de la microscopia electronica de barrido (SEM) para observar la superficie
de los mismos, la vellosidad producida y las nanofibras electrohiladas. Se utilizé un
microscopio electrénico de barrido (SEM) Phenom Microscope (FEI Company, Hillsboro,
OR, USA).

RESULTADOS

Los dos tejidos de calada empleados se componen de poliéster 100%, por lo tanto, se
decarta esta variable como factor de influencia en la deposicion de las nanofibras, de
igual forma, ambos poseen un ligamento tafetan, por lo cual es otra variable que se
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descarta como influyente en la deposicion. De esta forma, se determina a la morfologia
del hilo componente como la caracteristica distintiva y variable que puede influir en los
resultados de este estudio.

A partir del proceso de frotado se han obtenido resultados distintos en cuanto a la
aparicion de vellosidad en funcion del tipo de hilo que componia el tejido de calada.

Al realizarle 1500 ciclos de frote sobre el tejido con hilos de fibra cortada se observa
cémo desaparece el ligamento tafetan definido del tejido hasta observarse una marafa
aleatoria de fibras, esto se produce al presentar fibras cortadas, pues al frotarse se
extraen del sentido de torsién del hilo (Figura 1 (b)).

En cambio, sobre el tejido 100% PES compuesto de filamentos apenas se observan
cambios después de la realizacion del frote (Figura 1 (d)), esto sucede debido a la larga
longitud de los filamentos.

Figura 1. Tejido de calada 100% PES; tejido fibra cortada (a), tejido fibra cortada frotado (b);
tejido filamento (c), tejido filamento frotado (d)

Tras el proceso de electrohilado se conforma una membrana de nanofibras sobre ambos
tejidos de calada. En la Figura 2 (a) se observa como la membrana de nanofibras se
crea con una disposicion determinada, las nanofibras se depositan sobre los hilos del
tejido que se encuentran haciendo de tomo en el ligamento y se conectan entre si. En
cambio, cuando el tejido sufre un proceso de frote previamente a ser electrohilado, se
comprueba como al enmaranar las fibras de los hilos la deposicion de las nanofibras es
irregular y nada uniforme (Figura 2 (b)).

Por otro lado, el proceso de frote sobre el tejido de calada compuesto de filamentos no
supone un factor relevante para la aparicion de vellosidad superficial, lo cual provoca
que la deposicién de nanofibras sea exactamente igual sobre el tejido original que sobre
el tejido frotado durante 1500 ciclos. Los resultados se muestran en la Figura 2 (c, d).

CONCLUSIONES

La investigacion realizada ha comprobado la influencia de realizar un ensayo de frote
sobre un tejido compuesto de filamentos continuos y otro de fibra cortada. Los
resultados son coherentes con lo esperdo, el frote sobre los hilos de fibra cortada origina
que un enmarafiamiento de las fibras produciendo una cierta vellosidad sobre la
superficie del tejido. Por otro lado, se comprueba que el frote sobre los tejidos
compuestos de filamentos no supone ningun problema.
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Figura 2. Deposicién de nanofibras sobre tejido 100% PES de fibra cortada sin frote previo (a)
y sobre tejido 100% PES de fibra cortada después de ser frotado (b); sobre tejido de filamento
sin frote (c) y tras ser frotado (d)

Al mismo tiempo, tras realizar un proceso de electrohilado sobre los dos tejidos, tanto
sin frotar como frotados, se observa una gran influencia de la vellosidad sobre la
deposicion y creacion de la membrana nanofibrosa.

Las imagenes obtenidas bajo microscopio han reflejado una distincion en la distribucién
de las nanofibras cuando se ha electrohilado sobre el tejido de fibra cortada sin ser
frotado y después del ensayo de frote; sobre el tejido original se crea una red de
nanofibras orientadas conforme el disefio del ligamento, mientras que en el tejido frotado
las nanofibras se distribuyen aleatoriamente sobre las fibras que se encuentran
distribuidas en la superficie del tejido.

Finalmente, el tejido de filamento continuo no sufre ningin cambio al ser frotado, por lo
cual la deposicion de la estera de nanofibras es exactamente igual sobre el tejido original
que sobre el tejido frotado.
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Desarrollo de NF de PVA insolubles en H,O
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RESUMEN

El PVA (alcohol de polivinilo) se caracteriza por su solubilidad en agua, por lo que para
obtener su solucién polimérica se utiliza este medio como disolvente. Sin embargo,
dependiendo de su aplicacion final se busca poder insolubilizarlo. En este articulo se
compara la solubilidad de un velo de NF de PVA frente a otro velo de NF de PVA con la
presencia de CA (&cido citrico) en su disolucién polimérica.

Tras electrohilar ambas soluciones poliméricas para formar el velo de NF, se aplica un
tratamiento térmico para termofijar las nanofibras, con el objetivo de evitar que se
deforme la capa de NF facilitando asi la separacion del velo del sustrato base.
Posteriormente, una vez separados los velos del sustrato base, se realizan dos pruebas
de solubilidad: una primera prueba donde se sumergen los velos de NF en agua
destilada a temperatura ambiente y una segunda prueba donde se sumergen en agua
destilada calentada a una temperatura de 100°C, ya que dado el peso molecular del
PVA empleado, éste es soluble a 80°C. Ambos ensayos se basan en el mismo proceso,
sumergir velos de nanofibras durante 5, 10, 15, 20 y 25 minutos para observar su
comportamiento frente al agua.

Palabras clave: PVA, CA, solubilidad, agua, electrohilatura, nanofibras.
INTRODUCCION

El PVA se caracteriza por su buena resistencia quimica, sus propiedades fisicas y su
biodegradabilidad, por lo que se ha utilizado en muchas aplicaciones. Sin embargo, sus
propiedades mecanicas se ven afectadas por su alto grado de hidrélisis[1]. En cambio,
existen diferentes métodos para conservar la estructura de NF de PVA con el contacto
de agua. Uno de estos métodos es la utilizacién de CA en la disolucién polimérica del
velo de NF. El CA estd compuesto por un grupo hidréxilo y tres grupos de cabroéxidos,
lo que provoca entrecruzamiento debido a la formacién de enlaces de puentes de
hidrégeno y por tanto cambios en la capacidad de absorcion de las moléculas de agua

2].

Por otro lado, para la obtencién del velo de NF se ha optado por utilizar la electrohilatura.
Esta técnica permite producir NF continuas de tamafio variable, entre los nan6metros y
micrometros, mediante una solucién polimérica en este caso de PVA utilizando como
disolvente agua destilada. Esta técnica se caracteriza por sus ventajas como son la alta
relacion existente entre la superficie electrohilada y el volumen y su alto grado de
porosidad [3].

CO19



86 X Congreso I+D+i Campus de Alcoi. Creando Sinergias

OBJETIVOS

En el siguiente articulo se pretende desarrollar NF de PVA insolubles en agua al afiadir
CA en su disolucién polimérica para poder mejorar las propiedades mecénicas del PVA.
Para ello, se pretende evaluar esta insolubilidad del PVA mediante dos pruebas, una
utilizando agua destilada a temperatura ambiente y otra aplicando agua destilada a una
temperatura de 100°C.

Por lo que los objetivos principales de este articulo son los siguientes:

e Determinar la influencia de CA en la disolucion polimérica del PVA.

e Evaluar la capacidad de insolubilidad del velo de NF electrohilado con la disolu-
cion polimérica de PVA 'y CA.

MATERIALES Y METODOS
MATERIALES

En esta investigacion se utilizan dos disoluciones para electrohilar. La primera disolucién
utilizada en el electrohilado es de alcohol de polivinilo (PVA) Mw 61.000 g/mol
suministrado por Sigma-Aldrich y la segunda disolucion preparada para electrohilar
utiliza el mismo PVA y &cido citrico (CA) Mw 192,13 g/mol suministrado por Panreac.
Se emplea papel celuldsico, tejido 100% poliéster y tejido 100% algoddn como sustrato
base. El equipo empleado para la electrohilatura es un Nanospider by Bionicida.

METODOS

Las nanofibras de la primera disolucion se electrohilaron a partir de una disolucion de
PVA al 11% plv disuelto en agua destilada a una temperatura de 80°C con agitacion
magnética durante 2 horas. Las NF se electrohilaron sobre papel celulésico como
sustrato base, con un caudal de alimentacion de 0,5 ml/h, aplicando un voltaje de 9,9
kV, a una distancia de 15 cm durante un tiempo de 120 minutos. Este proceso se ha
desarrollado con unos pardmetros ambientales concretos, una temperatura ambiente de
23,5°C y una humedad relativa de 58%.

Para la segunda disolucion, se electrohilaron NF con una disolucion de PVA y CA con
una concentracion del 11% y 10%, respectivamente, disuelto en agua destilada a una
temperatura de 80°C mediante agitacion magnética durante 2 horas. Se necesita una
cantidad elevada de CA para obtener fibras con menor absorcién de agua por parte del
PVA. Estas NF han sido electrohiladas sobre tres sustratos base distintos: papel
celulésico, tejido 100% poliéster y tejido 100% algoddn. Las NF se electrohilaron en las
tres muestras con un caudal de alimentacién de 0,5 ml/h, utilizando un voltaje de 10,9
kV, 10,3 kV y 9,4 kV respectivamente, a una distancia de 15 cm durante un tiempo de
120 minutos. Este proceso se ha desarrollado a una temperatura ambiente entre los
23°C y 24°C y una humedad relativa entre 57- 58%.

La caracterizacion de los velos de NF se ha realizado a partir de la microscopia
electronica de barrido (SEM) para observar el tamafio de las fibras y su superficie. Se
ha utilizado para ello un microscopio electrénico de barrido de emisién de campo con
columna se iones focalizados (FIB) Zeiss Auriaga Compact. Las muestras se han
recubierto previamente de platino.
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Al obtener los velos de NF se aplica un tratamiento térmico 190°C durante 10 minutos
con el fin de termofijar las NF y poder separar las NF del sustrato base utilizado. A
continuacion, se realizan dos pruebas de solubilidad, a temperatura ambiente y a una
temperatura de 100°C. En primer lugar, se preparan 5 muestras de cada uno de los
velos para sumergirlos en agua destilada a temperatura ambiente. Se van extrayendo
las muestras cada 5, 10, 15, 20, 25 minutos para observar su solubilidad en agua. Si las
muestras presentan un grado de insolubilidad elevado, se realiza el mismo ensayo a
una temperatura de 100 °C.

RESULTADOS

Las dos disoluciones preparadas para electrohilar han sido caracterizadas para
observar las diferencias que puede provocar la presencia de CA en una de ellas. Una
de las variaciones mas notables en la disolucion con CA es el aumento de la
conductividad que puede afectar en el diametro de las NF obteniéndolas con un tamafio
de diametro menor. Por otro lado, tal y como cabia esperar, al afiadir el CA el pH ha
disminuido en esta disolucién polimérica frente a la disolucién de PVA , obteniendo
valores un 50% menores.

La disolucion polimérica de PVA se ha electrohilado sobre papel celulésico como
sustrato base y la disolucion polimérica compuesta por PVA y CA se ha electrohilado en
distintos sustratos bases: papel celulésico, tejido 100% poliéster y tejido 100% algodon.
Tras realizar la reticulacion de las NF electrohiladas en los cuatro sustratos se han
generado variaciones. Todas las muestras se han obtenido con un color blanquecino
excepto la muestra 3, que ha sido electrohilada en el tejido 100% poliéster, posee un
color més amarillento (Figura 1 (C)). Esto ha podido suceder por los tratamientos que
han sido aplicados en las fibras de poliéster al generar el tejido y que pueden llegar a
reaccionar con el CA al aplicar temperatura, este resultado obtenido suscita a
posteriores investigaciones que se podrian realizar. Por otro lado, el tejido de algodén
ha formado una superficie irregular (Figura 1 (D)) pudiendo interpretar resultados
erréneos, sin embargo, al visualizar las fibras en el microscopio se observa en la Figura
2 D como las fibras se han formado de forma correcta.

X N S T Tl : d/ VXV X

Figura 2. Nanofibras electrohiladas de PVA 11% sobre papel celulésico (A), nanofibras
electrohiladas de PVA 11% y CA 10% sobre papel celuldsico (B), sobre PES (C) y sobre Co
(D).
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Una vez analizadas las cuatro muestras se realizan las pruebas de solubilidad de las
muestras Ay B, ya que ambas han sido electrohiladas sobre el mismo sustrato base, en
este caso papel celulésico. A partir de las pruebas de solubilidad de ambos velos de NF
se han obtenido resultados distintos. Al realizar la primera prueba utilizando agua
destilada a temperatura ambiente, se obtiene que la muestra A es soluble en agua con
el minimo contacto de esta. Sin embargo, la muestra B presenta una alta resistencia
frente al agua por lo que es insoluble. Por ello, tras realizar la segunda prueba de
solubilidad utilizando agua destilada a 100°C, la muestra B sigue presentando un nivel
de insolubilidad en agua alto. No se precisa realizar esta segunda prueba a la muestra
A, ya que en la primera prueba no presenté insolubilidad frente al agua.

CONCLUSIONES

La investigacion realizada ha demostrado que la presencia de CA en la disoluciéon
polimérica de PVA a altos niveles consigue insolubilizar las NF de PVA frente al agua.
Esta insolubilizacion llega a mantenerse desde la aplicacion de agua destilada a
temperatura ambiente hasta temperaturas superiores a las de la solubilizacion del PVA,
en este caso se ha ensayado hasta los 100°C.
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INFLUENCIA DE LA HUMEDAD DE LOS SUSTRATOS
COLECTORES EN EL ELECTROHILADO

Minguez-Garcia, David®?, Montava, Ignacio®, Gisbert-Paya®, Jaime, Diaz-Garcia,
Pablo®.
(1) Departamento de Ingenieria Textil y Papelera, Universitat Politécnica de Valencia-
Campus de Alcoy (Spain), damingar@epsa.upv.es

RESUMEN

El electrospinning o electrohilatura es una tecnologia capaz de producir fibras
poliméricas de pequefio didmetro, comprendido en un rango que varia desde los
micrémetros hasta los nanémetros con una elevada relacién volumen-area superficial
de una forma relativamente simple y poco costosa. La electrohilatura engloba tres
grupos de parametros que afectan a las nanofibras resultantes, son: pardmetros de la
solucion, parametros del proceso y pardmetros ambientales.

En cuanto a pardmetros ambientales, la temperatura y la humedad relativa del ambiente
son las variables generalmente estudiadas, sin embargo, en esta investigacion se
evalla la influencia de la humedad del tejido colector sobre la deposicién de nanofibras
en este. Se electrohila una disolucion de alcohol de polivinilo (PVA) y colorante negro.
Para evaluar la influencia de la humedad presente en el tejido colector, se utiliza un
tejido 100% poliéster (PES), el mismo tejido humedecido y un papel encerado.

Los resultados muestran la aparicion de poros superficiales en el velo nanofibroso
creado sobre el tejido de PES, mientras que en el papel encerado aparece un velo
completamente uniforme, en ambos casos se producen nanofibras homogéneas. En el
caso del tejido PES humedecido, las imagenes SEM muestran la inexistencia de
nanofibras.

Palabras clave: nanofibra, poro, parametro, PVA, tejido.
INTRODUCCION

La nanotecnologia ha despertado un gran interés en el sector textil debido a las
numerosas caracteristicas que se pueden agregar a los textiles convencionales. En el
caso de la hilatura quimica, destaca la tecnologia de la electrohilatura o electrospinning,
una técnica capaz de producir velos de fibras con un diametro nanométrico, con una alta
relacion &rea superficial-volumen y una elevada porosidad [1].

El equipo utilizado es simple, principalmente consta de dos electrodos, el electrodo
extrusor de la solucién viscoelastica y el electrodo colector, una superficie colectora de
las nanofibras conectada a tierra. También requiere de una fuente de alimentacién de
alto voltaje.

Pese a su sencillez tangible, el proceso de electrohilado se encuentra controlado por
multitud de parametros que son capaces de inhibir la produccién de nanofibras o
modificar los resultados finales. Estos parametros se pueden clasificar en: parametros
de la solucién viscoelastica (concentracion del polimero, peso molecular, conductividad,
viscosidad, volatilidad del solvente, etc), parametros del proceso de electrohilado
(voltaje aplicado, caudal de alimentacion, distancia entre electrodos, etc) y los
parametros ambientales (temperatura, humedad relativa y presion de aire) [2].
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El proceso de electrohilado se lleva a cabo cuando una gota de la solucion, con forma
esférica, se sitba en el capilar extrusor del equipo y es cargada eléctricamente.
Consecuentemente, al aumentar las fuerzas del campo electroestatico creado entre
ambos electrodos, las fuerzas de Coulomb, la gota se estira hasta presentar una forma
cbnica conocida como cono de Taylor. Cuando las fuerzas de Coulomb superan a las
fuerzas de la tension superficial que retienen la solucién en la punta del capilar extrusor
se crea un chorro helicoidal direccionado hacia el electrodo colector, depositandose
sobre este las nanofibras solidificadas [3].

Es la distancia espacio-tiempo entre los electrodos extrusor y colector en la cual el
solvente utilizado en la solucion debe evaporarse para obtener un velo nanofibroso
Optimo. Investigadores han estudiado la influencia de la humedad relativa en el ambiente
donde se realiza el electrohilado [4], sin embargo, en este estudio se quiere evidenciar
si existe una influencia de la humedad presente en la superficie sobre la cual se
depositan las nanofibras

OBJETIVOS

El objetivo del presente estudio es determinar si existe una influencia de la humedad
absorbida por el sustrato colector a la hora de electrohilar nanofibras de alcohol de
polivinilo sobre este.

MATERIALES Y METODOS

El polimero empleado para producir el velo de nanofibras es alcohol de polivinilo (PVA)
Mw 61.000 g/mol suministrado por Sigma-Aldrich. Como sustratos colectores se utilizan
dos tejidos de calada 100% poliéster (PES), uno seco y otro humedo, y un papel
celulésico de la marca Bosque Verde. El equipo de electrohilado utilizado es un
Nanospider modelo Spinbox by Bioinicia. El elemento colector utilizado es una placa
plana vertical de acero inoxidable. El capilar extrusor empleado tiene un calibre 22.

Se producen velos de nanofibras mediante una disolucién de PVA al 9% p/v y colorante
Acid Black 194 al 5 g/L disueltos en agua destilada a 80 °C, utilizando agitacién
electromagnética durante 2 horas. Para el electrohilado, se utiliza un caudal de
alimentacion de 0,5 mL/h, un voltaje aplicado de 10 kV, una distancia entre electrodos
de 15 cm y un tiempo de electrohilado de 90 min. El proceso se ha llevado a cabo a una
temperatura ambiente en torno a los 22,5 - 24 °C y una humedad relativa del 55 - 57%,
la variabilidad en los parametros ambientales es debido a la imposibilidad de ser
controlados por el equipo utilizado y a la climatizacién del laboratorio.

Para humedecer el tejido de poliéster se hizo uso de un spray pulverizador.

La caracterizacién de los tejidos se llevo a cabo a partir de la microscopia electrénica
de barrido (SEM) para observar la superficie de los mismos, se empleé el microscopio
HRFESEM ZEISS GemniniSEM 500.

RESULTADOS

Para el electrohilado de las distintas muestras se utiliza la misma disolucion de PVA, por
lo cual, se puede descartar una influencia de los parametros de la solucién
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(concentracién de polimero, peso molecular, conductividad, tension superficial,
volatilidad del solvente, etc) en los resultados finales.

De igual forma, las variables del proceso (caudal de alimentacion, voltaje aplicado,
distancia entre electrodos y tiempo de electrohilado) se mantienen constantes, por lo
tanto, es posible descartar su influencia. Respecto a los parametros ambientales durante
el proceso, la pequefia variabilidad en las medidas de temperatura y humedad relativa
también se descarta como un factor influyente.

Para estudiar la influencia de la humedad presente en el sustrato colector de nanofibras
se hace uso de tres superficies diferentes. Por una parte, se utilizan un tejido de calada
de poliéster y un papel celulésico, la humedad presente en ellos debe ser la presente
en el laboratorio. Por otro lado, se utiliza el tejido de PES himedo, se duplica su peso
pulverizando agua.

Aungue los parametros influyentes en el proceso de electrohilado se mantuvieron
constantes y a simple vista no se observa variabilidad en la estabilidad del cono de
Taylor del que se genera el jet de nanofibras. La Figura 1 muestra imagenes del velo de
nanofibras, aparecen notables diferencias en los distintos resultados electrohilados. En
primer lugar, al electrohilar sobre el tejido de PES se crea el velo de nanofibras en su
superficie, sin embargo, aparecen multitud de poros en toda la muestra (Figura 1, a.1),
estos presentan un diametro poco homogéneo y son visibles al ojo humano. Cuando se
obtiene una imagen con mayor nimero de aumentos utilizando la microscopia SEM se
es capaz de observar la deposicién de nanofibras con multitud de abultamientos en su
seccion longitudinal (Figura 1, a.2). En cambio, cuando se electrohila sobre el mismo
tejido PES, pero esta vez completamente hiumedo, se sustituye la porosidad mostrada
en el tejido seco por pequefios abultamientos que presentan una tonalidad de color mas
oscura al resto de la deposicion de nanofibras (Figura 1, b.1). Las imagenes SEM
realizadas sobre esta muestra evidencian la inexistencia de nanofibras en la superficie,
en su lugar se ha realizado una especie de recubrimiento polimérico entre las fibras del
tejido (Figura 1, b.2). Finalmente, cuando se realiza el proceso de electrohilado sobre el
colector de papel celulésico no aparece ninguna caracteristica destacable, se obtiene
un velo de nanofibras completamente homogéneo (Figura 1, c.1), lo cual se puede
corroborar con las nanofibras mostradas en la Figura 1, c.2.

Figura 1. Velos de nanofibras formados con diferentes sustratos y niveles de humedad: a.1)

Deposicién de nanofibras sobre tejido PES seco; a.2) imagenes SEM de a.1; b.1) deposicién

sobre tejido PES himedo; b.2) imagenes SEM de b.1; c.1) deposicidn sobre papel celulésico;
c.2) imagenes SEM de c.1.
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Para explicar la notable diferencia entre las dos superficies que no se encuentran
hamedas (Figura 1, a.1 y c.1) se determina de forma cualitativa la higroscopicidad de
cada una de ellas. Para ello se deja caer una gota de solucién directamente sobre ambas
superficies. En la Figura 2 se observa como el tejido de poliéster absorbe rdpidamente
la solucion de PVA (Figura 2, izqda.), sin embargo, sobre el papel celulésico la gota se
mantiene con forma semiesférica sobre la superficie debido al recubrimiento de silicona
que posee (Figura 2, dcha.).

Figura 2. Gota de solucién sobre tejido PES (izqda.). Gota de solucién sobre papel celulésico
(dcha.).

CONCLUSIONES

La técnica del electrohilado se encuentra controlada por multitud de parametros que
afectan en los resultados nanofibrosos. En este estudio se ha demostrado la existente
influencia de la humedad presente en las superficies colectoras respecto a la deposicién
de nanofibras sobre ellas. Los resultados han concluido que al aumentar la humedad
del colector aumentan los defectos en él; cuando el colector se encuentra
completamente humedo las nanofibras no son capaces de solidificarse de forma
individual, por lo que se unifican y crean una especie de recubrimiento polimérico.
Cuando el colector posee capacidad higroscopica y existe cierta humedad en el
ambiente, se crean multitud de poros en el velo nanofibroso. En cambio, cuando la
superficie es completamente hidréfoba se genera una deposicion homogénea sin
apenas desperfectos.
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Abstract: Nanotechnology has evolved in the last years and nowadays there are many technologies related with
the development of nanoparticles (NPs) or nanofibers (NFs). Due to the wide variety of polymers and diverse
applications, filtration, medicine, cosmetic, etc., the study of those NFs is still of interest nowadays. In this work
the NFs net created from electrospinning is used as a coating for fabrics. The aim of this work is to demonstrate
how fibres are placed on the fabrics and if there is a tendency or they are located randomly. Two different fabrics
were used a 100 % cotton plain 115g/m? and a 100% polyamide knitting fabric 60 g/m?. A PVA solution (9%
w/v) was used to create NFs which were placed on the fabrics. This solution was prepared by heating water at
80° C till complete solution of the polymer. Electrospinning was designed for a vertical collector with 15 cm
distance from the needle. The flow rate was 0,5 mL/h with 15 or 20 kV for 15 minutes. Results evidenced the
tendency of NFs net to be located on the fibres and consequently we could conclude the fabric is designing the
position where the fibres would be placed. Furthermore, we could demonstrate that the presence of a fabric with
reduced density implies deposition of NFs on both the fabric and the collector.

Keywords: electrospinning, located, nanofiber, substrate
1. INTRODUCTION

Nanotechnology has evolved in the last years and nowadays there are many
technologies related with the development of nanoparticles (NPs) or with nanofibers (NFs).
There is a wide field of application for NFs nets, they can be used for filtration [1,2],
biomedicine [3-5] or even for protection against COVID-19 [6-8].

NFs net can be made of different polymers such as polypropylene (PP) [9], polyamide
(PA) [10], polyvinyl alcohol (PVA) [11], Polylactic acid (PLA) [12], etc.

Electrospinning is a technique based on the use of electrical forces to produce
polymeric fibres of small diameter, comprised in a range that varies from micrometres (10-
100 pm) to nanometres (10 x 10 - 100 x 10~ um), and with a high specific area, in a relatively
simple and inexpensive way [13].

The technique consists of the application of a high electrostatic field between a
polymeric solution and a collecting surface. The positive pole is attached to an injection
system, in this case the needle (metallic capillar) and the negative pole to a metallic plate or
collector (connected to ground) which is generally between 5 cm and 30 cm away from the
metallic capillar [13-14]. On the collector the nanometric fibres are deposited, forming a
fabric (nonwoven) with a characteristic texture, density and color [14].

The liquid drop remains attached to the tip of the capillar thanks to the surface tension
until the repulsion is greater and causes a force in the opposite direction to the contraction of
the drop. As a consequence of this application, an electrified meniscus known as the Taylor
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Cone is formed, it is due to polarization and charge, causing a transverse and a normal force.
As the cone accelerates the elongation process, it reaches a point where the tangential and
normal components are equal, at this time the cone solidifies creating fibres and depositing
them on the collector plate [13-14].

Some parameters affect electrospinning, they can be classified into three groups:
dissolution parameters (polymer solution), process parameters and environment parameters.
All of them influence the morphology and properties of the fibres [13-14].

1.1 Solution properties

« Concentration: it is one of the most determining parameters in the size and
morphology of the fibres. Concentration affects both viscosity and surface tension. If the
concentration is considerably high, apart from making it difficult for the solution to pass
through the capillary, the diameter of the fibre may increase. On the other hand, if there is a
low concentration of polymer, the solution will be so liquid that the drops will break before
reaching the collecting plate due to the effect of surface tension [13-14].

 Molecular weight: The molecular weight of the polymer has a significant effect on
rheology and electrical properties such as viscosity, surface tension, conductivity, and
dielectric strength. It has been observed that low molecular weight solutions tend to form
beads rather than fibres, and a high molecular weight one tends to form fibres with large
diameters. The molecular weight also influences the number of polymer chain entanglements
in a solution, therefore, the viscosity and entanglement of the chain play an important role in
the electrospinning process [14-15].

* Viscosity: As it is also named in the concentration, the viscosity plays a very
important role in electrospinning, when the viscosity is very low there will not be a continuous
formation of fibre, the drops will break before reaching the collector. On the other hand, when
the viscosity is relatively high, the polymer could present difficulties in its passage through
the capillary [13-15].

« Surface tension: The surface tension will depend on the polymer and the solvent
used. It has a relevant role in obtaining fibres without the presence of beads. The surface
tension determines the upper and lower limits of the electric field, if all other variables are
kept constant [14].

« Conductivity: The conductivity of the solution is determined by the type of polymer,
the solvent used, and the availability of ionizable salts [14]. Solutions with high conductivity
will have greater capacity to carry charges than those with low conductivity. The addition of
salts to the solution increases the conductivity and therefore the electrical force for stretching
the jet, which means obtaining fibres with a smaller diameter [13]. The lack or low electrical
conductivity of the solution causes the elongation of the jet by the electrical force to be
insufficient, and therefore, prevents the production of uniform fibres.

 Dielectric effect of the solvent: The solvent performs two jobs within the
electrospinning process; first, it dissolves the polymer molecules to form the electrically
charged jet, and second, it carries the dissolved polymer molecules to the collector [13].

Because of this, generally a solution with good dielectric properties reduces the bead
formation and also the diameter of the resulting fibres.

1.2 Process parameters

They are the parameters that can be modified during the process. These are parameters
that can be easily manipulated directly from the displays of the machine that we use.

* Voltage (applied voltage): Voltage is one of the most fundamental parameters, since
only after reaching the threshold voltage does the formation of fibres occur [14]. It has been
shown that when applying higher stress values, a greater stretching of the solution is allowed
since the electrostatic repulsive force (Culomb force) increases, causing a reduction in the

110



diameter of the fibres. Also increasing the voltage favours the rapid evaporation of the solvent.
On the other hand, increasing the voltage is directly related with increasing the probability of
obtaining fibres with defects (beads) [13-14].

* Flow: The flow or outlet flow is also an important parameter of the process. A lower
flow rate would be desirable as it gives the solvent more time to evaporate, thus preventing
the formation of defects in the fibre. On the other hand, when the outflow increases there is
an increase in the diameter of the fibres and in the size of the defects. The minimum flow rate
to achieve a stable Taylor cone is the one that should be maintained to avoid fibre defects and
allow the solvent to evaporate [13-14].

* Needle-collector distance: A minimum distance is required between the needle and
the collector; this is the minimum distance that must be given to the fibre to allow the solvent
to evaporate. On the other hand, over very long distances, the fibres can break under their own
weight or bead formation.

1.3 Room parameters

» Temperature: Temperature can decrease the evaporation time of the solvent. In
addition, there is a direct relationship between temperature and viscosity, the higher the
temperature, the lower the viscosity. The decrease in viscosity, as it was explained previously,
can cause a decrease in the diameter of the fibre [13-14].

» Humidity: High humidity in the environment can cause small pores on the surface of
the fibres due to the condensed water deposited on them as they go from the needle to the
collector, having an influence on the morphology of the fibres, especially when working with
volatile solvents [13]. On the other hand, a low humidity rate can cause the solvent to
evaporate very quickly, causing that in some cases the process must be carried out in the
shortest possible time in order to prevent the solution is dried at the tip of the needle
obstructing it [14].

Due to the wide variety of polymers and diverse applications the study of those NFs
is still of interest nowadays. In this work the NFs is used as a coating of fabrics. The aim of
this work is to demonstrate how PVA NFs are placed on the fabrics surface and if there is a
tendency created by the geometry of the collector surface, or they are located randomly
despite the surface roughness on the collector. Table 1 summarizes the most important
parameters with influence on NFs.

Table 1. Summary of parameters influence on NFs.

PARAMETER | Tendency | Behaviour
Solution parameters
. Increase Difficult for the solution to pass through the capillary
Concentration -
Decrease Drops before reaching the collector
. Increase Difficult for the solution to pass through the capillary
Molecular weight Decrease Drops before reaching the collector
Viscosit Increase Difficult for the solution to pass through the capillary
Y Decrease Drops before reaching the collector
Surface tension Increase No beads in NFs
Decrease Beads presence in NFs
Increase Reduction in fibres diameter
Conductivity Electrostatic forces derive into jet enlargement and it
Decrease . . .
is not possible to obtain NFs
Process parameters
Voltage Increase Thick fibres, jet distosion, beds presence
g Decrease Solution does not reach the collector
Increase Thicker fibres, higher size for beds.
Flow rate Solvent evaporation takes longer, homogeneous
Decrease

fibres.
Increase Broken fibres due to its weight.
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Higher enlargement of the solution.
Needle-collector Thinner fibres
distance Not enough time for solvent evaporation, wet fibres
Decrease
reach the collector.
Environment parameters
Solvent evaporates too quickly and dry polymer

Increase .
Temperature appears in the needle.
p Solvent does not evaporate. Difficult for the solution
Decrease .
to pass through the capillary
Increase Solvent does not evaporate properly. Porous NFs
Humidity Decrease Fast evaporation of solvent. Dry polymer appears in
the needle.

2. MATERIALS AND METHODS

2.1 Materials

A Nanospider system supplied by Bioinicia was used to produce the nanofibers.
Nanofibers were made of Polyvinyl alcohol (PVA) Mw 61000 g/mol, supplied by Sigma-
Aldrich. Solutions were prepared with distilled water.

The collector of the Nanospider system was covered by different fabrics. One of the
fabrics was a plain fabric 100% cotton, 115 g/m?. The other one was a 100% polyamide
knitting fabric 60 g/m?.

2.2 Methods

Nanofibers were electro spun form polymer solution containing 9% w/v which was
prepared with PVA an distilled water at 80° C until complete solution. The electrospinning
process was conducted with the same Nozzle-collector distance (15 cm) The collector was
placed vertically. Identical flow rate (0.5 ml/h) was used but different Voltage (12, 15 or 20
kV) for 15 minutes.

Scanning Electron Microscopy (SEM) was used to observe the fabrics surface and the
NFs formation. FIB microscope from Zeiss was used as a Scanning Electron Microscopy
(SEM) to analyse the fabrics” surface at 1.5 kV and a suitable magnification. Samples were
previously sputtered with a gold/platinum coating.

3. RESULTS AND DISCUSSION

As it has been explained in the introduction section the nanofibers are placed on a
collector. In this study we covered the collector system with two different fabrics, a weave
with a plain rapport, and a Knitting one with low density. The elctrospun fibres were placed
on different fabrics a plain wave or a knitting one. Initially the voltage should be adapted in
order to avoid the presence of beads on the NFs. Figure 1a shows the presence of polymer on
the cotton fibres without NFs formation when the voltage is 12 kV. Polyamide fabric (60
g/m?) worked perfectly with 15 kV but cotton due to its higher density (115 g/m?) interfered
on the voltage at the collector and 15 kV produced NFs but plenty of beads (figure 1b), and
consequently it should be increased up to 20 kV (figure 1, c).

Figure 2 shows the microscopy images where it can be appreciated the coating of PVA
nanofibers regularly placed on the surface of cotton fibres and with no beds. Results evidenced
that the nanofibers were placed on the fabric acting as a nanospider net coating the fabric,
which was also demonstrated by some authors [11]. This web of NFs is placed on the collector
or on the fabric when the fabric is covering the collector.
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Figure 1. PVA nanofibers coating cotton fibres at different voltage: a - 12 kV;
b-15kV;c-20kV

Figure 2. PVA nanofibers coating cotton fibres

When we compare the behaviour of the coating regarding the two fabrics, we can
observe (figure 3) the nanofibers are placed basically on the fabric fibres, and we can clearly
observe there are no nanofibers on the space between yarns. There was an evident difference
in density between fabrics 115 g/m? for the weave one and 60 g/m? for the knitted one. This
implies the space between yarns (holes) is considerably bigger for the knitted fabric.
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Figure 3. PVA nanofibers coating fabrics: a - plain fabric; b - knitted fabric

Nanofibers width is measured and results reveal there is a similar value obtained for
nanofibers deposited on both fabrics, 128 nm for the weaving and 114 nm for the knitting. As
the NFs are deposited on the fibres, it is clearly observed there is a higher presence of the
nonwoven on the weave than on the knitted fabric due to the higher number of fibres. This is
not due to the fabric technology used, weaving or knitting structure it is due to the presence
of yarns. Weaving or knitting will only influence on the paths created by the nanofibers.

Figure 4 shows the appearance of the collector once the knitting fabric was removed.
It is clearly appreciated a spotted surface. The spots observed can be attributed to the
nanofibers which were not placed on the knitting fabric as there was a small holes or spaces
between yarns.

Figure 4. Spotted collector once the knitted fabric is removed from collector

It has been demonstrated there is a clear tendency of NFs to be deposited on the fibres
from the fabrics. Figure 3 evidences the grid formed by the NFs net on the plain fabric created.
Furthermore, the results showed it is possible to create a micronets on the collector when the
fabric shows reduced density of yarns, as the NFs pass through the fabric pores.

4., CONCLUSION

The observation of fabric surface at low enlargement, once nanofibers coating was
placed on the fabric’s surface evidenced the effect that the substrate has on the deposition of
nanofibers onto the fabric. Despite being the collector the one which attracts the polymer we
have demonstrated that there is a preference for nanofibers to be placed on the yarns of the
fabrics, and not only on the collector. Thus, when the density of yarns is not too high the
nanofibers are placed both on the collector and on the fabric fibres.

This behaviour allows to conclude that a suitable design with a specific raport can deal
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into a selective coating of nanofibers which can be used for different applications such as
selective filtration, electric conductivity circuits, etc., or even to create specific NFs nets with
concrete shapes throughout the pores of a fabric.
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ABSTRACT

Interest in nanotechnology has increased in recent years and the textile sector has not been left out of
this technology. Obtaining nanofibers opens up multiple applications in fields such as filtration.
However, due to the fragility of said nanofibers, conventional textiles can serve as a support for the
created nanofiber net. In this work we intend to demonstrate the influence of the weave pattern on the
homogeneity of nanofibers deposited on the fabric. Two fabrics characterised by wave patterns showing
different topography are studied. Authors demonstrate there is a strong influence of topography on the
nanofibers deposition. Nanofibers tend to cover wave's fibres in a higher plane first and it require longer
periods to find some fibres on lower planes.

KEYWORDS

Roughness, electrospinning, polyvinyl alcohol, coating.

INTRODUCTION

According to the National Science Foundation (NSF), the term nanotechnology covers engineering and
utilization of a functional structure with minimum one dimension on nanoscale [1]. The nanofibers have
become popular for several reasons and statistic forecasts indicate that the global market value of
nanofiber products will increase from 0.93 up to 4.3 billion U.S. dollars from 2018 to 2023 [2].
Nanomaterials and systems are interesting since they due to their size can be fabricated to perform novel
and enhanced chemical, biological and physical properties and processes [3].

Electrospinning technology had its first commercially valuable patents publish from 1934 [4] to 1944
[5] by Formhals for solvent-based electrospinning and the use of melt was patent 1936 by Norton [6].
Thanks to the progress in nanofibrous and electrospinning research, different process parameters have
been highlighted to determine the final features of electrospun fibers [7]. By knowing how to control
these specific parameters, a good control of the fiber morphology can be realized and the final
nanostructure can possess excellent mechanical features certainly flexibility, big specific surface area,
high aspect ratio, surface functionality, low density, changeable fiber production from one to three
dimensions, and high porosity if desired.

Due to the construction of textile fabrics based on yarn interlacements, they are not appearing with
completely flat nor smooth surfaces. Instead, a fabric shows surface irregularities which directly
influences the tactile characteristics of the fabric but also has a big impact for further processing [8].
When discussing surface characteristics of a fabric or another material type, it is valuable to break
surface down into form, waviness and roughness. These three parameters are together creating the
materials original profile and are important to distinguish from each other. Per definition, form, waviness
and roughness are the terms for low, mid, and high frequency range variance respectively [9]. The initial

@ © 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
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profile for some components may have a substantial form, such as a radius. For conventional textiles
however, two dimensional (2D) fabrics more or less, the form could be defined as flat meanwhile
waviness and roughness profiles are more of interest to define. In this study authors aim to study the
influence of the fabric topography on the nanofiber deposition.

MATERIALS AND METHODS
Materials

Two 100 % polyester fabrics with considerable differences in their topography were used to be coated
by electrospun fibres. Figure 1 and figure 2 show the wave pattern. The solution used for nanofiber
production was Polyvinyl alcohol (PVA) Mw 61.000 g/mol, supplied by Sigma-Aldrich. Solutions
(9 % w/v)were prepared with distilled water.

L
(a) (b)

Figure 1. Satin (5x5) with pitch 2 (a) and 3 (b) respectively.

(a) (b)
Figure 2. A symmetric waffle weave (a) with blue lining indicating on warp respectively weft floatings and
green lining on plain weave sequences (b).

Methods

Nanofibers were produced from a nanospider (Bioinicia). Polymer solution was prepared at 80° C until
complete solution. The electrospun process was conducted with nozzle-collector distance 15 cm. The
collector was placed vertically with the plain weave fabric on top. The flow rate was 0,3 mL/h and 18

kV for voltage. Different periods of time were tested in order to determine the complete coating of the
fabric.

The fabric topography was analysed from Image J software. FIB microscope (Zeiss) was used as a
Scanning Electron Microscopy (SEM) to analyze the fabric’s surface at 1,5 kV at suitable magnification.
Samples were previously sputtered with a gold/platinum coating.

RESULTS AND DISCUSSION

In order to observe the topography of both fabrics studied, a representation has been done with Image J
software. Figure 3 shows a corss section of both fabrics. Figure 3a shows the cross section from satin
fabric with some hills and valleys with regular period and frequency if compared with a wave. However
there are clear differences between both fabrics when satin fabric is compared to the waffle one. The
satin fabric shows fluctuations with shorter periods on the wave, whereas the waffle one shows some
kind of flat hills on the top of the fabric and valleys. Such differences on the topography can be clearly
observed on the fabric simulation (Figure 4).
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Figure 3. Topography of both fabrics studied. a) Cross section from satin fabric; b) cross section from waffle
fabric.
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Figure 4. Fabric topography representation.

Once the fabric was coated for a period of time the samples were observed. Figure 4 evidence a
difference on the behaviour of nanofibers when they are placed on the fabric. As it was expected, once
the nanofibers are placed on the fabrics there is a clearly differenced behaviour. Figure 5a shows
nanofibers deposited preferably on the fibers placed on the higher level but with a wide extend of the
surface covered with nanofibers. However, woffle fabric, due to high flat hills shows nanofibers
deposited preferably on them, showing practically no nanofibers on the fabric valleys.

Figure 5. Topography of both fabrics studied. a) Surface from satin fabric; b) Surface from waffle fabric.

The period of coating with nanofibers was increased in order to cover the whole fabric surface with the
nanofiber coating. Results showed that even after 6 hours of electrospinning the waffle surface, the
fabric was not completely covered.

CONCLUSION

In this study, two wave patterns with clear differences were selected. Such considerable differences have
been demonstrated by software analysis and they were useful to demonstrate diverse behaviour on the
deposition of nanofibers on the fabric surface.
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Results from this study demonstrate there is an inverse relation on the homogeneity of nanofibers coating
and the roughness of the fabric. The higher the abrupt topography on the fabric, the higher time is needed
to cover the whole surface with the nanofibers coating.
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FIBER CROSS-SECTION INFLUENCE ON THE DEPOSITION OF
NANOFIBERS ON TEXTILE WEAVED STRUCTURES

David Minguez-Garcia!®, Lucia Capablanca!©®, Ignacio Montava' ©, Pablo Diaz-Garcia'®”
' Universitat Politécnica de Valéncia, Plaza Ferrandiz y Carbonell n1, 03801 Alcoy, Spain
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ABSTRACT

Roughness is directly related to the increase of adhesion between surfaces. Different cross section on
fibres implies different longitudinal shape of fibres, altering the roughness of filaments. In this study, a
procedure to evaluate the nanofibers adhesion to the substrate has been designed. In order to test it,
different cross-section shapes are evaluated to demonstrate its influence on the nanofibers net adhesion.
Circular, tetralobal and trilobal fibres were tested. Focused on corroborating it, two yarns with different
filament fineness were also tested. Different weights are placed on an acetate film which is placed on
the nanofibers net. The pressure helps the nanofiber to move to the acetate. This procedure helps to
determine the influence of fibre cross-section or roughness, demonstrating the adhesion of nanofibers
net on the structures is enhanced with higher roughness.

KEYWORDS

Electrospinning, cross-section, nanofiber, adhesion.

INTRODUCTION

The increasing progress in the application, manipulation and characterization of materials at the
nanometer scale has propelled an exponential growth in the field of nanoengineering research. The
production of fibers with the smallest possible cross-sectional size has become one of the major
challenges in the textile industry, specifically in the spinning sector. The electrospinning technique has
become a promising and efficient method capable of producing filaments of different characteristics
with a diameter size ranging from sub-micron to nanometer. With this technology it is possible to obtain
nanofibers with a multitude of applications, such as filtration [1,2], biomedicine [3—5] or even for
protection against COVID-19 [6-8]. The characteristics of the nanofibers are mainly due to the
electrospinning parameters such as the syringe-collector distance, the flow speed, the voltage, time of
electrospinng, and of course the concentration of the polymer [9].

Although nanofibers have many advantages in their application, such as the ability to obtain large
electrospun surface areas, a high ratio of electrospun surface area to pore size between fibers and
uniform porosity distribution [10], they have several disadvantages in terms of their mechanical
handling against rubbing and tensile forces. Because of this, woven and nonwoven collector structures
are used to improve the mechanical characteristics and increase their application [11].

The electrospun fibers have a weak adhesion to textile collector structures [11]. It has been demonstrated
that moderated roughness enhances the adhesion of coatings in comparison to smooth surfaces [12]. In
this work the nanofiber net is used as a coating of fabrics. The aim of this work is to demonstrate whether
there is an influence of the cross section of the collector fabric on the deposition of nanofibers.

@ © 2022 by the authors. This article is an open access article distributed under
@ the terms and conditions of the Creative Commons Attribution (CC-BY) license
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MATERIALS AND METHODS
Materials

The solution used for nanofiber production was Polyvinyl alcohol (PVA) Mw 61.000 g/mol, supplied
by Sigma-Aldrich. Solutions were prepared with distilled water. Four 100% polyester plain weave
fabrics, made up of yarns with different cross-sections (tetralobal, circular and trilobal) and different
numbers of filaments (48 and 96), were used as the fabric placed on the collecting surface. Yarns were
supplied by ANTEX company.

Methods

A Nanospider (Bioinicia) was used to produce the nanofibers. Polymer solution (9% w/v) was prepared
at 80° C until complete solution. The electrospun process was conducted with the same nozzle-collector
distance (15 cm). The collector was placed vertically with the plain weave fabric on top. Identical flow
rate (0.3 mL/h) and voltage (18 kV) were used over different periods of time (90", 120" and 300") what
implies more density of fibers.

A magnifying glass was used to observe the surface of the fabrics and filaments. FIB microscope (Zeiss)
was used as a Scanning Electron Microscopy (SEM) to analyze the fabric’s surface at 1.5 kV at suitable
magnification. Samples were previously sputtered with a gold/platinum coating.

To evaluate the adhesion of the nanofibers on the fabrics collectors different forces (0.002, 0.5, 2 N)
were applied on an acetate film which was placed on the electrospun net for the same period (1 min).
Then the weight is removed and the acetate film analyzed.

RESULTS AND DISCUSSION

The nanofibers were placed on different plain weave fabrics with yarns of different cross-section in weft
direction, in warp direction the same polyester yarns were used. The yarns with different cross sections
used were tetralobal, circular, and trilobal as it can be seen in Figure 1. Every fabric was coated with
nanofibers (Fig. 1d).

Figure 1. Yarn with different cross-section a) tetralobal; b) circular; c) trilobal; d) electrospun coating.

On the different electrospun samples with different process times, 90", 120" and 300", different forces
are exerted for 1 minute to check the adhesion of these to the collector fabric. Figure 2 shows the
adhesion test carried out using a yarn composed of 96 tetralobal filaments. Each image shows, from left
to right, the effect of applying 0.002, 0.5 and 2 N force. Figures 3 and 4 show the adhesion tests
performed on fabrics composed of 96 filament yarns with circular and trilobal cross section,
respectively. When Figures 2, 3 and 4 are compared, it can be observed that when applying a force of
2 N the nanofiber membrane detaches from the fabric and remains attached to the acetate for every cross
section regardless the coating density. However, trilobal section shows less nanofibers on the acetate
than the tetralobal one when comparing the same coating density. This means that trilobal shows better
adhesion, and circular the lower, what seems to be directly related to roughness.

To evaluate the influence of the number of filaments on the adhesion, the test is carried out on a fabric
formed by a circular cross-section yarn with a number of 48 filaments (Fig. 5). As a result of the
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comparison with 96 filaments (Fig. 3) it can be observed the nanofibers produced for 90" remain attached
to the fabric with 48 filaments (Fig. 5a) once the forces are applied, whereas fabrics with 96 filaments
(Fig. 3a) lose part of the nanofibers, transferring it to the acetate film. This implies better adhesion is
found when there is a lower number of filaments.

0,002 N 05N 2N y 0,002N 05N

0,002 N 05N 0,002 N O 5N 2N 0,002 N 0,5 N 2N

\l“‘
[ u’ﬂ §

0,002 N 05N 2N 0,002 N 0,002N 05N

~ 0,002 N 0,5N 2N 0,002 N 0,5N 2N 0,002N OSN 2N
Figure 5. Adhesion test on fabric with circular cross-section 48 filaments. a) 90"; b) 120"; ¢) 300".

CONCLUSION

The analysis of the results of the adhesion test of the nanofiber coating placed on the fabric surface
showed there is a difference on the behaviour of the coating. Firstly, regarding the effect of cross section,
it can be concluded that the circular one offers the lower adhesion to the fabric, the trilobal and tetralobal
sections have a similar result, although trilobal one seems to enhance slightly the adhesion. This could
be explained as the higher roughness of the filaments, due to the cross section, makes them adhere better
to the surface, thus improving their overall adhesion to the collector fabric.

Finally, when comparing the adhesion in fabrics formed by yarns with different number of filaments but
the same cross-section, it can be concluded that better adhesion is found when there is a lower number
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of filaments. Having a lower number of filaments for the same yarn count implies lower fineness for the
filament. Consequently, thicker filaments imply higher interstitial space between filaments and therefore
higher roughness which is directly related to higher adhesion.

Thus, as a general conclusion we can confirm the method is sensitive enough to determine differences
in nanofiber coating adhesion to fabrics, despite that further studies will be conducted in order to polish
it. Furthermore, we can confirm that roughness plays an important role on the nanofiber adhesion to the
fabric, and the fiber cross-section influences the fabric roughness.
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Abstract. Essential oils, apart from the fragrance they release, are characterized by having countless
properties, they can be used in aromatherapy, as antioxidants, antibacterial, etc. Its inclusion in the
electrospinning process can be carried out by means of a coaxial extrusion but it is also feasible, under strict
control of the parameters, to carry out the electrospinning from an emulsion. The state of the art defines the
possibility of obtaining core-shell fibers by electrospinning emulsions, nevertheless, obtaining microcapsules
is also a possibility, the viscosity, conductivity, and different conditions must be adjusted in order to break the
jet from the Taylor’s cone to create the spherical particles. This requires control of the parameters of both the
electrospinning process and during the preparation of the emulsion. In this work, oil/water (O/W) emulsions
of 4% orange essential oil in a 9% PVA solution are prepared. The addition of the oil during the preparation
of the emulsion is carried out at room temperature (22°C) or at higher temperature (70°C). As expected, the
viscosity of the emulsions is different due to changes in temperature. The samples are analyzed using
instrumental techniques such as electron microscopy (SEM), differential scanning calorimetry (DSC) and
Fourier Transform InfraRed Spectroscopy FTIR. The results show how an increase in temperature derive into
higher core-shell portions whereas lower temperatures contribute to spherical shapes. Further studies will be
focused on wider range of temperatures and future applications.

Keywords: Nanofiber, textile, polyvinyl alcohol, PVA, essential oil.

1. INTRODUCTION

Currently, the handling, application and characterisation of materials on a nanometric scale is in a phase of
exponential growth in a multitude of industries. The production of fibres with the smallest possible cross-
section is one of the main objectives of the textile industry, especially in the spinning sector. The
electrospinning technique is presented as a method capable of producing fibres with a diameter between
nanometres and sub-microns, with a high ratio between the electrospun surface area and its volume and a
high uniformity in the distribution of porosity [1].

The production of nanofibers by electrospinning is controlled by a multitude of parameters that affect the
final result. These are parameters of the solution (polymer concentration, viscosity, surface tension,
molecular weight, conductivity and volatility of the solvent), of the electrospinning process (voltage, feed
rate, type of collector surface and distance between electrodes) and environmental parameters (humidity,
temperature and air pressure) [2,3].

The encapsulation of active ingredients such as essential oils, drugs, enzymes, vitamins, etc, inside
nanofibers has been a major breakthrough in different industrial sectors, such as their use in filtration,
wound dressings, drug delivery or enzyme immobilisation [2].

Encapsulation inside nanofibers can be obtained by different processes, the main one being the production
of core-shell fibres from a coextrusion [4], however, they can also be obtained by an emulsion without the
need for a coaxial extrusion system. The electrospinning of an emulsion is controlled by several parameters,

© 2023 D. Minguez-Garcia, L. Capablanca, P. Diaz-Garcia, J. Gisbert-Paya. This is an open access article licensed under the
Creative Commons Attribution-NonCommercial-NoDerivs License (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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such as different parameters of the polymer solution (conductivity, viscosity, type of emulsifier, etc.) or the
forces interacting in the extrusion process (electrostatic force, drag force, gravity, coulombic repulsion
force, surface tension and viscoelastic forces) [5].

Essential oils are of natural origin, their odour is used in aromatherapy, as well as other properties such as
antibacterial, antiviral or antioxidant capacity in biomedicine, pharmaceuticals or food. Essential oils can
be made up of a few components or even a mixture of more than 100 different compounds, however, they
are mostly composed of lipophilic terpenoids, phenylpropanoids, or short-chain aliphatic hydrocarbon
derivatives of low molecular weight, with the first being the most frequent and characteristic constituents

[6].

The composition of the oils, as well as their properties, depend to a large extent on the processing and
storage of the source plant material, as well as on the distillation process and the subsequent handling of
the essential oil itself. Essential oils contain various volatile compounds such as terpenoids, which can
affect their composition and properties after processing [6].

Temperature increase during emulsion preparation is a drawback for the stability of the emulsion,
temperature has been found to affect other parameters such as viscosity and surface tension of the emulsion.
An abnormal increase in temperature can lead to unwanted coagulation of the emulsion, while at the same
time it can negatively affect the emulsifier interfacial adsorption, thus separating the emulsion. High
temperature increases the probability of collision and coalescence, thus destabilising the emulsion [7].

For this reason, this project studies the changes that an emulsion composed of polyvinyl alcohol and orange
essential oil may undergo when produced in a medium at room temperature (22 °C) or in a medium at 70
°C. It is also studied whether there is an effect on the morphology of the nanofibers produced with the
different emulsions.

2. EXPERIMENTAL PART

2.1. Materials

To produce the nanofibers, a Nanospider system supplied by Bioinicia was used. Nanofibers were made of
polyvinyl alcohol (PVA) Mw 61000 g/mol, supplied by Sigma-Aldrich. The PVA solution was prepared
with distilled water.

Orange oil distributed by Sigma-Aldrich together with Tween 80 PS surfactant by Panreac was used to
prepare the emulsions in the PVA dispersant phase.

The nanofibers produced at the electrospinning with the emulsions were deposited on a plain fabric 100%
cotton, 115 g/m>.

2.2. Methods

Nanofibers were electrospun from polymer solution containing 9% w/v which was prepared with PVA an
distilled water at 80 °C until complete solution. Then 1% Tween 80 PS and 2% orange essential oil were
added. To generate the emulsions, PVA was used at 22° C and 70° C, the solutions were shaken for 3 min
at a speed of 7000 rpm with a paddle blender.

The electrospinning process was performed at a voltage of 14 kV, a flow rate of 0.4 mL/h and a capillary-
collector distance of 15 cm for 30 minutes.

In order to determine the emulsion temperature, a METRIA TP3001 digital thermometer was used.
Scanning Electron Microscopy (SEM) was used to characterize farics” surface, the device was a Zeiss FIB
microscope working at 1.5 kV and adjusted magnification as necessary. The samples were previously
sputtered, to become them into conductive ones, with a gold/platinum coating.

The identification of functional groups was obtained from Fourier Transform Infrared Spectroscopy (FTIR)
with FT/IR-4700 type A from JASCO with ATR accessory was used, 16 spectra were recorded with a 4
cm-1 resolution. Thermogravimetric analysis (TGA) was carried out to determine the evaporation rate of
orange essential oil as a function of temperature using the SDT Q600 from TA Instruments at a heating rate
of 10 °C/min in the temperature range of 20-800 °C in an oxygen atmosphere.
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3. RESULTS AND DISCUSSION
3.1. SEM

Figure 1 shows the results of electrospinning the emulsions prepared at different temperatures (22 and 70
°C), both of which show the presence of nanofibers with a multitude of microspheres.

The headline of this study is to encapsulate the orange essential oil (OEO) inside the electrospun PVA
nanofibers, for this reason, the appearance of microspheres can be beneficial for the greater encapsulation
of the oil.

Figure 1. PVA/OEO nanofibers. a) emulsion prepared at 22 °C; b) emulsion prepared at 70 °C.

The observation of the images at high magnification allows us to observe the appearance of two types of
particles, some of which are attached and bound to the nanofibers, while others are independently trapped
by the nanofiber network that has been deposited before and after extrusion.
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Figure 2. Particle size characterisation of the particles generated in the veil of orange essential oil nanofibers.
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After the analysis of the size distributions of the electrospun microspheres (Figure 2), it can be affirmed
that the majority of the particle sizes in both emulsions coincide in the range of 0.25 - 0.5 um. However, in
the emulsion prepared at 22 °C, 20.5% of the spheres are between 0 - 0.25 um in size, while in the emulsion
prepared at higher temperature this range represents only 10%. Looking at the spheres sized in the 0 - 0.75
pum range, the room temperature emulsion has 89.74% of its spheres in this range, while the emulsion
prepared at 70 °C represents 84.61% of its total.

The low temperature at which the emulsion was prepared (22 °C) may have facilitated its stabilisation, thus
achieving a more stable emulsion and, therefore, a smaller particle size.

It is worth noting the difference in size distribution in the independent microspheres, where in the emulsion
prepared at room temperature almost 40% of the particles are in the range of 0.5 - 0.75 pum, while in the
hot-prepared emulsion 50% of the particles have a size between 0.75 and 1 pm.

Finally, it can be stated that, there is a higher homogeneity in the sizes of the bonded particles present in
the hot emulsion, representing 73% of the total, while analysing the same particle size it is found in 61% in
the emulsion at room temperature.

3.2. FTIR

Fourier transform infrared spectroscopy (FTIR) is used for the identification of functional groups in
localised areas of the spectrum between 4000 - 400 “™!. Qualitative identification is performed because
quantitative measurement is more complex due to the superposition of the vibration of molecules in some
areas of the spectrum which can cause fluctuations in the centre of the band.

The FTIR analysis is carried out to confirm the presence and encapsulation of the essential oil inside the
polyvinyl alcohol nanofibers, identifying the presence of several functional groups characteristic of OEO
and analysing the evolution of the PVA curve when the oily compound is included.

Electrospinning orange essential oil emulsion
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-0,05

Orange essential oil Emulsion at 70 ¢C Emulsion at 22 ¢C Co-PVA

Figure 3. Infrared spectrum of nanofibers with orange essential oil.

Figure 3 shows several characteristic peaks of orange essential oil that stand out in the infrared spectrum.
FTIR tests have also been carried out on PVA nanofibers deposited on 100% cotton fabric (Co-PVA), on
PVA/OEOQ nanofibers produced from the emulsion made at 70 °C and electrospun on Co and on PVA/OEO
nanofibers produced from the emulsion made at 22 °C and electrospun on cotton fabric.

According to various studies, orange essential oil is composed of between 20 - 60 compounds, of which 85
- 99 % are usually volatile. OEO consists of a multitude of volatile compounds, mainly monoterpenes
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(limonene: 32 - 98 %), sesquiterpene hydrocarbons, oxygenated derivatives thereof, aliphatic aldehydes,
alcohols and acid esters [8].

Researchers identified limonene in the 886 ™!, 1436 ™! and 1644 “™! vibrational modes of the spectrum
[9]. The peak at 886 ™! (F) corresponds to the CH stretching vibration of aromatic compounds, the peak at
1436 “™! (D) to the CH bending vibrations of alkanes and the one at 1644 ™! (C) corresponds to the C=C
stretching vibrations of alkanes. Other peaks also stand out, such as at 1154 ™! (E), which represents the
stretching vibration CO vibrations of tertiary alcohols, or the absence of OH tension vibrational bands of
the OEO above 3300 “™' (A) [10].

Other studies determined that the vibrations in the range 2800 - 3000 ™! originate from the presence of
asymmetric methylene (C - H) which characterise orange essential oil [11]. The peak 2918 ™! (B) reflects
the vibration produced by the asymmetric methyl CH stretching [12].

Table 1.
Band intensity FTIR spectra of PVA, OEO and PVA/OEO electrospunned.

REFERENCE A B A/B E F E/F
I 3300 I 2866 I 3300/1 2866 I 1154 I ss6 I 1154/ 86
Co-PVA 0.0993 0.0425 2.3364 0.0683 0.0913 0.7481
Emulsion at 70 °C 0.0943 0.0425 2.2188 0.0769 0.0961 0.8002
Emulsion at 22 °C 0.101 0.046 2.1956 0.0883 0.1069 0.8260
Orange essential oil 0.0021 0.1257 0.0167 0.0398 0.3188 0.1248

In order to minimise the effect of the signal obtained in the spectrum, a ratio analysis is carried out between
the band intensities. The analysis of intensities reflected in Table 1 shows that the nanofibers obtained from
the emulsion prepared at 22 °C increase the ratio (I 1154/ I gs6 = 0.8260) with respect to the nanofibers
obtained from the emulsion at a higher temperature (I 1154/ I 336 = 0.8002), as well as with respect to the
nanofibers produced only with PVA (I 1154/ I 336 = 0.7481).

In this way, the presence of orange essential oil inside the nanofibers can be confirmed, in addition, a higher
concentration of oil is also determined in the nanofibers electrospun from an emulsion at room temperature.

The band at 2866 “™! is also able to evidence the presence of orange essential oil encapsulated in the
nanofibers by increasing the ratio I 3300/ I 2866 When the PV A is added with the oil. For the essential oil the
ratio I 3300/ I 2366 <1, whereas for PVA 13300/ I 2866 >1, it is around 2.33. when the emulsion is analysed, the
rartio shows the presence of ornage decreasing from 2.33 to 2.22 when emulsion is prepared at 70° C and
2.19 when emulsion is prepared at 22° C. A lower value in the ratio is obtained in the emulsion prepared at
22 °C, which again evidences the higher concentration of oil in the nanofibers prepared from the emulsion
at low temperature.

3.3. TGA

From the thermogravimetric analysis it can be seen in Figure 4 how the orange essential oil has a complete
loss of mass at 112 °C. The volatile compounds in the oil start to evaporate at around 20 °C until complete
evaporation is reached at 112 °C.

The results of the thermogravimetric analysis manage to explain the data obtained in the FTIR, a lower
encapsulation of the oil in the nanofibers produced from the emulsion at 70 °C is obtained due to the fact
that above this temperature part of the OEO compounds have already been volatilised.

Similarly, the higher concentration of oil in nanofibers from the emulsion at 22 °C is justified because at
this temperature hardly any of the compounds have been volatilised.

75



D. MINGUEZ-GARCIA, L. CAPABLANCA, P. DIAZ-GARCIA, J. GISBERT-PAYA

100

80 \

60 \

E 40 \
5 |
(]
* ﬂ
|
‘.
204 |
i —_—_“_\“—__
04 —
20 T
0 200 400 600 800
Temperature ("C)
Figure 4. Thermogravimetric analysis of essential orange oil.
4. CONCLUSIONS

The characterisation of the electrospun nanofibres from emulsions prepared at different temperatures has
confirmed the encapsulation of the orange essential oil inside them.

Scanning electron microscopy has helped to determine the average size of the microspheres present between
the nanofibers during electrospinning, obtaining a minimal difference between the two emulsions, despite
the presence of a greater number of smaller microspheres in the emulsion prepared at 22 °C.

The FTIR results confirmed the presence of encapsulated oil inside the electrospun PV A nanofibers, thus
showing that the round shapes are not microspheres, but microcapsules with the OEO inside. The FTIR has
also shown a higher concentration of encapsulated oil from the emulsion prepared at room temperature, a
result that has been contrasted with the data obtained in the TGA regarding the volatilisation of the OEO
compounds, where at the process temperature of the emulsion hardly any compounds have been volatilised.

As future actions, it is intended to control the polymer concentration, in order to obtain microcapsules
without the presence of nanofibers around them. It is also planned to study the influence on the emulsion

preparation and the morphology of the nanofibers by modifying the concentration of the polymer and the
essential oil.
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@Resumen:

Sensor textil de tacto.

La presente invencion se refiere a un sensor textil de
tacto, caracterizado porque comprende:

- un sustrato textil base que comprende al menos una
capa de material, y

- una capa de no tejido, de color diferente al del
sustrato textil base, dispuesta al menos parcialmente
sobre la superficie del sustrato textil.

Y a su uso en sectores en los que se precise saber si
un objeto ha sufrido rozamientos susceptibles de
degradar su calidad o hacerlo inservible para nuevos
usos, como el sector sanitario.

Figura 3
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DESCRIPCION
SENSOR TEXTIL DE TACTO

CAMPO DE LA INVENCION

La presente invencion se enmarca en el campo de la preparacion de nuevos sensores

de tacto, en particular para superficies textiles

ANTECEDENTES DE LA INVENCION

Al confeccionar los equipos de proteccion individual (EPIs) se tienen en cuenta los
riesgos de las personas que van a proteger, pero no siempre se suele considerar que
el trabajador estara durante largos periodos de tiempo en contacto directo con dichos
EPIs y que esto puede provocar una serie de efectos en la salud derivados de su uso.
La causa de la transmisién de enfermedades por infecciones se ha estudiado por
varios autores y se ha determinado que, con prevencion, un 70% de las enfermedades
se podrian evitar con cierta proteccién. Aunque los niveles de contagio disminuyan, se
ha observado que la mortandad de estas enfermedades se mantiene en el 11% en
paises como Estados Unidos y puede llegar hasta el 50 % cuando el contagio se
genera en las UCls (unidades de cuidados intensivos) de paises desarrollados como
por ejemplo los europeos. A pesar de que el problema estda muy extendido en el
sistema sanitario de todo el mundo no se ha alcanzado todavia una solucion valida

para evitar el alto nimero de infecciones que se produce.

Las personas nos tocamos la cara con frecuencia diariamente, toques que son la
mayoria de las veces de forma inconsciente y su frecuencia, el punto de contacto y el
area estan relacionados con las demandas cognitivas y emocionales. El toque de
producto sanitario puede inducir a contaminaciones de productos como los Equipos de
proteccién individual EPls, tales como mascarillas u otros como los monos o buzos de

proteccién que se emplean para acercarse a un paciente.

Estos auto-toques producidos en las mascarillas contaminadas convierten a estas en
un fomite mas produciendo un riesgo de contagio por autoinoculacion [6], sobre todo,

en profesionales sanitarios que estan en contacto con pacientes con COVID-19 u otras
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enfermedades contagiosas. El promedio de toques observados en estos profesionales

es de 3,3 toques por hora.

Estos toques o los roces involuntarios generados como consecuencia de la actividad
que se desarrolla en una jornada laboral pueden mermar o reducir la proteccion del
EPI, por lo que se hace imprescindible en determinadas ocasiones, renovar la
proteccion con anterioridad al periodo estipulado. De ahi surge la idea de desarrollar
un sensor de tacto que evidencie la existencia de tocamientos o roces involuntarios
alertando de la necesidad de cambio. No obstante, se deduce que este sensor puede

ser de aplicaciéon a otros campos que disten del sector sanitario.

En la actualidad los sensores de tacto existentes se centran en dispositivos
electrénicos, que se basan en la presencia de transistores y que actuan mediante
sistemas capacitivos basados en circuitos electronicos, de modo que se altera el flujo
de corriente. También existen sensores que se pueden activar por presion, pero por

norma general se trata de sistemas que incluyen elementos metalicos.

El sensor de la presente invencion es un elemento textil configurado por distintas

partes, pero todas ellas a partir de fibras y elementos textiles.

El documento CN213307598U divulga una mascara que cambia de color, que
comprende un cuerpo de mascara y unas bandas elasticas dispuestas a ambos lados
del cuerpo de la mascara. El cuerpo de la mascara comprende una capa interior, una
capa de filtro, y una primera y una segunda capa de color, con diferentes colores,

dispuestos secuencialmente desde el interior hacia el exterior.

La primera capa de color y la segunda capa de color constituyen una capa que cambia
de color. La primera capa de color y la segunda capa de color hechas de telas no
tejidas estan unidas, pero no conectadas de forma fija. La primera capa de color es de
un solo color o multiples colores. La segunda capa de color es de un solo color o

multiples colores. Siendo el color de ambas capas diferente.

A consecuencia del uso de la mascarilla, al no estar las capas fijadas la una sobre la
otra, se produce un movimiento relativo entre ambas capas coloreadas, por lo que el
color de la mascarilla cambiara en respuesta a la luz recibida por la mascara y dicho

movimiento relativo entra capas.

Existen diferencias esenciales entre el producto divulgado por CN213307598U vy la

presente invencion:
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- La composicion de ambos es distinta, puesto que CN213307598U divulga un
producto que comprende:
o un cuerpo de mascara con al menos tres capas de material, y

o bandas elasticas sobre dicho cuerpo de mascara

mientras que la presente invencion protege un sensor textil de tacto constituido

por dos capas:

- Sustrato de naturaleza textil de una o varias capas de material
- Capa de material no tejido dispuesto sobre el primero, que se dispone sobre toda

o parte de la superficie del sustrato textil a diferencia de las bandas elasticas.

Ademas presentan diferencias en la naturaleza quimica de las capas, y derivadas de las
diferencias en la constitucion del producto, presentan diferencias esenciales en su modo
de funcionamiento: el producto divulgado por CN213307598U basa su funcionamiento en
cambios de color por el efecto 6ptico creado por la accion de la superposicion de las dos
capas, y se trata de un cambio de color estético. Sin embargo, en el sensor textil de tacto
de la presente invencion se trata de un cambio de color funcional, advirtiendo de la
necesidad de cambio por posible contaminacion externa de la tela, advirtiendo de una
contaminacion cruzada por contacto. En el caso de la presente invencion se pretende que
no se vea la capa de sustrato textil que ha sido recubierta total o parcialmente por el no
tejido, de modo que cuando empiece a ser visible, esta indicando que existe un cierto
nivel de degradacion del producto. En consecuencia, el sensor textil de tacto de la
invencién tiene la ventaja de que se puede implantar en cualquier tipo de EPI o material
sanitario que requiera de control de aislamiento por contacto o de control de tocamiento
por necesidad extrema de esterilidad en su uso. Y ademas se puede desarrollar con
diferentes grados de sensibilidad al tocamiento en funcidon del grado de asepsia que

requiera dicho producto sanitario o EPI.

El documento WO2016033790A1 divulga una mascarilla para el filtrado de sustancias
nocivas para la proteccion de un usuario. Dicha actividad filtradora se monitoriza por

medios de cambio de color e indicar asi el fin de vida util.

La mascarilla cuenta con un material de tela no tejida filtrante, un indicador de fin de vida
util constituido por uno o mas productos quimicos incorporados al material de tela no
tejida. Dichos productos quimicos son susceptibles de reaccionar con agua y el diéxido

de carbono como indicadores de viraje de pH o gel de silice. En posibles elaboraciones,
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los indicadores quimicos se pueden incorporar por medio de la adicion de fibras en el

material de tela no tejida.

El sensor textil de tacto segun la presente invencion es de una constitucion mucho mas
simple, ya que no precisa indicadores de pH, lo que constituye una diferencia esencial y

ademas, una ventaja respecto al producto divulgado por WO2016033790A1.

El documento ES1269157U divulga una mascarilla desechable con elementos

modificadores del color que sirven para la sefalizacion de la vida Util de la mascara.

La mascarilla desechable, informativa del estado de vida util, comprende un elemento
reactivo (1) que varia de color en funcidon de su grado de saturacion y por tanto de su

grado de filtracion en cada momento.

El sensor textil de tacto segun la presente invencion es de una constitucion mucho mas
simple, ya que no ningun elemento reactivo como indicador del fin de la vida util de la
mascarilla, lo que constituye una diferencia esencial y ademas, una ventaja respecto al
producto divulgado por ES1269157U.

Los documentos CN111602881A y CN112826160A divulgan sendas mascaras con
medios de indicacion de fin de vida util por medio de capas de material no textil dispuestas
en la cara exterior de la mascarilla. En el caso del documento CN112826160A la capa
exterior de material no textil presenta dos franjas sensitivas a la humedad (13 y 14) que
reaccionan al tiempo de uso. En el caso del documento CN111602881A los indicadores
dispuestos en la mascara reaccionan al pH del medio modificado por el sudor del usuario,

que provoca un viraje de color visible para el usuario.

El producto sensor de tacto segun la presente invencion es de una constitucion mucho
mas simple, ya que no ningun elemento especial (como franjas sensitivas de la humedad
en el caso de CN112826160A, o indicador de pH en el caso de CN111602881A) como
indicador del fin de la vida util de la mascarilla, lo que constituye una diferencia esencial

y ademas, una ventaja respecto al producto divulgado por estos documentos.

Los documentos W0O2020223638A1, CN111887516A y US4043331A divulgan métodos
de elaboracion de materiales textiles, adecuados para su uso en mascarillas o equipos
EPI. Estos documentos describen diferentes aspectos del método de electrohiladura para

formar un sustrato de nanofibras.

Ademas de las diferencias en los productos divulgados por estos documentos, la presente

invencion proporciona un mecanismo de sefializacion de fin de vida util diferente y
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soportado por caracteristicas técnicas relativas a la constitucion fisica y quimica del

propio producto

DESCRIPCION DE LA INVENCION

La presente invencion se refiere a un sensor textil de tacto, caracterizado porque

comprende:

- un sustrato textil base que comprende al menos una capa de material, y

- una segunda capa de no tejido superpuesto de color diferente al del sustrato textil
base, dispuesta al menos parcialmente sobre la superficie del sustrato textil. (ver figura
3)

El término “textil” tiene el significado habitual, es decir, un material capaz de reducirse a

hilos y ser tejido.
El sustrato textil puede ser monoaxial, biaxial, triaxial o multiaxial.

El espesor de la capa o capas de sustrato textil es del orden de milimetros, por ejemplo,

entre 0,1 mm y 50 mm.

El material del sustrato textil base puede ser de fibras naturales como algodoén, cafiamo,
yute, ramio, sisal, esparto, lino, lana, seda, fibras artificiales como viscosa, lyocel, modal,
cupro, acetato, sintéticas como poliéster, poliamida, polipropileno, polietileno, acrilica,
policloruro de vinilo, poliuretano, poliacrilonitrilo, acetato de celulosa, o cualquier otra fibra

polimérica, asi como fibras inorganicas, tales como carbono, vidrio, basalto.

El material del sustrato textil base puede ser también un material no tejido, por ejemplo,

de polipropileno (PP), mencionado anteriormente.

El sustrato textil de base esta al menos parcialmente recubierto por, al menos, una capa

de no tejido de color diferente al color del sustrato textil base.

La capa de no tejido esta compuesta por una deposicion de nanofibras. Estas nanofibras
son de un material polimérico, el cual debe ser un material capaz de conducir a la
obtencion de nanofibras. Este material polimérico puede ser, por ejemplo, poliamida,
poliuretano, polibenziimidazol, poliacrilonitrilo, polivinil alcohol, acido polilactico, polietilen
oxido, polietilen tereftalato, poliestireno, polivinil fenol, cloruro de polivinilo, celulosa,

acetato de celulosa, colageno, quitosano, carbono, y combinaciones de estos polimeros.
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De manera opcional, se aflade al material polimérico de la capa de no tejido cualquier
colorante que pueda dar color, para poder diferenciarlo del sustrato, concretamente, que
genere un cambio de color. Esta alternativa no es necesaria cuando se parte de un

sustrato coloreado.
La agrupacion de nanofibras debe ser de color diferente al del sustrato textil.

La agrupacién de nanofibras esta formada por nanofibras con un diametro comprendido

entre 10-1000 nm, de manera preferente entre 10-500 nm

La agrupacion de nanofibras se desprende del sustrato textil por la accion mecanica de

friccion, roce, etc.

La agrupacioén de nanofibras se obtiene por un proceso de electrohilatura sobre el sustrato

textil.

Las nanofibras tienen un diametro comprendido entre 10-1000 nm, de manera preferente

entre 10 nm y 500 nm.

El proceso de electrohiltaura se lleva a cabo de manera convencional, por ejemplo,
mediante la aplicacion de un campo eléctrico entre 5 y 50 kV. Con una distancia entre la
extrusion y el colector — que puede ser plano o cilindrico - comprendida entre 5 cm y 30
cm. El sustrato puede ser ubicado en soporte plano (horizontal o vertical) o cilindrico. El
tiempo de extrusion (proceso de electrohilatura) del polimero que da lugar a las nanofibras
comprende como minimos de 2 minutos y un maximo de 120 minutos. La composicion
del polimero se basa en una disolucion comprendida entre el 2% y el 50 %. La
concentracion del colorante oscila entre el 0,05 % y el 20%. El caudal de inyeccion se
situa entre 0,05 y 500 mL /h.

En el proceso de electrohilatura se usa como material para las nanofibras disoluciones
entre el 0,05 y 20 % de polimero (PLA, PVA, PES, etc) en agua desionizada. Las fibras
obtenidas por este conjunto de condiciones adoptan diametros comprendidos entre 10-
1000 nm.

La capa de no tejido se desprende parcialmente como consecuencia del frote o roce,
permitiendo ver el color del sustrato textil base. La accién del roce o frote generara el
desprendimiento de la capa de no tejido y por consiguiente, un cambio de color del
conjunto al descubrir el sustrato textil base. Como consecuencia actuara como un

indicador de tacto que puede ser de gran utilidad para las mascarillas u otros EPIS que
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permita evidenciar el contacto excesivo y por tanto la necesidad de desechar el producto

y su sustitucion por un ejemplar nuevo.

Entre las ventajas de la presente invencion se encuentran:

- es un material flexible
- esaplicable utilizar en productos sanitarios, u otro sector en el que se requiera un
sensor textil de tacto, por ejemplo, como EPI (equipo de proteccion individual)

- Facilidad de uso (interpretacién del resultado sencilla).

Las areas de aplicacién del sensor textil de tacto de la invencion son cualquier sector en
el que se precise saber si un objeto ha sufrido rozamientos susceptibles de degradar su

calidad, por ejemplo:

- sector sanitario y de proteccioén, tales como en equipos EPI, mas particularmente
mascarillas. El sensor textil de la invencion no se integra en un EPI, sino que
puede actuar como un EPI

- filtros, por ejemplo en el sector de alimentacién o sanitario,

- otros sectores que precisen conocer la existencia de tocamiento o roce con una
superficie, tales como alimentacion, sanitario, salas blancas, biotecnologia, textil,

electronica, quimica.

El sensor textil se puede utilizar para cualquier textil sanitario que pueda requerir de
sensor de tacto, sea o no EPIl. Puede actuar como EPI o como sensor para pacientes
que requieran aislamiento inverso, textiles de un solo uso, como batas quirurjicas, gorros,

peucos, gasas, guantes 0 como sensor para superficies que requieran ser estériles, etc
Breve descripcion de las figuras
Figura 1: Imagen de sustrato textil no tejido recubierto de nanofibras rojas.

Figura 2: Imagen de sustrato textil tejido recubierto de nanofibras blancas a); con

incidencia de dos dedos b) y sometida a roces diversos c).

Figura 3: Imagen de una realizacion de la invencion mostrando las capas que componen

el sensor.
Figura 4: Imagen de un sustrato textil que presenta desgaste por el uso.

Figura 5a: muestra un ejemplo de estructura del sensor segun la invencion con una capa

de sustrato textil base y una capa de no tejido.
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Figura 5b: muestra un ejemplo de estructura del sensor segun la invencion con una capa

de sustrato textil base, una capa de no tejido y capas adicionales interiores.
En las figuras las referencias representan lo siguiente:

1: capa de no tejido

2: sustrato textil base

3: otras capas interiores

EJEMPLOS

Para la preparacién de la capa de no tejido, se disuelve como polimero alcohol de
polivinilo (PVA) al 9% (Peso molecular del PVA = 61.000 g/mol, Proveedor: Sigma-
Aldrich) en agua desionizada. Para facilitar y acelerar la disoluciéon del PVA se emplea

un agitador electromagnético con una temperatura programa de 80°C y 900 rpm.

A la disolucion del 9% de PVA se le afiade colorante en una concentracion al 1 % y se
agita para homogeneizar la mezcla y se afiade al equipo de electrohilatura para proceder
a su extrusion. La extrusion de la nanofibra sobre el sustrato base ubicado en el colector
del equipo de electrohilatura conlleva la union de los dos materiales: el sustrato textil base

y el material de la capa de no tejido.

El sustrato textil base para este ejemplo fue un no tejido de polipropileno (PP) de 50 g/m2.
El sustrato textil base se situd sobre el electrodo de coleccion que posee la maquinaria
de electrohilatura, todos los procesos se llevaron a cabo con una distancia entre
colectores de 15 cm en posicion horizontal. Se utilizan distintos parametros de
electrohilado (en este caso 0,3 mL/h y un voltaje aplicado de 15 kV) y tiempo de extrusion

de 30 minutos, en funcién de la materia colectora utilizada.
El equipo empleado es un equipo de electrohilatura suministrado por Bioinicia.

En la figura 1 se puede observar el efecto del sustrato textil base no tejido spunbonded
recubierta por electrohilatura de PVA con colorante rojo en una de las zonas y donde se
puede evidenciar el cambio de color de blanco de la tela original al rosado de la zona

recubierta.

En la figura 2 se puede observar un sustrato textil base tejido de calada de color oscuro
recubierta por nanofibras de color blanco y donde se aprecian las zonas que han sido

sometidas a algun roce.
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REIVINDICACIONES

1. Sensor textil de tacto, caracterizado porque comprende:
- un sustrato textil base que comprende al menos una capa de material, y
- una capa de no tejido, de color diferente al del sustrato textil base, dispuesta al menos

parcialmente sobre la superficie del sustrato textil.

2. Un sensor textil de tacto segun la reivindicacion 1, en el que el sustrato textil base esta

seleccionado entre monoaxial, biaxial, triaxial y multiaxial.

3. Un sensor textil de tacto segun la reivindicacion 1 o 2, en el que el sustrato textil base
es de un material seleccionado entre algoddn, cafiamo, yute, ramio, sisal, esparto, lino,
lana, seda, poliéster, poliamida, viscosa, lyocel, modal, polipropileno, polietileno,
policloruro de vinilo, poliuretano, poliacrilonitrilo, acetato de celulosa, carbono, vidrio, y

sus mezclas.

4. Un sensor textil de tacto segun una cualquiera de las reivindicaciones anteriores, en el

que la capa de no tejido estd compuesta por una agrupacion de nanofibras.

5. Un sensor de tacto segun la reivindicacion 4, en el que las nanofibras son de un material

polimérico.

6. Un sensor textil de tacto segun la reivindicacion 5, en el que las nanofibras son de un
material polimérico seleccionado entre poliamida, poliuretano, polibenziimidazol,
poliacrilonitrilo, polivinil alcohol, acido polilactico, polietilen 6xido, polietilen tereftalato,
poliestireno, polivinil fenol, cloruro de polivinilo, celulosa, acetato de celulosa, colageno,

quitosano, carbono, y combinaciones de estos polimeros.

7. Un sensor textil de tacto segun una cualquiera de las reivindicaciones anteriores en el
que las nanofibras tienen un diametro comprendido entre 10-1000 nm, de manera

preferente entre 10 nm y 500 nm.

8. Uso del sensor textil de tacto definido en una cualquiera de las reivindicaciones
anteriores en la industria del sector sanitario, preferentemente, en dispositivos de

proteccion, mas particularmente EPIS y de forma especial, mascarillas.

9. Un producto que comprende el sensor textil de tacto definido en una de las

reivindicaciones 1 a 7, preferentemente, una mascarilla.
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