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0.1 Descripción general 

Los libros siempre han dividido la historia en periodos o etapas en función de los hábitos 

humanos, la tecnología, la sociedad, el tipo de gobierno o las edades geológicas. La historia 

también puede ser dividida en etapas en función de los materiales más utilizados, siendo la piedra, 

la madera y el metal, entre otros, las materias primas más relevantes en cada una de ellas. Sin 

duda, se podría decir que desde hace 100 años la sociedad y la tecnología están inmersas en "La 

Era del Plástico", ya que los plásticos y los derivados del petróleo están copando gran parte del 

mercado de los materiales. A pesar de la gran variedad de materiales que se utilizan actualmente, 

los plásticos dominan el mercado gracias a sus propiedades y, sobre todo, a su bajo coste. Según 

el Plastics Europe Market Research Group [1,2], la cantidad de plástico producida por la industria 

ha crecido significativamente de 1.5 millones de toneladas en 1950 a 391 millones de toneladas 

en 2021. Aunque el mercado del plástico este al alza, la tendencia general en la sociedad y la 

industria se inclina hacia la reducción del consumo de plástico. 

En las últimas décadas, el movimiento hacia el reciclaje y la sostenibilidad de los residuos 

plásticos, así como la reducción del uso de productos basados en plástico, ha calado 

profundamente en la sociedad y la industria. Sin embargo, parece que es un reto bastante difícil 

de asumir el hecho de vivir sin plástico, al menos de momento. Como alternativa, la tendencia 

actual es fabricar productos más sostenibles y reducir la cantidad de materia prima empleada. 

Una de las vías para reducir la cantidad de plástico utilizado es introducir una fase gaseosa, 

creando así poros de gas dentro de la matriz plástica, y por tanto disminuyendo la densidad del 

material. De este modo, los materiales de baja densidad como las espumas, también conocidas 

como polímeros celulares, pueden ser una solución eficaz en este ámbito. Los polímeros celulares 

fueron descubiertos por primera vez en 1849 por Wurtz y Hoffman [3], produciendo espumas de 

PU1. Sin embargo, los polímeros celulares no fueron realmente desarrollados y comercializados 

hasta los años 30. En ese momento se caracterizaban por presentar una fase gaseosa distribuida 

en celdas con tamaños superiores a 100 µm [4]. Sin embargo, las estructuras celulares siempre 

han estado presentes en diversos materiales y tejidos naturales como los huesos, la madera o los 

panales de abeja, entre otros (Figura 0.1) [5]. La introducción de la fase gaseosa, además de la 

reducción de la densidad, proporciona nuevas e interesantes propiedades a estos materiales 

como la baja conductividad térmica [6,7], lo que permite que los polímeros celulares se empleen 

como aislantes térmicos en automoción, aeronáutica y construcción [8]. 

 
1 PU: poli(uretano) 
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Figura 0.1. Ejemplos de estructuras celulares naturales y artificiales. 

Los primeros polímeros celulares despertaron un gran interés y su desarrollo continuo 

permitió disminuir su tamaño de celda de los polímeros celulares convencionales a los 

microcelulares (por debajo de 10 µm), y posteriormente, de los polímeros microcelulares a los 

nanocelulares (tamaño de celda inferior a 1 µm) [9]. Se ha demostrado ampliamente que la 

ventaja principal de reducir el tamaño de celda es una mejora de las propiedades físicas [10–12]. 

Por ejemplo, propiedades mecánicas como el módulo de Young, la fractura por tracción, la 

deformación hasta el fallo o la resistencia al impacto muestran valores más altos al disminuir el 

tamaño de celda [13–15]. Por otro lado, la reducción del tamaño de celda por debajo de la micra, 

no sólo conduce a una mejora de las propiedades mecánicas, sino que la conductividad térmica 

en polímeros nanocelulares se reduce significativamente por la aparición del efecto Knudsen 

[16,17]. Además, la disminución del tamaño de celda hasta decenas de nanómetros permite 

alcanzar materiales con propiedades ópticas inesperadas, como los polímeros nanocelulares 

semitransparentes [18]. Por ejemplo, se ha investigado la dispersión de la luz en estructuras 

nanocelulares como aerogeles o polímeros nanocelulares, alcanzando altos valores de 

transmitancia cuando el tamaño de celda se encuentra en la nanoescala [19–21]. Por lo tanto, 

todas las propiedades físicas de los polímeros nanocelulares en combinación con su ligereza y bajo 

coste, los convierten en materiales prometedores para muchas aplicaciones en diversos sectores 

de la industria. 

Uno de los retos más difíciles para obtener polímeros nanocelulares es controlar la 

estructura celular mediante el proceso de fabricación. Existen varios métodos basados en técnicas 

bottom-top, como la inversión de fases, el sol-gel, la eliminación de un bloque en copolímeros de 
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bloque o la síntesis por plantilla [22–26]. Por otro lado, los polímeros nanocelulares pueden 

obtenerse a partir del espumado por disolución de gas (GDF2) utilizando CO2 supercrítico como 

agente espumante [7,11,27]. Entre todos los métodos para fabricar polímeros nanocelulares, el 

GDF destaca por tres principales razones: a) permite controlar el tamaño de poro a partir de los 

parámetros de saturación y espumado, b) es respetuoso con el medio ambiente ya que a 

diferencia de otros, no utiliza disolventes orgánicos, y c) permite producir piezas a gran escala 

para aplicaciones industriales a partir de la espumado común o incluso por extrusión o inyección 

[28–32]. 

Este capítulo se divide en varias secciones. En primer lugar, se explica el marco de esta 

tesis para detallar el contexto de la misma. A continuación, se proporciona un resumen del estado 

del arte continuando con los objetivos de la tesis. Después, se enumeran las principales novedades 

e investigaciones innovadoras realizadas en esta tesis. Posteriormente, se incluye un esquema 

detallado de esta tesis para ofrecer una visión global de toda investigación realizada. En el 

apartado Actividades de la tesis se presentan las publicaciones, cursos, conferencias y estancias 

realizadas durante este periodo. Finalmente, se comentan los principales resultados conseguidos 

en esta tesis. Las referencias correspondientes a este capítulo aparecen enumeradas al final del 

mismo. 

0.2 Marco de la tesis 

El resultado de esta tesis forma parte de la investigación del Laboratorio CellMat 

perteneciente al Departamento de Física Condensada, Cristalografía y Mineralogía de la 

Universidad de Valladolid (España). La tesis ha sido dirigida por el Prof. Dr. Javier Pinto y el Prof. 

Dr. Miguel Ángel Rodríguez-Pérez. El apoyo financiero corresponde al Ministerio de Ciencia e 

Innovación de España que financió el proyecto titulado Polímeros Nanocelulares Transparentes y 

Aislantes Térmicos: Fabricación, Caracterización y Relación Proceso-Estructura-Propiedades 

(contrato predoctoral FPI, PRE2019-088820). 

El Laboratorio CellMat fue fundado en 1999 por el Prof. José Antonio de Saja y el Prof. 

Miguel Ángel Rodríguez-Pérez. Al principio, la mayoría de las actividades se centraban en la 

caracterización de materiales celulares comerciales. Los principales temas de investigación eran 

la evaluación de la relación estructura-propiedades en espumas poliméricas (principalmente a 

base de poliolefinas) y la modelización analítica de espumas de poliolefinas [33–35]. Al cabo de 

unos años, los temas de investigación se ampliaron a la producción de espumas poliméricas 

 
2 GDF: por sus siglas en inglés, Gas Dissolution Foaming 
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mediante agentes espumantes químicos y físicos [36–38]. A medida que aumentaban los 

conocimientos en el campo de los materiales celulares, se fueron abriendo nuevas líneas de 

investigación, como las espumas metálicas [39,40], los polímeros microcelulares [41,42], las 

espumas basadas en bioplásticos [43,44], las espumas nanocompuestas [45,46] y las espumas de 

poliuretano [47–50]. La actividad del laboratorio CellMat puede resumirse en su característico 

esquema tetraédrico que tiene en cuenta la relación entre producción-estructura-propiedades-

aplicaciones (Figura 0.2). 

 
Figura 0.2. Tetraedro de la ciencia de materiales en el cual el Laboratorio CellMat basa su actividad de 

investigación. 

A partir de todo ese conocimiento previo, se creó en 2012 una empresa spin-off llamada 

CellMat Technologies SL con el objetivo de transferir toda la experiencia en el campo de los 

materiales celulares a la industria. La creación de la spin-off ha permitido potenciar el impacto y 

la proyección internacional de la investigación llevada a cabo en el Laboratorio CellMat. 

Una de las aportaciones más importantes del Laboratorio CellMat en este campo es el 

desarrollo de polímeros nanocelulares [10,29,51,52]. Esta investigación comenzó con la tesis del 

Prof. Dr. Javier Pinto y sigue siendo un tema de gran impacto en la actualidad, produciendo una 

importante cantidad de publicaciones y proyectos gracias a la proyección de este campo en la 

industria y la sociedad. Además, a partir de la investigación en polímeros nanocelulares surgieron 

otras nuevas líneas de investigación en CellMat en los últimos años, como la producción y 

caracterización de aerogeles [21,53] y la investigación de la conductividad térmica en polímeros 

nanocelulares [54,55]. 

A partir de estos precedentes, la investigación sobre polímeros nanocelulares y su proceso 

de fabricación mediante espumado por disolución de gas se ha extendido y profundizado en la 

presente tesis. Por un lado, se ha estudiado el proceso de fabricación con el fin de resolver algunas 
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limitaciones identificadas en el pasado sobre la producción de polímeros celulares mediante este 

método. El estudio se ha centrado en la comprensión de los mecanismos de difusión de gas y la 

mejora de la solubilidad con el objetivo de obtener estructuras celulares homogéneas sin pieles 

sólidas en los bordes. En esa misma línea, se han investigado nuevas aproximaciones para superar 

las limitaciones actuales relativas al espumado de los sistemas de tamaño reducido (films y 

microfibras). Por otra parte, se ha explorado la producción de estructuras de celda abierta 

mediante el uso de copolímeros de bloque. Al mismo tiempo, se ha desarrollado la fabricación de 

polímeros celulares sin pieles sólidas en combinación con el estudio de estructuras de celda 

abierta en busca de nuevas aplicaciones para los polímeros nanocelulares. 

0.3 Resumen del estado del arte 

0.3.1 Polímeros celulares 

Los polímeros celulares son materiales bifásicos compuestos por una fase sólida que 

incluye una matriz polimérica y una fase gaseosa distribuida en celdas. Se pueden realizar distintas 

clasificaciones de los polímeros celulares en función de su estructura celular. Dependiendo de la 

morfología celular, la fase gaseosa puede ser continua (estructura de celda abierta), en la que las 

celdas están interconectadas entre sí, o discontinua (estructura de celda cerrada), en la que la fase 

gaseosa está encapsulada en celdas individuales. Atendiendo a su tamaño de celda (Figura 0.3), 

los polímeros celulares pueden clasificarse en polímeros celulares convencionales (tamaño de 

celda > 100 µm, y densidades de celda < 106 celdas/cm3), polímeros celulares ‘fine-celled’ (10 µm 

< tamaño de celda < 100 µm, y 106 celdas/cm3 < densidades de celda < 109 celdas/cm3), polímeros 

microcelulares (1 µm < tamaño de celda < 10 µm, y 109 celdas/cm3 < densidades de celda < 1012 

celdas/cm3) y polímeros nanocelulares (tamaño de celda < 1 µm, y densidades de celda > 1012 

celdas/cm3) [56]. 

 
Figura 0.3. Micrografías de SEM como ejemplos de polímeros celulares convencionales (izquierda), 

microcelulares (centro) y nanocelulares (derecha). 
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0.3.2 Espumado por disolución de gas (GDF) 

El espumado por disolución de gas se ha presentado desde su creación como uno de los 

métodos más interesantes para fabricar polímeros celulares [7]. El proceso se basa en la disolución 

de un gas dentro del polímero con el objetivo de crear celdas que puedan crecer y estabilizarse, 

formando una estructura celular. Esta técnica se ha identificado como un proceso eficaz y 

sostenible en comparación con otros que emplean agentes de espumado originados a partir de 

una reacción química. Se ha demostrado que los procesos basados en agentes de espumado 

químicos incluyen sustancias nocivas que dejan algunos contaminantes tras el proceso [22,57,58]. 

Además, el uso de agentes de espumado químicos no ha logrado aún la fabricación de polímeros 

nanocelulares, siendo la mayoría de ellos logrados mediante el empleo de agentes de espumado 

físicos [11,56].  

Entre todos los agentes espumantes físicos utilizados en el GDF, el CO2 ha sido 

seleccionado como el gas más adecuado para sustituir a los gases convencionales como los CFC3 

y los HCFC4, prohibidos debido a su contribución al deterioro de la capa de ozono y al 

calentamiento global [28,59]. El CO2, que es un gas inocuo, presenta unas condiciones 

supercríticas fácilmente accesibles (31 °C, 7.3 MPa) que permiten trabajar con las ventajas de los 

fluidos supercríticos (mayor difusividad en estado supercrítico) en el espumado del estado sólido 

[60]. Por lo tanto, el GDF se presenta como la mejor opción de producir polímeros nanocelulares 

mediante un método respetuoso con el medio ambiente. 

El GDF se compone de tres etapas. La Figura 0.4 muestra el esquema del proceso 

destacando los principales parámetros en cada etapa. 

• Etapa de saturación: se coloca un polímero en un autoclave y se aplica una presión elevada 

mientras se controlan los parámetros de presión y temperatura durante el proceso de 

saturación. Durante esta etapa, cabe destacar el descenso de la temperatura de transición 

vítrea del polímero (Tg) [61–63] (en polímeros amorfos), mostrando un efecto de 

plastificación cuando el gas se solubiliza en el polímero. Este efecto se explicará en detalle 

en el capítulo II. Se considera que la etapa de saturación concluye cuando el polímero 

alcanza la máxima solubilidad en las condiciones mencionadas (presión y temperatura). 

• Etapa de desorción: la presión dentro del autoclave se libera rápidamente y el polímero 

entra en un estado de sobresaturación debido a la diferencia de presión (dentro y fuera 

del polímero) [64,65]. En este momento tienen lugar dos mecanismos diferentes. En 

 
3 CFC: clorofluorocarbonos 
4 HCFC: hidroclorofluorocarbonos 
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primer lugar, el estado de sobresaturación promueve inestabilidades termodinámicas en 

el polímero que crean algunos sitios preferentes para las moléculas de gas (puntos de 

nucleación). En segundo lugar, el gas comienza a difundirse fuera del polímero y la 

concentración de gas disminuye, especialmente en los bordes [66,67]. En esas regiones, 

se puede considerar que el tiempo de nucleación (tiempo que necesita el gas para formar 

un núcleo), es mayor que el tiempo necesario para que las moléculas de gas difundan 

fuera del polímero. Así pues, no se obtienen núcleos y, por tanto, tampoco estructura 

celular en los bordes de la muestra polimérica. 

• Etapa de espumado: los puntos de nucleación creados en la etapa anterior pueden crecer 

hasta convertirse en celdas si superan una energía mínima (barrera de energía libre de 

Gibbs) [68]. El crecimiento de las celdas a nivel nano o micrométrico también provoca una 

expansión macroscópica del polímero con una reducción significativa de la densidad. De 

nuevo, en este paso pueden darse dos posibilidades. Si la temperatura de transición vítrea 

de la mezcla polímero-gas (es decir, la temperatura de transición vítrea efectiva (Tg eff)) es 

inferior a la temperatura de saturación (Tsat), las celdas pueden crecer casi 

simultáneamente con la formación de núcleos y este proceso se denomina espumado en 

un solo paso (one-step foaming)[69]. Por otro lado, si la temperatura de transición vítrea 

efectiva es superior a la temperatura de saturación, el crecimiento de las celdas se lleva a 

cabo aumentando la temperatura del polímero (espumado en dos pasos, two-steps 

foaming) [7]. Este paso puede llevarse a cabo en un baño externo, en un molde a 

temperatura o incluso en un microondas. En este caso, la temperatura y el tiempo de 

espumado son parámetros críticos para la estructura celular final [29,61].  

 
Figura 0.4. esquema del proceso de espumado por disolución de gas destacando los parámetros de cada 
etapa. Abreviaciones: temperatura de transición vítrea efectiva (Tg eff), temperatura de saturación (Tsat).  
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Finalmente, mediante el proceso de espumado por GDF, se obtiene un material 

polimérico formado por un núcleo de estructura celular homogénea en el centro, pieles sólidas 

no espumadas en los bordes, y una región con gradiente en el tamaño de celda entre ambas 

(Figura 0.5) [70–72]. Esta morfología simétrica proviene del proceso de difusión del gas que tiene 

lugar en la etapa de desorción. La aparición de las pieles sólidas en los bordes de los polímeros 

celulares se ha identificado como un problema importante para utilizar estos materiales en 

algunas aplicaciones que exigen exponer las estructuras celulares a un medio externo, como en 

procesos de filtración, sensores, el almacenamiento de gases, el aislamiento acústico o el 

tratamiento de aguas [73–77]. El aspecto de las pieles sólidas y sus inconvenientes se tratarán en 

detalle en la siguiente sección Límites y retos del GDF. 

 
Figura 0.5. Esquema (izquierda) y apariencia real (derecha) de la morfología celular de un polímero 

producido por GDF. 

Desde su descubrimiento, el GDF ha sido explorado ampliamente utilizando diferentes 

matrices poliméricas e incluso mezclas de polímeros o compuestos de polímeros cargados con 

partículas. Atendiendo al precursor sólido utilizado en el GDF, pueden describirse dos estrategias 

diferentes para fabricar polímeros celulares: la nucleación homogénea y la nucleación 

heterogénea. 

La nucleación homogénea comprende los polímeros celulares fabricados por GDF a partir 

de polímeros puros de una sola fase. En este caso, la morfología de la estructura celular es 

bastante dependiente de los parámetros de saturación y espumado [11,29,68,78]. La estructura 

celular final depende de la densidad de nucleación creada en la etapa de desorción, siendo la 

velocidad de despresurización y la concentración de gas en el polímero, las principales 

características responsables de la estructura celular. En primer lugar, velocidades de 

despresurización más elevadas promueven una mayor inestabilidad fomentando mayores ratios 

de nucleación en la mezcla polímero-gas. Y, en segundo lugar, aunque la solubilidad del gas es una 

propiedad intrínseca de cada polímero, se ha demostrado que mayores solubilidades de gas están 

relacionadas con mayores densidades celulares y menores tamaños de celda, pudiendo obtener 

así estructuras nanocelulares. En general, la solubilidad del gas en el marco de la nucleación 
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homogénea se incrementa utilizando condiciones de saturación extremas, es decir, mediante un 

incremento de la presión o un descenso de la temperatura. Por otro lado, los parámetros de 

espumado también deben controlarse para obtener las estructuras celulares deseadas. La 

temperatura y el tiempo de espumado deben ajustarse con el fin de alcanzar bajas densidades de 

la espuma, permitiendo el máximo crecimiento celular y evitando al mismo tiempo la rotura de 

las celdas. Además, los parámetros de espumado deben definirse adecuadamente para cada 

matriz polimérica y cada par de condiciones de saturación para evitar los conocidos mecanismos 

de degeneración, ya que la solubilidad del gas juega un papel importante en el crecimiento celular 

durante el tiempo de espumado [79,80]. Por lo tanto, los parámetros de saturación, desorción y 

espumado, así como las propiedades del polímero (por ejemplo, temperatura de transición vítrea, 

viscosidad, solubilidad del gas...), deben tenerse en cuenta para conseguir estructuras celulares 

homogéneas y controladas. 

Por otro lado, la nucleación heterogénea consiste en crear una estructura celular por GDF 

a partir de sistemas con al menos dos fases. Esta aproximación aprovecha la idea de la reducción 

de la energía libre de Gibbs en las superficies interfaciales entre dos fases, donde se favorece la 

nucleación [11,56,68,81]. La estrategia de nucleación heterogénea consiste en introducir 

partículas en una matriz polimérica [45,82–84], mezclando mezclas de polímeros [85–87] o 

añadiendo copolímeros de bloque [88–90]. En el primer caso, la densidad de partículas debe ser 

del mismo orden de magnitud o superior a la densidad de nucleación deseada. Asimismo, la 

dispersión de las partículas un parámetro crítico que determinará la nucleación alcanzable [91]. 

En el caso ideal, cada partícula contribuirá a un sitio de nucleación, pero normalmente la eficiencia 

en la nucleación (es decir, la densidad de nucleación dividida por la densidad de partículas) es 

mucho menor que uno. Por lo tanto, el tamaño de celda viene determinado por el tamaño del 

agente nucleante, estableciendo así un mínimo para el tamaño de celda. Por otro lado, el tamaño 

de partícula debe ser del orden de magnitud o superior respecto al radio crítico para favorecer la 

estabilidad del núcleo y que llegue a formar una celda. El radio crítico se define como el tamaño 

mínimo que necesita un núcleo para convertirse en célula (es decir, por debajo de este tamaño el 

núcleo será inestable y desaparecerá). Es un parámetro intrínseco de cada sistema gas-polímero 

que se determina a partir de la diferencia de presión (dentro y fuera de la burbuja) y de sus 

tensiones interfaciales [11,92].  En una segunda aproximación, las mezclas de polímeros se utilizan 

para aumentar la nucleación en las interfases de ambos por la acumulación de más moléculas de 

gas en estas regiones, reduciendo así la energía necesaria para formar una celda. La misma idea 

se emplea añadiendo copolímeros en bloque. En este caso, la nucleación se induce a partir de las 

fases nanoestructuradas cuya presencia reduce la energía necesaria para formar núcleos. En 
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general, las micelas u otras nanoestructuras formadas por copolímeros de bloque son capaces de 

producir estructuras nanocelulares por GDF. Además, los agentes nucleantes que presentan 

afinidad por el CO2, tanto nanopartículas como copolímeros de bloque, también refuerzan la 

capacidad de nucleación siendo agentes nucleantes más efectivos [51,93]. Como resumen, en la 

nucleación heterogénea la nucleación es más independiente de los parámetros del proceso en 

contraste con la nucleación homogénea, donde las condiciones de saturación y espumado son 

decisivas para la estructura celular. Por lo tanto, el tipo de mezcla (polímero/partícula, 

polímero/polímero, o polímero/copolímero de bloque), el tamaño de partícula o nanodominio, la 

cantidad de agente nucleante y su dispersión, y la afinidad por el CO2 son parámetros decisivos en 

la nucleación, y consecuentemente, en la estructura celular. 

0.3.3 Límites y retos del GDF 

Las principales ventajas del GDF descritas anteriormente han permitido alcanzar muchos 

retos en el campo de los polímeros celulares durante más de 40 años. Sin embargo, a medida que 

aumenta el conocimiento surgen nuevos objetivos que hacen que el campo de los polímeros 

celulares siga en continuo crecimiento. Entre los principales retos propuestos en los últimos años, 

destaca la obtención de polímeros nanocelulares de baja densidad para reducir la conductividad 

térmica. Al mismo tiempo, la contribución de la radiación en la conductividad térmica debe ser 

minimizada en polímeros nanocelulares [94,95]. La consecución conjunta de ambos retos daría 

lugar a materiales super-aislantes para los sectores de la construcción o la automoción, entre 

otros. De acuerdo a la reducción de la conductividad térmica, se han producido polímeros 

nanocelulares transparentes con excelentes propiedades para el aislamiento térmico [18]. En este 

caso, su aplicación podría extenderse al aislamiento de ventanas, contribuyendo a la reducción de 

los costes en climatización de edificios. Sin embargo, la aparición de las pieles sólidas no 

espumadas en los bordes de los polímeros celulares está limitando actualmente las aplicaciones 

mencionadas, así como sus propiedades físicas. 

Por otro lado, el desarrollo de polímeros nanocelulares no sólo se centra en reducir el 

tamaño de celda para mejorar las propiedades físicas. El estudio para producir estructuras de 

celda abierta (OC) es otra de las ramas de investigación en los polímeros nanocelulares, ya que 

esta característica permitiría ampliar el rango de aplicaciones de estos materiales. De hecho, se 

han producido con éxito estructuras OC empleando la nucleación heterogénea utilizando mezclas 

de copolímeros de bloque [51,96]. Sin embargo, estos materiales no pueden utilizarse en 

aplicaciones como la filtración, la detección en sensores o el almacenamiento de gases debido a 

la gran limitación que presentan los polímeros celulares producidos por GDF, de nuevo, la 

presencia de pieles sólidas no espumadas en sus bordes (véase la Sección 0.3.2 Espumado por 
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disolución de gas (GDF)) [72]. Este inconveniente también afecta a los retos mencionados 

anteriormente porque las pieles sólidas provocan un impacto negativo en las propiedades físicas 

(por ejemplo, la conductividad térmica y la densidad aumentan con la presencia de fase sólida en 

los bordes). Además, las pieles sólidas evitan el transporte de masa a través de la estructura celular 

dificultando su aplicación como filtros, sensores, o en procesos catalíticos, entre otros. Por ello, 

algunas investigaciones en polímeros celulares se han centrado en solventar esta limitación, sin 

embargo, no se han obtenido resultados exitosos hasta el momento. Dichos intentos serán 

discutidos en el Capítulo II. Estado del Arte. 

Con el objetivo de superar este reto, es necesario profundizar en cómo se originan estas 

pieles solidas en los bordes de los polímeros celulares. Las pieles sólidas aparecen debido al 

proceso de difusión que tiene lugar durante la etapa de desorción. La rápida difusividad del gas, 

debida a la diferencia de presión dentro y fuera de polímero, provoca un gradiente en la 

concentración de gas a lo largo del espesor del polímero, alcanzando la concentración máxima en 

el centro y con niveles de gas despreciables en los bordes (Figura 0.6). Por lo tanto, se obtiene un 

gradiente similar en la estructura celular en función del tamaño de celda: estructura celular 

homogénea en el centro, pieles sólidas en los bordes, y un gradiente en tamaño de celda entre 

ambas. En consecuencia, trabajos previos han intentado eliminar las pieles sólidas tras el proceso 

de espumado para aprovechar las propiedades físicas de la estructura celular y permitir el uso de 

estos materiales en nuevas aplicaciones. Sin embargo, pulir, cortar o perforar las pieles sólidas 

con el objetivo de exponer la estructura celular al medio exterior provoca también daños severos 

en dicha estructura [77,97]. Por lo tanto, el desarrollo de un proceso que elimine las pieles sólidas 

en los polímeros celulares durante la GDF es uno de los retos del campo de los polímeros celulares. 

 
Figura 0.6. Perfil de concentración de gas (etapa de desorción) evolucionando a la morfología de gradiente 

en tamaño de celda (etapa de espumado). 
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Otra limitación provocada por la rápida difusión del gas tras la etapa de saturación se pone 

de manifiesto cuando las dimensiones de la muestra de polímero se reducen al mismo orden de 

magnitud de las pieles sólidas (decenas o centenares de micras), tratando de espumar films 

delgados por GDF. Actualmente, no ha sido posible producir estructuras celulares en films 

delgados por GDF sin comprometer la densidad de la espuma o la propia estructura celular. Una 

vez más, la difusión del gas fuera de la muestra es más rápida que el tiempo de nucleación, lo que 

dificulta la formación de celdas. En consecuencia, los sistemas micrométricos y submicrométricos 

tampoco pueden espumarse mediante el proceso clásico de GDF. Por estas razones, el control 

sobre la rápida difusividad del gas para mantener una alta concentración de gas en el interior de 

la muestra parece ser un aspecto clave a estudiar para superar la aparición de las pieles sólidas no 

espumadas y lograr el espumado de sistemas de espesor reducido. En este sentido, Orsi et al. [98] 

fueron capaces de producir micro y nanopartículas huecas en GDF utilizando una barrera de 

difusión de gas alrededor de las partículas. No obstante, el enfoque de la barrera de gas no se ha 

probado en muestras de grandes dimensiones ni en el espumado de films delgados poliméricos. 

0.4 Objetivos de la tesis 

El trabajo de esta tesis se centra en seguir desarrollando las rutas de producción de 

polímeros nanocelulares y sus potenciales aplicaciones, basándose en los conocimientos previos 

generados en el Laboratorio CellMat. El objetivo principal de esta tesis es explorar los límites del 

proceso más común de fabricación de polímeros nanocelulares, el espumado por disolución de 

gas. A su vez, este objetivo general se divide en tres objetivos específicos. En primer lugar, el 

estudio del GDF para identificar sus limitaciones con el fin de entender los mecanismos físicos que 

intervienen en el proceso, para posteriormente ofrecer una solución a las limitaciones actuales, 

como la aparición de las pieles sólidas. En segundo lugar, una vez identificados los principales 

problemas relacionados con la concentración de gas en los bordes, explorar el uso de las barreras 

de difusión de gas en GDF para evitar la aparición de las pieles sólidas en muestras con espesores 

de varios milímetros. A continuación, probar la misma técnica con muestras de espesor reducido, 

como films delgados y microfibras, e intentar espumar estos sistemas sin restricciones por primera 

vez mediante GDF. Y, en tercer lugar, la producción de estructuras de celda abierta mediante la 

optimización del uso de copolímeros de bloque en films delgados, tratando de interconectar la 

estructura celular interna con el medio externo, y así, permitir el uso de estos materiales en 

nuevas aplicaciones nunca vistas previamente para polímeros celulares. 
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a) Explorar los límites del GDF 

El principal inconveniente relacionado con la fabricación de polímeros celulares por 

GDF fue descrito en la última sección (0.3.3 Límites y retos del GDF), es decir, la formación de 

las pieles sólidas en los bordes de los polímeros celulares. Las principales desventajas de las 

pieles sólidas no espumadas son la pérdida de propiedades físicas, el encapsulamiento de la 

estructura celular sin exposición al medio exterior y la limitación para determinadas su uso 

en determinadas aplicaciones. Por ello, se sugieren los siguientes procedimientos para 

explorar los límites del GDF: 

• Identificar las limitaciones del GDF y revisar los precedentes en la literatura. Es 

importante conocer los principales inconvenientes de los polímeros celulares 

resultantes con pieles sólidas en los bordes y qué aproximaciones se han intentado 

en el pasado para evitar su formación. 

• Estudiar los mecanismos involucrados en el GDF. Dado que la formación de pieles 

sólidas está relacionada con la difusividad del gas y también con una disminución de 

la concentración de gas en los bordes durante la etapa de espumado, ambos 

parámetros se estudiarán utilizando PMMA5 como base polimérica, uno de los 

polímeros más utilizados en GDF debido a su afinidad con el CO2. Para ello, el estudio 

del comportamiento de la mezcla polímero-gas (las transiciones estado gomoso-

vítreo que se producen en los bordes cuando el gas está escapando del polímero) 

proporciona detalles interesantes relacionados con los parámetros de difusividad y 

solubilidad. 

Una vez comprendidos los mecanismos de espumado y las interacciones polímero-

CO2, se explorarán nuevas soluciones con el objetivo de mantener una concentración 

adecuada de gas en la matriz polimérica en el momento del espumado, 

especialmente en los bordes. Para ello, la incorporación de agentes nucleantes que 

presentan afinidad por el CO2 se ha llevado a cabo en investigaciones previas 

mediante el uso de copolímeros de bloque con nanocompuestos de alta afinidad al 

CO2. En este trabajo se han incorporado a los composites de PS6 nanopartículas de 

MOF que actúan como depósito de CO2 acumulando gas adicional para aumentar la 

solubilidad total de los nanocompuestos. Sin embargo, esta solución sólo sería válida 

 
5 PMMA: poli(metil metacrilato) 
6 PS: poli(estireno) 
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en nucleación heterogénea, sin resolver el problema de la rápida difusividad del gas 

en homopolímeros. 

b) Incorporar la aproximación de la barrera de difusión de gas al GDF 

Otra aproximación para mejorar la solubilidad consiste en retrasar la difusividad en 

la etapa de desorción con el fin de mantener la concentración de gas lo más alta posible a lo 

largo de todo el espesor de la muestra polimérica. En este caso, la propuesta se basa en la 

incorporación de una barrera de difusión de gas en las superficies externas del polímero. Así, 

la difusividad a través de esas superficies debería reducirse y la concentración de gas en la 

región próxima a los bordes debería ser superior a las alcanzadas en polímeros espumados 

sin la barrera de difusión de gas.  Para ello, es necesario el uso de un polímero que presente 

una difusividad de CO2 muy baja para ser usado como barrera de difusión de gas. De acuerdo 

con esto, se proponen los siguientes objetivos: 

• Evitar la formación de las pieles sólidas no espumadas. La posibilidad de espumar los 

bordes del polímero puede ser beneficiosa en la estructura celular presentando 

mayor homogeneidad, reducción de la densidad, mejora de las propiedades físicas, 

o incluso la formación de superficies porosas que permitan exponer la estructura 

celular al medio exterior. 

• Espumado de films delgados con un espesor similar al de las pieles sólidas mediante 

GDF. Al incorporar la aproximación de la barrera de difusión de gas, el reto en este 

caso es obtener films delgados espumados sin comprometer su geometría ni su 

expansión, independientemente de la base polimérica o de las condiciones de 

espumado. Es importante señalar que este reto aún no se ha conseguido hasta la 

fecha. 

• Espumado de microfibras poliméricas. Reduciendo aún más las dimensiones de la 

muestra de polímero, el objetivo es inducir la formación de porosidad en las fibras 

micrométricas para modificar su morfología y aumentar su área específica. A 

continuación, evaluar su rendimiento en aplicaciones que demandan fibras porosas 

con una elevada área superficial, por ejemplo, en aplicaciones biomédicas como 

sistemas de administración de fármacos, y en aplicaciones de detección como 

sensores electroquímicos. Para ello se ha empleado un polímero biodegradable 

(PCL7) con el objetivo de producir microfibras porosas fabricadas mediante procesos 

respetuosos con el medio ambiente (GDF). 

 
7 PCL: poli(caprolactona) 
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c) Producir estructuras de celda abierta en films delgados 

El uso de mezclas de PMMA con el copolímero tribloque MAM8 ha dado lugar a 

polímeros nanocelulares de celda abierta. Partiendo de esta base, otro de los retos de esta 

tesis se compone de:  

• Estudiar la extrapolación de estructuras de celda abierta desde muestras de mayor 

espesor (bulk) a muestras delgadas (film). Empleando la nucleación heterogénea, se 

pueden producir estructuras de celda abierta a partir de copolímeros de bloque. El 

objetivo es conseguir y optimizar las estructuras interconectadas de celda abierta en 

muestras más finas, como films delgados. 

• Producir de films delgados con estructuras nanocelulares de celda abierta sin pieles 

sólidas. Empleando los conocimientos aprendidos sobre la barrera de difusión de 

gases, el objetivo es combinar la nucleación heterogénea mediante copolímeros de 

bloque con la técnica de la barrera de difusión de gases. La finalidad es la producción 

de films delgados con estructuras nanocelulares de celda abierta y sin pieles sólidas 

en los bordes. 

• Búsqueda de nuevas aplicaciones. Como conclusión, la fabricación de membranas sin 

pieles sólidas y con estructuras interconectadas permite su uso en un nuevo rango 

de aplicaciones para los polímeros celulares, como la filtración, la separación de 

gases o la detección (sensores), entre otras. A continuación, el objetivo final de esta 

tesis es evaluar el rendimiento de los polímeros celulares fabricados como 

membranas de separación de gases mediante medidas de permeabilidad de gases. 

0.5 Novedades y ventajas de la tesis 

A partir de los objetivos de esta tesis se han logrado varios avances y novedades respecto 

a la literatura previa. En esta sección se enumeran los principales logros de esta tesis y la 

contribución aportada a la bibliografía.  

• Se han explorado las limitaciones del GDF para optimizar la metodología de espumado y 

los resultados en cuanto a estructuras celulares. 

• La solubilidad y la difusividad se han identificado como parámetros clave para resolver las 

limitaciones del GDF. 

• Los mecanismos que provocan el cambio del estado vítreo al gomoso en el PMMA se han 

estudiado in situ mediante variaciones de las propiedades ópticas. 

 
8 MAM: metil acrilato-b-butil acrilato-b-metil acrilato 
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• El comportamiento retrógrado del PMMA-CO2 se ha investigado mediante propiedades 

ópticas, validando esta metodología para la transición vítrea-gomosa. 

• Mediante la misma técnica se determinó por primera vez la transición al estado gomoso 

en PMMA a presiones muy bajas disminuyendo la temperatura. 

• Se han explorado nuevas vías de nucleación heterogénea introduciendo nanopartículas 

con afinidad al CO2 en una matriz polimérica para aumentar la eficiencia de nucleación. 

• La eficiencia de nucleación se incrementó significativamente mediante la adición de 

nanopartículas con afinidad al CO2 respecto a la literatura sobre nucleación heterogénea 

sin afinidad por el CO2. 

• El inconveniente relacionado con la rápida difusividad en la etapa de desorción por GDF 

se mitigó introduciendo una barrera flexible de difusión de gas en las caras externas del 

polímero. 

• Se han fabricado polímeros celulares sin piel con propiedades mejoradas empleando por 

primera vez la técnica de barrera de difusión de gas en GDF. 

• Los polímeros celulares fabricados mediante la técnica de barrera de difusión de gas 

presentan una porosidad inesperada en la superficie, que puede estar interconectada con 

la estructura celular interna. 

• La misma técnica se ha empleado para superar la limitación en el espumado de films 

delgados mediante GDF, obteniéndose un espumado completo de los films. 

• Además, por primera vez se ha modificado la morfología de las microfibras poliméricas 

creando huecos axiales a lo largo de las fibras y porosidad en su superficie mediante GDF. 

• Las fibras huecas has sido evaluadas en dos aplicaciones diferentes: sistemas de liberación 

de fármacos para aplicaciones biomédicas y como sensores electroquímicos. 

• El método de la barrera de difusión de gas se ha extrapolado a membranas para conseguir 

films delgados con estructuras nanocelulares de celda abierta sin pieles sólidas. De esta 

manera, toda la estructura celular está interconectada y expuesta al medio exterior. 

• Se ha validado el funcionamiento de las membranas de celda abierta como membranas 

de separación de gases gracias al uso de la técnica de barrera de difusión de gas. 

Por último, cabe señalar que la técnica de barrera de difusión de gases desarrollada y 

ampliamente empleada en este trabajo para fabricar espumas poliméricas sin piel, films 

completamente espumados, microfibras porosas y films nanocelulares de celda abierta ha sido 

protegida por una patente como procedimiento novedoso en GDF. 
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0.6 Estructura de la tesis 

Esta tesis se ha realizado por compendio de publicaciones. Nueve publicaciones científicas 

la conforman, de las cuales 2 de ellas se encuentran pendientes de aceptación. Además, esta tesis 

cumple los requisitos para ser acreditada con la Mención Internacional. El trabajo presentado en 

esta tesis se divide en ocho Capítulos y dos Apéndices, que contienen la siguiente información: 

Capítulo I. Introducción: se describe a una breve visión general de los materiales celulares. 

Se explica el marco de esta tesis, seguido de un resumen del estado del arte, y los objetivos a 

perseguir. Como aportación, se ha incluido una lista de las principales novedades y ventajas 

extraídas de esta tesis. También se presenta un resumen de las publicaciones científicas, 

conferencias y actividades relacionadas con este trabajo. 

Capítulo II. Estado del arte: incluye una amplia revisión bibliográfica sobre los polímeros 

nanocelulares, sus métodos de producción basados en GDF (nucleación homogénea y 

heterogénea), los mecanismos implicados en dicho proceso, y las limitaciones actuales que 

presenta el proceso de GDF. Además, se discuten en una publicación las perspectivas y los retos 

en ese campo en la última década. Por último, se analiza la principal limitación del GDF (es decir, 

la formación de pieles sólidas en los bordes) en la literatura precedente, teniendo en cuenta los 

intentos previos para solucionar este problema. 

Capítulo III. Sección experimental: se describen los materiales, los métodos de 

producción (sólidos y espumas) y las técnicas de caracterización empleadas en esta tesis. 

Capítulo IV. La concentración de gas como parámetro clave: dos publicaciones componen 

este capítulo. Una de ellas analiza los mecanismos implicados en la etapa de saturación durante 

el GDF. Se centra en cómo afecta la concentración de gas a la mezcla polímero-gas (PMMA-CO2) 

determinando la temperatura de transición vítrea en función de los parámetros de saturación 

(presión y temperatura). El segundo trabajo tiene como objetivo evaluar el comportamiento de la 

concentración de gas y el espumado en polímeros celulares mediante la introducción de 

nanopartículas con afinidad por el CO2 como agentes nucleantes. 

Capítulo V. Aproximación de la barrera de difusión de gas: en este capítulo se presenta 

la técnica propuesta para evitar la formación de pieles sólidas, espumar films delgados e inducir 

porosidad en sistemas poliméricos micrométricos. La eficacia de la aproximación de la barrera de 

difusión de gas en GDF se evalúa en dos publicaciones. En primer lugar, se prueba la metodología 

de la incorporación de la barrera de gas al GDF en muestras con diferentes espesores, incluso en 

films delgados. En segundo lugar, esta técnica se extrapola a fibras micrométricas para inducir 
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porosidad. Finalmente, se evalúa la posible aplicación de las microfibras porosas y sólidas como 

sistemas de administración de fármacos. 

Capítulo VI. Estructuras de celda abierta: este capítulo incluye dos publicaciones 

adicionales. En primer lugar, se estudian las interesantes estructuras de celda abierta obtenidas a 

partir de mezclas de PMMA/MAM, analizando las diferencias entre la nanoestructuración 

mediante la producción de las muestras fuera del equilibrio (extrusión) y cerca del equilibrio 

(evaporación del solvente). En la segunda publicación, se analiza la nanoestructuración de varias 

mezclas de PMMA/MAM con el objetivo de optimizar la estructura celular en este tipo de 

compuestos. Además, se incorpora la aproximación de barrera de difusión de gas para mejorar 

aún más la estructura celular, con el objetivo de producir espumas de celda abierta sin pieles 

sólidas en los bordes. 

Capítulo VII. Aplicaciones: uno de los objetivos de este trabajo es posibilitar el uso de 

polímeros celulares en algunas aplicaciones en las cuales actualmente están limitados. En este 

capítulo, se prueban dos aplicaciones diferentes en polímeros celulares fabricados a partir del uso 

de la técnica de barrera de gas en GDF. En primer lugar, se han evaluado microfibras porosas como 

sensores electroquímicos mediante la introducción de un polímero conductor en las fibras. En 

segundo lugar, se han probado espumas de celda abierta y de celda cerrada con y sin pieles sólidas 

como membranas de separación de gases empleando diversos gases. 

Capítulo VIII. Conclusiones: en este último capítulo se presentan las principales 

conclusiones de esta tesis. Se destacan los resultados más novedosos y se relacionan con los 

objetivos propuestos. Finalmente, se sugieren ideas y nuevos temas de investigación para el 

futuro. 

Apéndice A: incluye la patente que describe la técnica de barrera de difusión de gases 

empleada en el proceso GDF para evitar la formación de pieles sólidas en polímeros celulares. 

0.7 Actividades de la tesis 

0.7.1 Publicaciones 

Esta sección incluye todas las publicaciones, patentes, cursos, contribuciones en 

congresos y estancias realizadas a lo largo de la tesis. En primer lugar, esta tesis está escrita por 

compendio de publicaciones.  Las nueve publicaciones que componen esta tesis se muestran en 

la Tabla 0.1. Siete de ellas están ya publicadas en revistas internacionales y las otras dos están 

pendientes de publicación. También se indica en la tabla el cuartil (Q) y el factor de impacto (FI) 



 

23  

   

Chapter 0. Resumen en Castellano 

   

de cada publicación. Otras publicaciones como coautor no incluidas en esta tesis se presentan en 

la Tabla 0.2. 

Tabla 0.1 
Publicaciones incluidas en esta tesis. 

Referencia del articulo Capitulo Q/FI 

Cuadra-Rodriguez, D.; Barroso-Solares, S.; Pinto, J. Advanced Nanocellular 
Foams: Perspectives on the Current Knowledge and Challenges. 
Nanomaterials 2021, 11, 621, doi:10.3390/nano11030621. 

2 Q1/5.72 

Cuadra-Rodríguez, D.; Carrascal, D.; Solórzano, E.; Pérez, M.A.R.; Pinto, J. 
Analysis of the Retrograde Behavior in PMMA-CO2 Systems by Measuring 
the (Effective) Glass Transition Temperature Using Refractive Index 
Variations. J. Supercrit. Fluids 2021, 170, 105159, 
doi:10.1016/j.supflu.2020.105159. 

4 Q1/4.51 

Cuadra-Rodríguez, D.; Qi, X.-L.; Barroso-Solares, S.; Pérez, M.Á.R.; Pinto, J. 
Microcellular Foams Production from Nanocomposites Based on PS Using 
MOF Nanoparticles with Enhanced CO2 Properties as Nucleating Agent. J. 
Cell. Plast. 2022, 58, doi:https://doi.org/10.1177/0021955X221087599. 

4 Q2/3.07 

Cuadra-Rodríguez, D.; Barroso-Solares, S.; Rodríguez Pérez, M.A.; Pinto, J. 
Production of Cellular Polymers without Solid Outer Skins by Gas 
Dissolution Foaming: A Long-Sought Step towards New Applications. 
Mater. Des. 2022, 217, 110648, doi:10.1016/j.matdes.2022.110648. 

5 Q1/9.42 

Barroso-Solares, S.; Cuadra-Rodriguez, D.; Rodriguez-Mendez, M.L.; 
Rodriguez-Perez, M.A.; Pinto, J. A New Generation of Hollow Polymeric 
Microfibers Produced by Gas Dissolution Foaming. J. Mater. Chem. B 2020, 
8, 8820–8829, doi:10.1039/d0tb01560a. 

5 Q1/6.33 

Barroso-Solares, S.; Bernardo, V.; Cuadra-Rodriguez, D.; Pinto, J. 
Nanostructure of PMMA/MAM Blends Prepared by Out-of-Equilibrium 
(Extrusion) and Near-Equilibrium (Casting) Self-Assembly and Their 
Nanocellular or Microcellular Structure Obtained from CO2 Foaming. 
Nanomaterials 2021, 11, doi:https://doi.org/10.3390/nano11112834. 

6 Q1/5.72 

Cuadra‐Rodríguez, D.; Barroso‐Solares, S.; Laguna‐Gutiérrez, E.; Rodríguez‐
Pérez, M.Á.; Pinto, J. Opening Pores and Extending the Application Window: 
Open‐Cell Nanocellular Foams. Macromol. Mater. Eng. 2023, 
doi:10.1002/MAME.202300087. 

6 Q1/4.40 

Barroso-Solares, S.; Pinto, J; Salvo-Comino C.; Cuadra-Rodriguez, D.; Garcia-
Cabezon C.; Rodriguez-Perez, M.A.; Rodriguez-Mendez, M.L. Tuning the 
electrochemical responseof PCL/PEDOT:PSS fibres-based sensors by gas 
dissolution foaming 

7 En revisión 

Cuadra-Rodríguez, D.; Soto, C.; Carmona, J.; Tena, A.; Palacio, L.; Rodríguez 
Pérez, M.A.; Pinto, J. A solvent-free methodology to produce open-cell 
porous membranes with control on the dense layer thickness 

7 En revisión 
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Tabla 0.2 
Publicaciones como coautor no incluidas en esta tesis. 

Referencia del articulo 

S. Barroso-Solares, D. Cuadra, M.A. Rodriguez-Perez, J. Pinto (2020) Crystallographic and Spectroscopic 
Approaches to Improve the Solid-State Physics Laboratory Practices Program, EDULEARN20 
Proceedings, pp. 7793-7801. 

Sanchez-Calderon, I.; Bernardo, V.; Cuadra-Rodríguez, D.; Martín-de León, J.; Rodríguez-Pérez, M.Á. 
Micronization as a Solution for Enhancing the Thermal Insulation of Nanocellular Poly (Methyl-
Methacrylate) (PMMA). Polymer (Guildf). 2022, 261, doi:10.1016/j.polymer.2022.125397 

 

0.7.2 Patentes 

La producción investigadora de esta tesis ha permitido desarrollar una nueva metodología 

para evitar la formación de las pieles sólidas no espumadas en los bordes de los polímeros 

celulares producidos por GDF. Los derechos intelectuales de esta metodología han sido protegidos 

por una patente (Tabla 0.3). La descripción de la patente se adjunta en el Apéndice A. 

Tabla 0.3 
Patentes relacionadas con esta tesis. 

Título de la patente 

Cuadra-Rodríguez, D.; Barroso-Solares, S.; Rodríguez Pérez, M.A.; Pinto, J. PROCEDIMIENTO DE 
FABRICACIÓN DE UNA LÁMINA DE ESPUMA POLIMÉRICA SIN PIELES SÓLIDAS NO ESPUMADAS Y 
LÁMINA OBTENIDA 

 

0.7.3 Conferencias y cursos 

La contribución investigadora a congresos nacionales e internacionales realizada durante 

esta tesis como primer autor y como coautor se muestra en la Tabla 0.4 y Tabla 0.5, 

respectivamente. Además, otros cursos realizados durante la tesis para la formación del 

doctorando se muestran en la Tabla 0.6. 

Tabla 0.4 
Contribuciones como primer autor en congresos nacionales e internacionales. 

Título de la contribución Oral/Poster Año 

Enhancement of nucleation and CO2 absorption in Polystyrene-
Metal Organic Frameworks (MOF) composites. 

XI European school on molecular nanoscience. Tenerife, Spain. 
Oral 2018 

Polymeric hollow fibers in the micrometric range by gas dissolution 
foaming process. 

X Congreso de jóvenes investigadores en polímeros (JIP 2019). 
Burgos, Spain. 

Oral 2019 
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Determination of the effective glass transition temperature of 
PMMA by optical observation method. 

FOAMS 2019. Valladolid, Spain. 
Poster 2019 

Study and characterization of open-cell nanocellular thin films. 

CellMat 2020. Virtual conference. 
Oral 2020 

A novel approach to avoid non-foamed skins in cellular polymers by 
gas dissolution foaming. 

17th International Conference in Diffusion on Solids and Liquids 2021. 
Virtual conference. 

Oral 2021 

A flexible barrier to avoid solid skin appearance in cellular polymers 
produced by gas dissolution foaming. 

FOAMS 2021. Virtual conference. 
Oral 2021 

Well-controlled drug delivery systems based on Poly-Caprolactone 
hollow fibers. 

POLYMERS 2022: New trends in polymers science. Torino, Italy. 
Oral 2022 

A flexible barrier to avoid solid skin appearance in cellular polymers 
produced by gas dissolution foaming. 

CELLMAT 2022: 7th International Conference on Cellular Materials. 
Virtual conference. 

Oral 2022 

Reducing thickness or inducing porous structure? A methodology to 
increase the permeance in gas separation membranes. 

 2nd International conference Greenering 2023. Valladolid, Spain 
Oral 2023 

 

Tabla 0.5 
Contribuciones como coautor en congresos nacionales e internacionales. 

Título de la contribución Oral/Poster Año 

Developement of hollow polymeric fibers for biomedical 
applications by gas dissolution foaming. 

CellMAT 2018. Bad Staffelstein, Germany. 
Oral 2018 

Delivery rate control of Ibuprofen impregnated into hollow fiber 
mats obtained by foaming procedures. 

FOAMS 2019. Valladolid, Spain. 
Oral 2019 

Challenges and perspectives in the nanocellular polymers field. 

CellMat 2020. Virtual conference. 
Oral 2020 

Water pollutants removal by nanocomposite foamed polymers. 

FOAMS 2021. Virtual conference. 
Oral 2021 
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Tabla 0.6 
Otros cursos realizados durante la tesis. 

Título del curso Año 

Plastic packaging, fundamentals, regulations and trends 

Jornadas Prof. José Antonio de Saja. Valladolid, Spain. 
2018 

3 minutes thesis contest (3MT) 

University of Valladolid, Spain. 
2019 

International Mentor Program IMFAHE. 2019/2020 

VI International Conference IMFAHE-University of Aveiro. 

Building the first online european innovation hub through european alliances. Virtual 
conference. 

2020 

International conference on education and new learning technologies 

EDULEARN 2020. Virtual conference 
2020 

International Mentor Program IMFAHE. 2020/2021 

VII International Conference IMFAHE-University of Aveiro. 

Building the first online european innovation hub through european alliances. Virtual 
conference. 

2021 

3 minutes thesis contest (3MT) 

University of Valladolid, Spain. 
2021 

Polymers for Environmental Preservation and Remediation 

BioEcoUVA Research Institute on Bioeconomy. Valladolid, Spain. 
2022 

 

0.7.4 Estancias y colaboraciones 

La Tabla 0.7 muestra las estancias y colaboraciones realizadas durante la tesis y su 

duración. En primer lugar, la colaboración con IMDEA Materiales permitió el estudio de partículas 

con afinidad al CO2 como agentes de nucleación para producir espumas poliméricas, dando lugar 

a una publicación. En segundo lugar, la colaboración con el grupo SMAP surgió de la posibilidad 

de proveer de una aplicación real a las membranas porosas fabricadas en esta tesis, dando lugar 

también a otra publicación. Además, esta colaboración permitió la realización de la estancia de 

doctorado en un centro de investigación de primer nivel internacional, el Helmholtz-Zentrum 

Hereon, permitiendo la posibilidad de obtener la Mención Internacional en el programa de 

doctorado. El tema principal de esta estancia fue adquirir conocimiento sobre la permeabilidad a 

los gases en membranas poliméricas realizando medidas sobre las muestras fabricadas en el 

laboratorio CellMat.  



 

27  

   

Chapter 0. Resumen en Castellano 

   

Por otro lado, se llevó a cabo una campaña de medidas sincrotrón en BESSY II Helmholtz-

Zentrum Berlin (HZB) titulada Measurement of the efficiency of IR-opacifiers and validation of the 

Glicksman model on nanocellular polymers using micro-IR spectroscopy. 

Tabla 0.7 
Estancias y colaboraciones realizadas en otros centros de investigación. 

Titulo Comienzo Fin 

Colaboración: Dr. Xiao-Lin Qi de IMDEA Materiales 

IMDEA Materiales (Getafe, Madrid, España) 
Enero 2018 Marzo 2020 

Colaboracion: Surfaces and porous materials group (SMAP). 

Universidad de Valladolid, España. 
Enero 2022 Aún continúa 

Estancia de doctorado: Helmholtz-Zentrum Hereon.  

Geesthacht, Alemania. 

10 de 
septiembre de 

2022 

15 de diciembre 
de 2022 

Campaña de sincrotrón: BESSY II Helmholtz-Zentrum Berlin (HZB). 

Berlin, Alemania. 

28 de 
noviembre de 

2022 

4 de diciembre 
de 2022 

 

0.7.5 Proyectos de investigación 

Además de la investigación académica, el doctorando ha participado en varios proyectos 

de investigación durante la tesis (Tabla 0.8). 

Tabla 0.8 
Proyectos de investigación. 

Título del proyecto 
POLÍMEROS NANOCELULARES TRANSPARENTES Y AISLANTES TÉRMICOS: 
FABRICACIÓN, CARACTERIZACIÓN Y RELACIÓN PROCESO-ESTRUCTURA-
PROPIEDADES 

Investigador 
principal 

RODRIGUEZ PEREZ, MIGUEL ANGEL 

Financiación AGENCIA ESTATAL DE INVESTIGACIÓN; FONDOS FEDER 

Duración 01/01/2019 – 30/09/2022 

Presupuesto 157.300 € 

 

Título del proyecto ESPUMAS POLIMÉRICAS FUNCIONALES PARA EL TRATAMIENTO DE AGUAS 

Investigador 
principal PINTO SANZ, JAVIER 

Financiación AGENCIA ESTATAL DE INVESTIGACIÓN; FONDOS FEDER 
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Duración 01/01/2019 – 30/06/2022 

Presupuesto 72.600 € 

 

Título del proyecto MATERIALES AVANZADOS CON FUNCIONALIDADES AVANZADAS PARA LA 
NUEVA TRANSFORMACIÓN TECNOLÓGICA 

Investigador 
principal RODRIGUEZ PEREZ, MIGUEL ANGEL 

Financiación 
UNIÓN EUROPEA-NEXT GENERATION UE; PLAN DE RECUPERACIÓN, 
TRANSFORMACIÓN Y RESILIENCIA; MICINN. MINISTERIO DE CIENCIA E 
INNOVACIÓN; JUNTA DE CASTILLA Y LEÓN -CONSEJERÍA DE EDUCACIÓN 

Duración 01/01/2021 – 31/08/2025 

Presupuesto 1.110.000 € 

 

Título del proyecto DESARROLLO DE SUPER AISLANTES TÉRMICOS BASADOS EN POLÍMEROS 
NANOCELULARES Y BLOQUEDAORES DE LA RADACIÓN INFRAROJA 

Investigador 
principal RODRIGUEZ PEREZ, MIGUEL ANGEL 

Financiación AGENCIA ESTATAL DE INVESTIGACIÓN; FONDOS FEDER; UNION EUROPEA; 
MICINN. MINISTERIO DE CIENCIA E INNOVACIÓN 

Duración 01/09/2022 – 31/08/2025 

Presupuesto 205.700 € 

 

Título del proyecto HACIA LA PRODUCCIÓN INDUSTRIAL DE POLÍMEROS NANOCELULARES 
TRANSPARENTES 

Investigador 
principal RODRIGUEZ PEREZ, MIGUEL ANGEL 

Financiación 
AGENCIA ESTATAL DE INVESTIGACIÓN; UNIÓN EUROPEA-NEXT GENERATION UE; 
PLAN DE RECUPERACIÓN, TRANSFORMACIÓN Y RESILIENCIA; MICINN. 
MINISTERIO DE CIENCIA E INNOVACIÓN; 10.13039/501100011033 

Duración 01/12/2022 – 30/11/2024 

Presupuesto 141.500 € 
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Título del proyecto 
PRODUCCIÓN SOSTENIBLE DE SUPER AISLANTES TÉRMICOS BASADOS EN 
POLÍMEROS NANOCELULARES CON CONDUCTIVIDAD TÉRMICA REDUCIDA A 
TRAVÉS DEL INCREMENTO DE LA DISPERSIÓN DE FONONES 

Investigador 
principal RODRIGUEZ PEREZ, MIGUEL ANGEL 

Financiación 
AGENCIA ESTATAL DE INVESTIGACIÓN; UNIÓN EUROPEA-NEXT GENERATION UE; 
PLAN DE RECUPERACIÓN, TRANSFORMACIÓN Y RESILIENCIA; MICINN. 
MINISTERIO DE CIENCIA E INNOVACIÓN 

Duración 01/12/2022 – 30/11/2024 

Presupuesto 168.820 € 

 

0.8 Resultados principales 

0.8.1 Capitulo IV. La concentración de gas como parámetro clave 

En este capítulo, la concentración de gas en la matriz polimérica se ha identificado como 

el parámetro más importante en la formación de espuma por disolución de gas y, en particular, 

para explorar los límites de este proceso. En primer lugar, se ha estudiado el comportamiento 

retrógrado del sistema PMMA-CO2 mediante el cambio en las propiedades. De este capítulo cabe 

destacar los siguientes logros: 

• Se ha estudiado in-situ el sistema PMMA-CO2 mediante un nuevo método de 

observación óptica durante el proceso de saturación del gas. Así, se ha analizado por 

primera vez el comportamiento retrógrado mediante el cambio significativo de las 

propiedades ópticas entre el estado gomoso y el vítreo (Figura 0.7). 

• El primer resultado clave es que el PMMA permanece en estado gomoso por encima 

de cierta presión, independientemente de la temperatura. Esto aclara algunas 

discrepancias en la literatura previa sobre la imposibilidad de obtener el estado 

gomoso disminuyendo la temperatura hasta unos pocos grados Celsius. De hecho, el 

sistema PMMA-CO2 aumentó su solubilidad gaseosa al disminuir la temperatura, 

siendo favorable la transición al estado gomoso. 

• El estudio comparativo entre varios grados de PMMA determinó que sus diferencias 

para alcanzar el estado gomoso podrían estar relacionadas con las propiedades físicas 

o incluso con la estructura química, siendo los polímeros comerciales susceptibles de 

presentar algunos aditivos. 
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• A pesar de estas diferencias, se obtuvieron tendencias similares al disminuir tanto la 

presión como la temperatura. Se descubrió un comportamiento asintótico con el eje 

de ordenadas en esta región de baja presión y baja temperatura. Por lo tanto, bajas 

concentraciones de gas pueden promover la transición del estado vítreo al gomoso. 

 
Figura 0.7. Resultados del comportamiento retrograde estudiado en esta tesis en comparación con la 

literatura previa [99–101]. 

En este capítulo se realizó otro estudio sobre la importancia de la concentración de gas en 

el polímero. En este caso, con el objetivo de aumentar la concentración de gas en el polímero 

(localmente y en general), se ha incorporado a la matriz polimérica un agente nucleante con 

notable afinidad por el CO2 obteniendo los siguientes resultados: 

• La matriz polimérica empleada en este trabajo fue el PS, un polímero con baja 

solubilidad de CO2 (en comparación con el PMMA), con el fin de resaltar la ventaja de 

usar nanopartículas con afinidad al CO2 como agente nucleante. 

• Como era de esperar, tal y como ocurre con los copolímeros de bloque, la adición de 

agentes nucleantes CO2-fílicos permite un aumento significativo en la eficiencia de 

nucleación. Esto se asocia a dos mecanismos. En primer lugar, el efecto nucleante 

que ocurre comúnmente en la nucleación heterogénea mediante la incorporación de 

nanopartículas. Y, en segundo lugar, el aumento local de la concentración de gas en 

cualquier lugar donde se ubiquen las nanopartículas. 

• En cuanto al uso de nanopartículas CO2-fílicas, el control del tamaño de partícula, la 

dispersión de la partícula y el número de nanopartículas son parámetros decisivos 

para obtener estructuras celulares homogéneas siguiendo de acuerdo con la ruta de 

nucleación heterogénea. Además, la característica especial de las nanopartículas 
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MOF que actúan como depósitos de CO2 provoca un aumento en la eficiencia de 

nucleación, alcanzando estructuras celulares más estables en comparación con 

nanopartículas similares sin la propiedad de CO2-filicidad. 

A pesar de todas las ventajas de introducir nanopartículas CO2-fílicas para potenciar el 

efecto de nucleación, uno de los principales objetivos de esta tesis, es decir, aumentar la 

concentración de gas en los bordes para evitar la formación de las pieles sólidas, no se ha logrado 

en este capítulo. No obstante, los conocimientos adquiridos sobre el sistema polímero-gas y cómo 

afectan los mecanismos de concentración y difusividad del gas a la formación de las pieles sólidas 

han sido útiles para comprender el problema y desarrollar nuevas soluciones. 

0.8.2 Capitulo V. Aproximación de la barrera de difusión de gas 

El Capítulo V puede considerarse el punto de inflexión de esta tesis, donde cambia el 

paradigma, y los conocimientos desarrollados suponen un gran paso en la fabricación de 

polímeros celulares mediante el espumado por disolución de gas. De este capítulo cabe destacar 

los siguientes logros: 

• Se ha desarrollado una nueva técnica basada en una barrera de difusión de gas para 

mantener una concentración de gas lo más alta posible en la matriz polimérica en el 

momento del espumado.  

• El incremento de la concentración de gas en los bordes ha permitido obtener una 

estructura celular en los bordes del polímero (Figura 0.8). Por lo tanto, el espesor de 

las pieles sólidas se ha reducido extremadamente obteniendo polímeros 

completamente espumados (Figura 0.9). 

• El método de la barrera de difusión de gas se ha probado principalmente en PMMA. 

Sin embargo, también se han obtenido resultados exitosos en otras matrices 

poliméricas (PS, PC y PCL).  

 
Figura 0.8. Esquemas de a) la difusividad del gas a través de una lámina polimérica, b) la concentración de 

gas mínima para alcanzar el espumado, y c) la estructura celular con pieles sólidas en los bordes. 

a) b) c) 
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Figura 0.9. Esquema de la estructura celular empleando o no la técnica de la barrera de difusión de gas. 

• Además de la eliminación de las pieles sólidas durante el proceso de espumado, la 

incorporación de la barrera de difusión de gas a las superficies poliméricas ha 

permitido generar porosidad en dichas superficies por nucleación heterogénea. 

• Por otro lado, el espumado en muestras más finas (films), las cuales no podían 

espumarse por el proceso de GDF, se ha alcanzado con la incorporación de esta 

técnica. De nuevo, se produjeron films completamente espumados sin pieles sólidas 

y sin limitar su expansión, siendo posible la obtención de espumas de baja densidad 

a partir de films delgados. 

• Junto a todos los beneficios mencionados del método de barrera de difusión de gas, 

cabe destacar que esta técnica, y el espumado por disolución de gas, cumplen los 

requisitos para ser escalables a nivel industrial, siendo posible producir este tipo de 

materiales en mayores dimensiones. 

Por lo tanto, se ha evitado la formación de las pieles sólidas comunes en los bordes de los 

polímeros celulares durante el proceso de espumado, independientemente del grosor de la 

muestra, mientras que se ha formado una estructura celular adicional en las superficies externas. 

De este modo, se ha cumplido claramente uno de los principales objetivos de esta tesis. 

El siguiente paso en la lista ha sido evaluar esta aproximación con el reto de espumar 

fibras poliméricas con diámetros en el rango micrométrico. A continuación, se resumen los 

principales logros: 

• El uso de la barrera de difusión de gas ha permitido obtener fibras huecas. En este 

caso, el PVOH como barrera de difusión de gas es capaz de mantener una 

concentración de gas suficiente en el interior de una fibra (diámetro en torno a 5 µm), 

siendo eficaz en términos de espumado independientemente de la geometría de la 

muestra. 

• Además, el espumado por disolución de gas, como proceso bastante versátil, ha 

permitido modificar la morfología de las fibras mediante los parámetros de 

espumado. Las fibras huecas con alta porosidad en su superficie se produjeron 
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mediante espumado en un solo paso (one-step foaming), mientras que las fibras 

huecas con superficie lisa se obtuvieron empleando un proceso de espumado en dos 

pasos (two-steps foaming). En ambos casos, el área superficial de cada fibra 

individual se ha incrementado significativamente, una propiedad interesante para los 

sistemas de administración de fármacos. 

Por lo tanto, el método de barrera de difusión de gas empleado en esta tesis ha permitido 

alcanzar los siguientes objetivos: evitar la formación de pieles sólidas, obtener polímeros 

completamente espumados (incluidos films delgados) independientemente del espesor de la 

muestra, espumar microfibras poliméricas y permitir nuevas aplicaciones para polímeros porosos. 

0.8.3 Capítulo VI. Estructuras de celda abierta 

De acuerdo con la estructura de esta tesis, en este capítulo se han llevado a cabo el estudio 

y la producción de estructuras de celda abierta en films delgados. De este capítulo se han obtenido 

los siguientes puntos: 

• Se ha realizado un amplio estudio sobre la formación de estructuras de celda abierta 

empleando mezclas de PMMA/MAM. Se han utilizado bajos y altos contenidos de 

MAM en dos tecnologías de producción diferentes (fuera del equilibrio, es decir, 

extrusión; y cerca del equilibrio, es decir, evaporación del solvente), y se han 

comparado los materiales obtenidos para comprender los parámetros clave en la 

obtención de estructuras interconectadas. 

• La ruta de producción resultó ser más decisiva de lo esperado. A bajos contenidos de 

MAM, el tamaño de las micelas esféricas formadas por el copolímero presentaba 

diferencias significativas entre la extrusión y la evaporación del solvente (de decenas 

a cientos de nanómetros, respectivamente). Según la nucleación heterogénea, el 

tamaño de las micelas determinará el tamaño de celda de la estructura celular, 

siendo más adecuadas las micelas más pequeñas para producir polímeros 

nanocelulares. 

• Por otro lado, una nanoestructuración co-continua promovida por altos contenidos 

de MAM deriva en espumas nanocelulares de celda abierta independientemente de 

la ruta de producción, siendo el MAM la fase que controla la nanoestructuración. 

• Además, en este trabajo se proporciona la primera confirmación experimental 

directa de que la nucleación se produce en la fase PBA del copolímero MAM. Se ha 

demostrado que se forma un núcleo de PMMA dentro de cada celda (con paredes 
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celulares de PMMA también), afirmando que la nucleación y luego, la expansión del 

polímero se ha localizado entre ellas, es decir, en la fase de PBA. 

• En cuanto a las pieles sólidas, las estructuras celulares fabricadas a partir de mezclas 

de PMMA/MAM presentaron espesores de piel sólida menores que las de PMMA 

homopolímero debido al efecto de la nucleación heterogénea. No obstante, estas 

muestras siguen siendo inadecuadas para aplicaciones de filtración sin una mayor 

reducción de la piel sólida. 

Por lo tanto, la ruta más apropiada para producir estructuras de celda abierta en films 

delgados (la ruta cercana al equilibrio mediante evaporación del solvente) ha resultado el uso de 

mezclas de PMMA/MAM a altos contenidos de MAM. Aunque estos resultados se lograron 

espumando los films en un molde metálico limitando su expansión, los conocimientos 

desarrollados en esta tesis se han extrapolado al segundo trabajo de este capítulo para producir 

films nanocelulares de celda abierta sin pieles sólidas en los bordes. Los principales logros son: 

• Se ha combinado una amplia selección de tres PMMA y cuatro MAM para estudiar la 

producción de nanoestructuras de celda abierta en función de sus propiedades físicas 

y su nanoestructuración. 

• Tres aspectos clave han sido decisivos para conseguir estructuras de celda abierta: el 

contenido en MAM, la fase PBA que controla la nucleación y el endurecimiento por 

deformación que determina el crecimiento celular. 

• En primer lugar, un alto contenido en MAM favorece una nanoestructuración co-

continua que, en algunos casos, evoluciona hacia una estructura de celda abierta. Sin 

embargo, este trabajo evidenció que deben tenerse en cuenta más aspectos en 

función del grado de MAM. 

• En segundo lugar, la presencia de PBA (es decir, el bloque blando del copolímero 

MAM) proporciona suficientes puntos de nucleación a lo largo de sus dominios, lo 

que permite conseguir estructuras totalmente interconectadas. 

• Y, en tercer lugar, la viscosidad de la matriz polimérica jugó un papel crítico para 

conseguir estructuras nanocelulares siendo posible en aquellos MAM que presentan 

un alto coeficiente de endurecimiento por deformación. Por el contrario, las mezclas 

a partir de MAM con propiedades viscoelásticas "blandas" (es decir, sin presentar 

endurecimiento por deformación) permiten alcanzar mayores expansiones celulares 
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obteniendo estructuras microcelulares debido a la degeneración celular durante la 

expansión. 

• Como colofón, la principal novedad de este trabajo fue conseguir estructuras de celda 

abierta en films delgados sin pieles sólidas incorporando la aproximación de la 

barrera de difusión de gas. Ambos objetivos (espumar films y evitar la formación de 

las pieles sólidas en los bordes) se han superado con éxito para proporcionar 

características adecuadas para el uso de estas estructuras interconectadas en nuevas 

aplicaciones. 

Así, en este capítulo se ha optimizado la producción de las estructuras de celda abierta, 

estudiando e identificando los parámetros clave para ello. Además, se ha desarrollado una nueva 

generación de materiales porosos producidos por espumado por disolución de gas mediante la 

fabricación de estructuras de celda abierta sin pieles sólidas, permitiendo su uso en aplicaciones 

como filtración, sensores, separación de gases y aislamiento acústico. 

0.8.4 Capítulo VII. Aplicaciones 

Algunas de las preguntas que la gente se hace con más frecuencia sobre la investigación 

son "¿para qué sirve la investigación?" y "¿cómo podría influir la investigación en su vida 

cotidiana?". En esta tesis se han empleado los avances obtenidos en el campo de los polímeros 

celulares para dar esas respuestas, buscando nuevas aplicaciones para estos materiales. Incluso 

quizás algún día, puedan convertirse en productos comerciales capaces de ayudar a la sociedad y 

la tecnología, recompensando todos los esfuerzos realizados en esta tesis. 

En este capítulo, se han evaluado diversas aplicaciones en polímeros celulares producidos 

gracias a las ventajas estudiadas en esta tesis mediante la técnica de la barrera de difusión de gas.  

En primer lugar, las fibras huecas con área superficial mejorada producidas en el Capítulo 

V se han probado como dispositivos de administración local de fármacos: 

• Aprovechando la morfología única de las fibras y las propiedades del PCL 

(mecánicamente estable, biocompatible y biodegradable), las fibras se han probado 

como sistemas de administración de fármacos. 

• La carga de fármaco se ha realizado mediante impregnación supercrítica de CO2 

alcanzando entre un 10-15 % en peso de carga de ibuprofeno dependiendo de la 

morfología porosa. 

• La liberación de fármaco en agua mostró que las fibras huecas con porosidad 

superficial mostraron una liberación constante durante un largo periodo de tiempo 
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(un día y medio), siendo adecuadas para aplicaciones de liberación local de fármacos 

colocados quirúrgicamente en el cuerpo o de aplicación cutánea como apósitos para 

heridas. Por el contrario, las fibras sólidas mostraron una rápida liberación del 

fármaco que puede ser perjudicial para la salud en este tipo de aplicaciones (Figura 

0.10). 

• Por lo tanto, la mejora del área superficial debida a la utilización de la barrera de 

difusión de gas durante el proceso de espumado ha dado lugar a fibras huecas con 

propiedades adecuadas en aplicaciones biomédicas. 

 
Figura 0.10. Esquema de la fabricación de fibras huecas, carga de ibuprofeno, y aplicación en liberación de 

fármacos. 

Además, en esta tesis se ha probado como novedad otra aplicación interesante de estas 

fibras huecas, evaluándolas como sensores electroquímicos. De este trabajo se pueden destacar 

las siguientes cuestiones: 

• Se han fabricado microfibras huecas con porosidad en su superficie mediante 

espumado por disolución de gas empleando la técnica de barrera de difusión de gas. 

• Se ha incorporado a las fibras un polímero conductor (PEDOT:PSS) como requisito 

básico para que funcionaran como dispositivos electroquímicos antes y después del 

espumado con fines comparativos. Se demostró que las fibras de PCL puro no pueden 

funcionar para esa aplicación debido a su comportamiento de aislante eléctrico. 
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• La incorporación del polímero conductor se llevó a cabo de diferentes maneras: 

añadido a las fibras sólidas sin espumar, añadido a las fibras sólidas antes de espumar 

y añadido a las fibras espumadas. Todas ellas, junto con las fibras de PCL puro, se 

caracterizaron mediante voltamperometría cíclica y espectroscopía de impedancia 

electroquímica. 

• Como era de esperar, la cantidad de PEDOT:PSS transferida a las fibras aumentó en 

función del área superficial de las fibras, siendo posible alcanzar mayores cargas 

incorporándolo tras el espumado. Una fina capa (cientos de nanómetros) de 

PEDOT:PSS recubre cada fibra individualmente, obteniéndose la funcionalización 

deseada. 

• Aunque la incorporación del PEDOT:PSS antes del espumado resulta en una cantidad 

transferida menor, el espumado permitió mejorar la adhesión entre ambos 

polímeros, así como mejorar su dispersión. De hecho, tras el espumado, el polímero 

conductor se situó tanto por fuera como por dentro de cada fibra, aumentando la 

respuesta electroquímica. 

• Aunque todas las fibras con recubrimiento de PEDOT:PSS presentaron buenas 

respuestas electroquímicas, las fibras espumadas proporcionaron el mejor 

rendimiento. Ciertamente, la mayor cantidad de polímero conductor transferido a las 

fibras ya espumadas permite mayores respuestas electroquímicas. Por otra parte, la 

respuesta electroquímica, la sensibilidad y la reproducibilidad de los sensores 

mejoraron sustancialmente en las fibras huecas obtenidas por espumado tras el 

procedimiento de recubrimiento sin perder eficacia hasta 50 ciclos de medidas. 

En cuanto a las aplicaciones sugeridas para las fibras huecas, el rendimiento tanto en la 

liberación de fármacos como en sensores se incrementó mediante los procedimientos de 

espumado que emplean la aproximación de la barrera de difusión de gas. Por un lado, se obtuvo 

una liberación controlada del fármaco y, por otro, el espumado permitió aumentar la respuesta 

de los sensores independientemente de la incorporación del polímero conductor (es decir, antes 

o después del espumado). Las propiedades mejoradas dadas por su alta superficie han permitido 

nuevas aplicaciones para los polímeros celulares, que es uno de los objetivos de esta tesis, 

ampliando así el rango de aplicación de estos materiales porosos. 

Buscando nuevas aplicaciones adicionales para los polímeros celulares, se han evaluado 

films con nanoestructuras de celda abierta y sin pieles sólidas en los bordes en aplicaciones de 

separación de gases. Los logros más destacables de este trabajo son los siguientes: 
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• Por primera vez se han producido membranas porosas con láminas densas de espesor 

controlado en los bordes mediante el espumado por disolución de gas. De nuevo, la 

aproximación de la barrera de difusión de gas ha permitido alcanzar este objetivo. 

• El rendimiento de estas membranas en aplicaciones de separación de gases se ha 

llevado a cabo en un dispositivo basado en la diferencia de presión a ambos lados de 

la membrana (time-lag), estudiando la permeabilidad, selectividad y permeancia de 

varios gases. 

• Se han creado estructuras totalmente interconectadas gracias a partir de la 

nanoestructuración del copolímero MAM, actuando como soporte mecánico de la 

membrana sin resistencia al flujo de gas. Además, la interconexión de la estructura 

celular se ha demostrado mediante cálculos teóricos de la lámina sólida efectiva a lo 

largo de la membrana, obteniéndose espesores inferiores a las bordes sólidos 

medidos. 

• El espesor de las capas densas en los bordes ha sido controlado por la barrera de 

difusión de gas, aumentando la permeancia al reducirlas. Las capas densas actuaron 

como capa selectiva, siendo el par de gases CO2/N2 el que mostró mejor 

comportamiento para los procesos de separación de gases. 

• Se ha desarrollado una nueva metodología basada en técnicas respetuosas con el 

medio ambiente (sin utilizar disolventes peligrosos ni generar residuos), para 

producir membranas porosas que pueden emplearse en aplicaciones de separación 

de gases. Por lo tanto, estas membranas podrían ser utilizadas en un ciclo de CO2, 

donde la recuperación de CO2 se utilizaría para fabricar nuevas membranas, siendo 

un proceso circular y sostenible (Figura 0.11). 

Como conclusión de este capítulo, cabe destacar que la nueva generación de polímeros 

celulares producidos a partir del uso de la barrera de difusión de gas ha demostrado ser válida en 

aplicaciones como el suministro de fármacos, sensores y la separación de gases. Por lo tanto, el 

objetivo de ampliar la gama de aplicaciones de los polímeros celulares se ha cumplido 

plenamente. 
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Figura 0.11. Esquema del ciclo sostenible de CO2 para la separación de gases y producción de nuevas 

membranas. 

0.9 Trabajo futuro 

Esta tesis es la primera investigación centrada en el estudio de los mecanismos del GDF 

con el objetivo de evitar la formación de las pieles sólidas en los bordes de los polímeros celulares. 

Aunque en esta investigación se han realizado avances científicos significativos, en esta sección se 

resumen algunas ideas para futuros trabajos: 

• De acuerdo con el proceso de saturación, no se ha explorado suficientemente la 

influencia del peso molecular en la mezcla polímero-gas. Sería interesante analizar el 

comportamiento retrógrado en sistemas PMMA-CO2 con pesos moleculares elevados 

(> 500 000 g/mol). 

• El enfoque de barrera de difusión de gas presentado en esta tesis puede emplearse 

en cualquier matriz polimérica con el mismo propósito. Además, la técnica de 

incorporación, así como el GDF, son técnicas fácilmente escalables para producir 

piezas de mayores dimensiones. Por lo tanto, se pueden producir prototipos a gran 

escala para seguir probando las nuevas aplicaciones mostradas en esta tesis. 

• Otra ventaja del enfoque de la barrera de difusión de gas es la posibilidad de espumar 

piezas extremadamente finas. Una cuestión interesante sería intentar espumar fibras 

poliméricas (o cualquier pieza basada en polímeros) con dimensiones nanométricas. 

Generalmente, la obtención de materiales porosos con áreas superficiales elevadas 

en el rango nanométrico presenta tantas dificultades como interés. Este problema 

puede resolverse mediante el uso de la aproximación de la barrera de difusión de 

gas. 
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• Las mezclas de PMMA/MAM ofrecen una variedad de nanoestructuras interesantes 

modificando el contenido de MAM, las propiedades físicas del MAM o la fase PBA, 

entre otras. Por lo tanto, existe un amplio abanico de posibilidades relacionadas con 

la estructura celular final con el objetivo de diseñarlas en función de los 

requerimientos de cada aplicación. 

• En cuanto a las espumas de celda abierta producidas a partir de mezclas de 

PMMA/MAM, la densidad relativa en polímeros nanocelulares puede optimizarse a 

partir del control de los parámetros de espumado, por ejemplo, añadiendo un 

proceso de espumado en dos pasos. 

• La obtención de polímeros celulares sin pieles sólidas en los bordes supone un logro 

muy destacable en este campo. Por ello, es interesante el estudio de las propiedades 

físicas de estos materiales mejorados. Por ejemplo, se podrían conseguir densidades 

relativas más bajas, conductividades térmicas más bajas reduciendo la contribución 

de la fase sólida en los bordes, aumentar su área superficial para que actúen como 

adhesivos, o incluso obtener estructuras celulares homogéneas que mejoren la 

transmisión de la luz en polímeros nanocelulares semitransparentes. 

• En esta tesis se han presentado algunas aplicaciones nuevas de los polímeros 

celulares, como la administración de fármacos, la detección en sensores y la 

separación de gases. Sin embargo, es necesario seguir investigando sobre estas 

aplicaciones para que se conviertan en un producto comercial.  

Por ejemplo, puede llevarse a cabo un control más preciso de la carga de fármaco 

modificando las condiciones de saturación durante la impregnación. Además, pueden 

realizarse ensayos in vivo en contacto con células vivas con el fin de validar la 

biocompatibilidad y la no toxicidad de estas fibras para aplicaciones biomédicas. 

De cara al desarrollo de mejores dispositivos sensores, tanto los procedimientos de 

funcionalización como los parámetros de espumado pueden optimizarse aún más 

para combinar y maximizar las ventajas de las mayores cargas de polímero conductor 

y la interacción/dispersión dentro de las fibras porosas poliméricas. 

En la aplicación de separación de gases, la metodología para crear membranas 

porosas con morfología asimétrica es muy adecuada en esa aplicación. Así, esta 

técnica puede extrapolarse a otros polímeros con mejores propiedades selectivas, 

eligiendo la matriz polimérica para obtener el mejor rendimiento en función del par 

de gases que se desee separar. 
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Como conclusión, las limitaciones superadas en el proceso de GDF han permitido nuevas 

aplicaciones para los polímeros celulares, pero este camino no ha hecho más que comenzar con 

esta tesis. Ciertamente, la aproximación de la barrera de difusión de gas se ha desarrollado de la 

manera más adecuada para ser incorporada directamente a los procesos de GDF de una forma 

sencilla.  El estudio de las propiedades físicas de estos materiales porosos mejorados y su rango 

de aplicaciones debe ser investigado en profundidad con el objetivo de ofrecer soluciones a 

muchos sectores industriales, a la sociedad y a la tecnología.  Esta humilde contribución al campo 

de los polímeros celulares está llamada a situar a estos materiales porosos en la vanguardia de los 

materiales avanzados del futuro. 
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1.1 General overview 

The books have always divided the history in periods or stages depending on human 

habits, technology, society, the kind of government, or the geologic ages. The history may also be 

divided as a function of the most used materials in each period, being stone, wood, and metal 

among others the most relevant raw materials in their own age. Certainly, one might say that for 

last 100 years society and technology are immersed into ‘The Plastics Age’ since plastics and the 

petroleum products fill a large part of the materials market. In despite of the large variety of 

materials currently used, plastics dominates the market thanks to their properties and, 

particularly, by their low cost. According to the Plastics Europe Market Research Group [1,2], the 

amount of plastic produced by the industry has grown significantly from 1.5 million of tons in 1950 

to 391 million of tons in 2021. Furthermore, the global plastic market size is expected to grow 

from USD 593 to 812 billion between 2022 and 2030 [3]. Although the market is still rising, the 

general trends in society and industry move towards reducing the plastic consumption. 

In the last decades, the movement towards recycling plastic waste and reducing the use 

of plastic-based products has permeated deeply in the society and the industry. However, it seems 

that it is a difficult challenge living without plastic, at least for the time being. As a suitable 

alternative, the current trend is to fabricate more sustainable products and reducing the amount 

of raw material employed. One of the paths for reducing the amount of plastic used is introducing 

a gaseous phase and creating gas pores inside the plastic matrix and thus decreasing the material 

density. In this way, an effective solution can be found in low density materials such as foams, also 

known as cellular polymers, which were firstly developed in 1849 by Wurtz and Hoffman 

producing PU1 foams [4]. However, they were not exploited and commercialized till the 30s. At 

that time, cellular polymers were characterized by presenting a gas phase distributed in cells with 

sizes above 100 µm [5]. However, cellular structures had always been present in several natural 

materials and tissues such as bones, wood, or honeycombs, among others (Figure 1.1) [6]. The 

introduction of the gas phase, in addition to density reduction, provides new interesting 

properties to these materials such as low thermal conductivity [7,8], allowing cellular polymers 

being employed as thermal insulators in automotive, aeronautic, and building industries [9]. 

 
1 PU: poly(urethane) 
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Figure 1.1. Examples of both natural and artificial cellular structures. 

The pioneer cellular polymers aroused great interest and their continuous development 

allowed decreasing their cell size at 80s, first from conventional cellular polymers to microcellular 

ones (below 10µm), and then, from microcellular to nanocellular polymers (cell size below 1 µm) 

[10]. It has been widely proved that reducing cell size offers an enhancement on the physical 

properties [11–13]. For instance, mechanical properties such Young’s modulus, tensile fracture, 

strain to failure, or impact resistance  show higher values by decreasing the cell size [14–16]. On 

the other hand, reducing the cell size below the micron not only leads to a mechanical properties 

enhancement, but the thermal conductivity in nanocellular polymers is extremely reduced by the 

appearance of the Knudsen effect [17,18]. Besides, decreasing the cell size until tens of 

nanometers allows reaching materials with unexpected optical properties such as semi-

transparent nanocelullar polymers [19]. For instance,  Rayleigh scattering has been investigated 

in nanocellular structures such as aerogels or nanocellular polymers reaching high values of light 

transmittance when the cell size is in the nanoscale [20–22]. Therefore, an outstanding 

combination of physical properties together with their lightness and cheapness make nanocellular 

polymers promising materials for many applications in several sectors. 

One of most difficult challenges for obtaining nanocellular polymers is controlling the 

cellular structure by tuning the fabrication process. There are several methods based on bottom-

up techniques, such as phase inversion, sol-gel, removing one block in block copolymers, or 

template synthesis [23–27]. Moreover, nanocellular polymers can be obtained from gas 

dissolution foaming (GDF) using scCO2 as a blowing agent [8,12,28]. Among all methods for 

fabricating nanocellular polymers, the GDF highlights due to three main reasons: a) it allows 
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controlling the pore size from the saturation and foaming parameters, b) it is less harmful for the 

environment than other approaches which use organic solvents, and c) it allows producing large 

scale pieces for industrial applications using a batch foaming approach or even by extrusion and 

by injection moulding [29–33]. This thesis will be focused on the use of this technology to produce 

cellular polymers with very specific characteristics.  

The Chapter I (Introduction) is divided in several sections. First, the framework of this 

thesis is explained in order to detail the context of the thesis. Then, a summary of the state of art 

is provided continuing with the aim of the thesis where the objectives are discussed. Also, the 

main novelties and innovative research performed in this thesis are highlighted. After, a detailed 

scheme of this thesis is included in order to offer a global overview of the investigation. In the 

section Thesis activities the publications, courses, conferences, and stays carried out during this 

period are presented. Finally, references corresponding to this chapter are enumerated. 

1.2 Framework of the thesis 

The result of this thesis is part of the investigation of the CellMat Laboratory which 

belongs to the Condensed Matter Physics, Crystallography, and Mineralogy Department at the 

University of Valladolid (Spain). The thesis has been supervised by Prof. Dr. Javier Pinto and Prof. 

Dr. Miguel Ángel Rodríguez-Pérez. The financial support corresponds to the Ministry of Science 

and Innovation of Spain which funded the project entitled Transparent Nanocellular Polymers and 

Thermal Insulators: Fabrication, Characterization, and Process-Structure-Properties Relationship 

(FPI grant, PRE2019-088820). 

CellMat Laboratory was founded in 1999 by Prof. José Antonio de Saja and Prof. Miguel 

Angel Rodríguez-Pérez. At the beginning, most of the activities were focused on the 

characterization of (commercial) cellular materials. The main research topics were the evaluation 

of the structure-properties relationship in polymer (mainly polyolefin based) foams and the 

analytical modelling of the physical properties of polyolefin foams [34–36]. After a few years, the 

research topics were extended to the production of polymeric foams both by chemical and 

physical blowing agents [37–39]. As the knowledge of the laboratory in the cellular materials field 

increased, new research lines began to open over the time, such as metal foams [40,41], 

microcellular polymers [42,43], bioplastic foams [44,45], nanocomposite foams [46,47], poly-

urethane foams [48–51] and nanocellular polymers. The activity of CellMat Laboratory can be 

summarized in the materials tetrahedral scheme that takes into account the relationship between 

production-structure-properties-applications (Figure 1.2). 
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Figure 1.2. The tetrahedron of materials science in which CellMat bases its research activity. 

From all that precedent knowledge, a spin-off company called CellMat Technologies SL 

was created in 2012 with the aim of transferring all the experience in the cellular materials field 

to the industry. The spin-off creation has allowed enhancing the impact and the international 

outreach of the investigation carried out in CellMat Laboratory. 

One of the most important contributions from CellMat Laboratory to this field is  the 

development of nanocellular polymers [11,30,52,53]. This research started with the thesis of Prof. 

Dr. Javier Pinto and is still a hot topic nowadays, producing a significant quantity of publications 

and projects thanks to the impact of this field on the industry and society. In addition, based on 

the investigation on these materials new research lines emerged in CellMat in recent years, such 

as the production and characterization of aerogels [22,54] and the investigation of the thermal 

conductivity in nanocellular polymers [55,56]. 

From these precedents, the investigation about nanocellular polymers and their 

fabrication process by gas dissolution foaming has been extended and deepen in the present 

thesis. On the one hand, the fabrication process has been studied in order to solve some 

limitations which has been identified in the past about the production of cellular polymers by this 

approach. The study was focused on understanding the diffusion mechanisms and the 

enhancement of solubility with the aim of obtaining homogeneous cellular structures without 

solid skins. Furthermore, novel approximations were investigated to overcome that current 

limitations concerning the foaming of the reduced size systems (films and microfibres). On the 

other hand, open-cell structures were explored by using the block copolymer approach. 

Moreover, the development of cellular polymers with a fully interconnected structure and without 

solid skins has been explored in pursuit of new applications for these materials. 
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1.3 Summary of the state of art 

1.3.1 Cellular polymers 

Cellular polymers are biphasic materials composed of a solid phase which includes a 

polymer-based matrix and a gas phase distributed in cells. Different classifications of cellular 

polymers can be performed based on their cellular structure. Depending on the cell morphology 

the gas phase can be continuous (Open-cell structure) where cells are interconnected with each 

other or discontinuous (Close-cell structure) where gas phase is enclosed in individual cells. 

Attending to their cell size (Figure 1.3), cellular polymers can be classified in conventional cellular 

polymers (cell size > 100 µm, and cell densities < 106 cells/cm3), fine-celled cellular polymers (10 

µm < cell size < 100 µm, and 106 cells/cm3 < cell densities < 109 cells/cm3), microcellular polymers 

(1 µm < cell size < 10 µm, and 109 cells/cm3 < cell densities < 1012 cells/cm3), and nanocellular 

polymers (cell size < 1 µm, and cell densities > 1012 cells/cm3) [57].  

 
Figure 1.3. SEM micrographs as examples of conventional (left), micro (center), and nanocellular (right) 

polymers. 

1.3.2 Gas Dissolution Foaming (GDF) 

Gas dissolution foaming had revealed from its creation as one of the most interesting 

methods to fabricate cellular polymers [8]. The process is based on the dissolution of a gas into 

the polymer with the aim of create cells that can grow and stabilize, forming a cellular structure. 

This technique has been identified as an effective and sustainable process in comparison to others 

which employ blowing agents originated from a chemical reaction or the decomposition of a 

chemical product. It has been demonstrated that processes based on chemical blowing agents 

include harmful substances leaving some pollutants after the process [23,58,59]. In addition, the 

use of chemical blowing agents has not accomplished yet the fabrication of nanocellular polymers, 

being the majority of them achieved by employing physical blowing agents [12,57].  

Among all blowing agents used in physical GDF, CO2 was selected as the preferable gas in 

order to replace gases as CFCs2 and HCFCs3, banned due to their contribution to the ozone 

 
2 CFCs: chlorofluorocarbons 
3 HCFCs: hydrochlorofluorocarbons 
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depletion and global warming [29,60]. Moreover, CO2, which is an innocuous gas, presents easily 

accessible supercritical conditions (31 °C, 7.3 MPa) which make possible working with the 

advantages of the supercritical fluids (higher diffusivity in the supercritical state) in the solid-state 

foaming [61]. GDF is, up to now, the best t for producing nanocellular polymers using 

environmentally friendly method. 

GDF is composed of the three following stages. Figure 1.4 shows the scheme of the 

process highlighting the main important parameters in each stage. 

• Saturation stage: a polymer is placed into a pressure vessel and high pressure is applied 

while both pressure and temperature parameters are controlled during the saturation 

process. During this stage, it should be highlighted the depletion of the glass transition 

temperature (Tg) [62–64] (in amorphous polymers), showing a plasticization effect when 

the gas solubilizes into the polymer that will be explained in detail in the next chapter. It 

is considered that the saturation step is concluded when the polymer reaches the 

maximum solubility at the mentioned conditions (pressure and temperature). 

• Desorption stage: the pressure inside the vessel is fast released and the polymer enters 

into a supersaturated state.[65,66]. At this moment two mechanisms are taking place. 

First, the supersaturated state promotes thermodynamical instabilities in the polymer 

creating some preferable locations for the gas molecules (nucleation sites). Second, the 

gas starts to diffuse out of the polymer and the gas concentration decreases, particularly 

in the edges [67,68]. In those regions, it can be considered that the nucleation time (time 

that the gas requires to form a nucleus) is higher than the time required for the gas 

molecules to diffuse out of the polymer sample. Thus, no nuclei and, therefore, no cells 

are obtained in the edges of the polymer sample. 

• Foaming stage: the nucleation sites created in the previous stage can grow to became in 

cells by overcoming a minimum level of energy (Gibbs free energy barrier) [69]. Cell 

growth also induces a macroscopic expansion of the polymer with a significant density 

reduction. Again, two possibilities may occur at this step. If the glass transition 

temperature of the polymer-gas mixture (i.e., the effective glass transition temperature 

(Tg eff)) is lower than the saturation temperature (Tsat), the cells can grow almost 

simultaneously with the nuclei formation and this process is called one-step foaming [70]. 

On the other hand, if the effective glass transition temperature is higher than the 

saturation temperature, the foaming is carried out by increasing the polymer temperature 

(two-steps foaming) [8]. This step can be carried out in an external thermal bath, in hot 
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mould, in an oven or even into a microwave. In this case, the foaming temperature and 

time are critical parameters to the final cellular structure [30,62].  

 
Figure 1.4. Scheme of the gas dissolution foaming process highlighting the important parameters in each 

stage. Abbreviations: effective glass transition temperature (Tg eff), saturation temperature (Tsat)  

As a final result after the GDF, a piece of polymer which comprehends a homogeneous 

cellular core in the centre, non-foamed solid skins in the edges, and a cell size gradient between 

both is obtained (Figure 1.5) [71–73]. This symmetric morphology derives from the diffusion 

process which takes place in the desorption stage. The formation of the solid skins in the edges of 

the cellular polymers has been identified as a major trouble for using these materials in some 

applications which demand exposing the cellular structures to external mediums, such as water 

remediation, sensing, gas separation, as transparent thermal insulators, acoustic absorption, 

dampening vibrations, or in tissue engineering [52,74–87]. The formation of the solid skins and its 

drawback will be discussed in the next section Limits and challenges of GDF. 

 
Figure 1.5. Scheme (left) and real appearance (right) of the morphology from a cellular polymer produced 

by GDF. 

From its first development, GDF has been widely explored using different polymer 

matrices and even polymer mixtures or filled-polymer composites. Attending to the solid 
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precursor used in GDF, two different strategies for fabricating cellular polymers can be described: 

homogeneous nucleation and heterogeneous nucleation. 

Homogeneous nucleation is referred to cellular polymers fabricated by GDF from pristine 

polymers. In this case, the morphology of the cellular structure is strongly affected by the 

saturation and the foaming parameters [12,30,69,88]. The final cellular structure depends on the 

nucleation density created in the desorption step, being the pressure drop ratio and the gas 

concentration the main responsible features of the cellular structure. First, higher pressure drop 

ratios promote more instability encouraging the nucleation in the polymer-gas mixture. And 

second, although the gas solubility is an intrinsic property of each polymer, it has been proved 

that higher gas solubilities are related to higher cell densities and lower cell sizes, enabling 

nanocellular structures. Generally, the gas solubility in homogeneous nucleation approach is 

increased by using extreme saturation conditions, i.e., by a pressure increment or by a 

temperature decrease. On the other hand, the foaming parameters should be also controlled in 

order to obtain the desired cellular structures. The foaming temperature and time should be 

adjusted with the aim of reducing the foam density, allowing the maximum cellular growth while 

avoiding cell walls break and/or cells coalescence.  Besides, the foaming parameters should be 

fixed properly for each polymer matrix and each pair of saturation conditions for precluding 

degeneration mechanisms, since the gas solubility at the foaming time plays an important role in 

the cell growth [89,90]. Therefore, saturation, desorption, and foaming parameters, as well as 

polymer properties (e.g., glass transition temperature, viscosity, gas solubility…), have to be taken 

into account for achieving homogeneous and controlled cellular structures. 

Furthermore, heterogeneous nucleation consists of creating a cellular structure by GDF 

from systems with at least two phases. This approach takes advantage from the idea of the Gibbs 

free energy reduction in the interfacial surfaces between two phases, where the nucleation is 

encouraged [12,57,69,91]. The heterogeneous nucleation strategy is accomplished by introducing 

particles into a polymer matrix [46,92–94], by mixing polymer blends [95–97], or by block 

copolymers addition [98–100]. In the first approach, the particle density should be in the same 

order of magnitude or higher than the desired nucleation density. Thus, the particle dispersion is 

a critical parameter which will determine the achievable nucleation [101]. In the best theoretical 

case, each particle will contribute to one nucleating site, but usually the efficiency on the 

nucleation (i.e., the nucleation density divided by the particle density) is much less than one. 

Moreover, the cell size is determined by the size of the nucleating agent. On the one hand, the 

size of the cell will be higher than the particle, being the particle size a minimum to the cell size 
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obtained. Thus, the use of nanoparticles as small as possible is pursued to reduce the cell size in 

the production of nanocellular polymers. On the other hand, the particle size should be in the 

order of magnitude or higher respect to the critical radius. The critical radius is defined as the 

minimum size which a nucleus needs to become into a cell (i.e., below this size the nucleus will be 

unstable and disappear). It is an intrinsic parameter of each gas-polymer system that is 

determined from the gas pressure difference (inside and outside the bubble) and their interfacial 

tensions [12,102].  In a second approximation, polymer blends are used in order to increase the 

nucleation in the interfaces of both by the accumulation of more gas molecules in these regions, 

reducing the energy needed to form a cell. Same approach is employed by adding block 

copolymers. In this case, the nucleation is induced from the nanostructurated phases whose 

presence reduces the energy needed to form nuclei. Generally, micelles or other nanostructures 

formed by block or random copolymers are able to produce nanocellular structures by GDF. In 

addition, nucleating agents which presents CO2-philicity, both nanoparticles or block copolymers, 

also reinforce the nucleation capacity becoming more effective nucleating agents [52,103]. In 

summary, in the heterogeneous nucleation approach, the nucleation is less affected from the 

process parameters in contrast to the homogeneous approach, where saturation and foaming 

conditions are decisive for the cellular structure. Therefore, the kind of blend (polymer/particle, 

polymer/polymer, or polymer/block copolymer), the particle or nanodomain size, the nucleating 

agent amount and its dispersion, and their CO2-philicity are decisive parameters on the nucleation 

and thus on the cellular structure. 

1.3.3 Limits and challenges of GDF 

The advantages of the GDF, that have been described above, have allowed to attain many 

challenges in the cellular polymers field for more than 40 years. Nevertheless, as the knowledge 

increases new challenges emerge from the last research topics that make the field growing 

continuously. Among the main challenges proposed in the last years, it can be highlighted the 

achievement of low-density nanocellular polymers for reducing the thermal conductivity. At the 

same time, the radiation contribution on the thermal conductivity should be mitigated when cell 

size is decreased to the nano scale  [104,105]. Solving both challenges together would result in 

super-insulating materials for building or automotive sectors, among others. According to the 

thermal conductivity, transparent nanocellular polymers with excellent properties for thermal 

insulation have been investigated [19]. In this case, their application could be extended to 

insulating windows, contributing to high reductions on the climatization costs in buildings. 

However, the formation of the non-foamed solid skins in the edges of the polymers is currently 

limiting the mentioned applications as well as their physical properties. 
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On the other hand, the development of nanocellular polymers is not only focused on 

reducing the cell size for enhancing the thermal properties. The advantages of obtaining open-cell 

(OC) structures in nanocellular polymers could extend the range of application of these materials. 

In fact, OC structures have been successfully produced by employing the heterogeneous 

nucleation using block copolymer blends [52,106]. However, these materials are not able to be 

used in applications such as filtration, sensing, or gas storage due to a great limitation which 

present the cellular polymers produced by GDF, i.e., the presence of non-foamed solid skins in 

their edges (see Section 1.3.2 Gas Dissolution Foaming (GDF)) [73]. This drawback also affects to 

the challenges previously mentioned because the solid skins promote a negative impact to some 

physical properties (e.g., thermal conductivity and density increase with the solid phase presence). 

In addition, solid skins avoid the mass transport through the cellular structure hindering their 

application as filters, sensors, or in catalytic processes, among others. Therefore, several efforts 

have been carried out to solve this limitation, nevertheless the results obtained have not been 

very successful. This issue will be discussed in the Chapter II State of Art. 

 Looking forward to overcoming this challenge, it is necessary to deepen on its origin. The 

solid skins appear due to the diffusion process which takes place at the desorption step. The fast 

diffusivity of the gas, promotes a gradient in the gas concentration along the polymer thickness, 

being full saturated in the centre and with negligible gas levels in the edges (Figure 1.6). Therefore, 

a similar gradient in the cellular structure is obtained as a function of the cell size: homogeneous 

cellular structure in the centre, solid skins in the edges, and a gradient region between them in 

which cell size and cell density are different. In consequence, some works tried to remove the 

solid skins after the process in order to take advantage of the physical properties of the foamed 

core and enabling some application for these materials. However, polishing, cutting, or drilling the 

solid skins with the aim of exposing the cellular structure to the external medium promotes also 

several damages in the cellular structure [79,107]. Therefore, the cellular polymers field requires 

the development of a process that removes the solid skins in cellular polymers during the GDF. 

The limitations induced by the gas diffusion out of the polymer samples after the 

saturation step are even more dramatic when the polymer sample dimensions are reduced to the 

same order of magnitude of the solid skins (tens or hundreds of microns), trying to produce porous 

thin films by GDF. Currently, it has not been possible to produce cellular structures in thin films by 

GDF without compromising the foam density or the cellular structure itself and in most of the 

cases constrained systems have been used. Again, the gas diffusion out of the sample is faster 

than the nucleation time hindering the formation of cells. Accordingly, micro and sub-micro metric 
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systems cannot be foamed by the classical process of GDF. Therefore, controlling the rapid gas 

diffusivity and keeping high gas concentration inside the sample for some time seem to be key 

aspects to study for overcoming the formation of the non-foamed solid skins and achieving the 

foaming of reduced-thickness systems. In this way, Orsi et al. [108] produced hollow micro and 

nanoparticles in GDF by using a gas diffusion barrier around the particles that fulfils those 

requirements. Nonetheless, the gas barrier approach has not been tested in bulk samples or in 

the foaming of thin polymer films. 

 
Figure 1.6. Gas concentration profile (desorption stage) evolving to cell gradient morphology (foaming 

stage). 

1.4 Aim of the thesis 

The work of this thesis is focused to further develop the nanocellular polymers production 

routes and their potential applications, based on the previous knowledge generated in CellMat 

Laboratory. The main objective of this thesis is exploring the limits of the most common 

fabrication process of nanocellular polymers, the gas dissolution foaming. This general objective 

is achieved by fulfilling three specific objectives. First, the study of the GDF in order to identify its 

limitations aiming to enhance the understanding of the physical mechanisms involved in the 

process, and then offer a proposal for solving the current constrains such as the formation of the 

solid skins. Second, once the main troubles related to the gas concentration in the edges are 

identified, exploring the use of the gas diffusion barriers in GDF to avoid the formation of the solid 

skins in bulk samples. Then, testing the same technique with reduced-thickness samples such as 

thin films and microfibres, pursuing the successful foaming of these systems without constrains 

for the first time. And third, producing open-cell structures by optimizing the block copolymers 

approach in thin films, trying to interconnect the inner cellular structure with the external 



 

 

64 
 

   

Chapter I. Introduction 

   

medium, pursuing the use of these open cell nanocellular polymers in new applications for 

nanocellular polymers never seen before. 

a) Exploring the limits of the GDF 

The main drawback related to the fabrication of cellular polymers by GDF was 

exposed in the last section (1.3.3 Limits and challenges of GDF), i.e., the formation of the non-

foamed solid skins. The principal disadvantages of the non-foamed solid skins are the limits 

established in some physical properties, the encapsulation of the cellular structure without 

exposition to the external medium, or the limitation for certain applications. Therefore, the 

following procedures are suggested for exploring the limits of the GDF: 

• Identifying the limitations of the GDF and reviewing the precedent attempts to 

overcome these limitations in the literature. It is important to know the main 

drawbacks of the resulted cellular polymers with non-foamed solid skins in the edges 

and what approximations has been tried for eliminating them in the previous 

literature.  

• Studying the mechanisms involved in the GDF. As the formation of the solid skins is 

related to the gas diffusivity and also to a poor gas concentration in the edges at the 

foaming stage, both parameters will be investigated in PMMA4, one of the most used 

polymers in GDF due to its affinity to CO2. In addition, the understanding of the 

behaviour of the polymer-gas mixture (rubbery-glass transitions occurred also in the 

edges when the gas is diffusing out) provides interesting details related to the 

diffusivity and solubility parameters.  

After understanding the foaming mechanisms and polymer-CO2 interactions, new 

solutions aiming for keeping a suitable gas concentration in the polymer matrix at 

the foaming time, and especially in the edges are explored. For this purpose, the 

incorporation of nucleating agents which present CO2-philicity has been previously 

investigated in block copolymers with high CO2-affinity nanocomposites. In this 

research, MOF nanoparticles acting as a CO2 reservoir accumulating additional gas to 

increase the total solubility of the nanocomposites are incorporated to PS5 

composites. This is an interesting approach in heterogeneous nucleation, but without 

solving the issue of the fast gas diffusivity in homopolymers. 

 
4 PMMA: poly(methyl methacrylate) 
5 PS: poly(styrene) 
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b) Incorporating the gas diffusion barrier approach to GDF 

Another approximation for enhancing the solubility is delaying the diffusivity in the 

desorption stage in order to maintain the gas concentration as higher as possible along the 

entire polymer sample. In this case, the concept is based on the incorporation of a gas 

diffusion barrier on the external surfaces of the polymer. Thus, the diffusivity through those 

faces should be reduced and the gas concentration in the region close to the edges should be 

higher than those reached in polymers foamed without the gas diffusion barrier.  The aim is 

to use a polymer which presents a very low CO2 diffusivity as a gas diffusion barrier with the 

aim of reaching the following objectives: 

• Avoid the formation of the non-foamed solid skins in bulk samples. The possibility of 

foaming the edges of the polymer may induce benefits in the cellular structure such 

as more homogeneity, density reduction, physical properties enhancement, or even 

porous surfaces which allow exposing the cellular structure to the external medium. 

• Foaming thin films with similar thickness as the solid skins by GDF. By incorporating 

the gas diffusion barrier approach, the challenge in this case is to successfully obtain 

foamed thin films without compromising their geometry or their expansion, 

regardless the polymer basis or the foaming conditions. It is important to note that 

this challenge has not been accomplished yet. 

• Foaming polymer microfibres. The aim is to induce the formation of porosity in 

micrometric fibres in order to modify their morphology and increase their surface 

area. Then, evaluate their performance in applications which demands porous fibres 

with high surface area, such as in biomedical applications as a drug delivery system, 

and in sensing applications as an electrochemical sensor. In this research, a 

biodegradable polymer (PCL6) has been employed with the aim of producing porous 

biodegradable microfibres fabricated by a green process. 

c) Producing open-cell structures in thin films 

The use of mixtures of PMMA with MAM7 triblock copolymer has led to open-cell 

nanocellular polymers fabricated in bulk samples. Starting from this previous knowledge the 

following objectives have been considered:  

• Studying the extrapolation of open-cell structures from bulk to film samples. It is 

known that it is possible to produce open-cell structures in bulk samples from block 

 
6 PCL: poly(caprolactone) 
7 MAM: methyl methacrylate-b–butyl acrylate-b–methyl methacrylate 
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copolymers. The aim is to achieve and optimize the interconnected open-cell 

structures in thinner samples, such as thin films, using the block copolymers 

approach. 

• Producing open-cell nanocellular thin films without solid skins. By employing the 

knowledge about the gas diffusion barrier, the aim is to merge the heterogeneous 

nucleation using block copolymers with the gas diffusion barrier technique to 

produce whole foamed open-cell nanocellular films without solid skins. 

• Pursuit of new applications. As conclusion, the fabrication of membranes without 

non-foamed solid skin with interconnected structures enables their use in a new 

range of applications for nanocellular polymers, such as scaffolds, sensing, or gas 

separation, among others. Then, the final aim of this thesis is to test the performance 

of the produced porous polymers in one of these possible applications. The one 

selected has been  gas separation membranes. 

1.5 Innovation and advantages 

Taking into account the objectives of this thesis, several novelties with the respect current 

state of the art has been reached. These novelties are listed in this section and will be discussed 

in detail along this manuscript.  

• The limitations of the GDF have been explored in order to optimize the foaming 

methodology and results. 

• Solubility and diffusivity have been pointed out as key parameters for solving the 

limitations of the GDF. 

• The mechanisms which promote the change from glassy to rubbery state in PMMA were 

studied in-situ by optical properties variations. 

• The retrograde behaviour of the PMMA-CO2 was investigated by optical properties, 

validating this methodology for the rubbery-glassy transition. 

• By the same technique, the transition to rubbery state in PMMA was determined at very 

low pressures for first time by decreasing the temperature. 

• New routes on heterogeneous nucleation were explored by introducing CO2-philic 

nanoparticles in a polymer matrix to increase the nucleation effect. 

• The nucleation efficiency by adding CO2-philic nanoparticles was significantly increased 

respect to previous results in the literature on heterogeneous nucleation without CO2 

affinity. 
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• The drawback related with the fast diffusivity in the desorption stage by GDF was 

mitigated by introducing a flexible gas diffusion barrier in the external faces of the 

polymer. 

• Skinless cellular polymers with enhanced properties have been fabricated by employing 

the gas diffusion barrier technique in GDF. 

• The cellular polymers fabricated employing the gas barrier technique present unexpected 

porosity on the surface, which may be interconnected to the inner cellular structure. 

• The same approach was employed to overcome the limitation on the foaming of thin films 

by GDF, obtaining whole foamed thin films. 

• Moreover, the morphology of polymeric microfibres has been modified by creating axial 

holes along the fibres and porosity on their surface by GDF for the first time. 

• Hollow microfibres have been evaluated in two different applications such as drug 

delivery systems in biomedical applications and as electrochemical sensors. 

• The gas barrier approach has been also extrapolated to membranes in order to achieve 

open-cell nanocellular thin films without solid skins. Thus, the whole cellular structure is 

interconnected and exposed to external mediums. 

• Open-cell membranes have been validated for performing as gas separation membranes 

thanks to the use of the gas diffusion barrier approach. 

Finally, it should be pointed out that the gas diffusion barrier technique developed and 

widely employed in this work for fabricating skinless polymer foams, whole foamed films, porous 

microfibres, and open-cell nanocellular films has been protected by a patent as a novel approach 

in GDF. 

1.6 Thesis structure 

This thesis is written as a compendium of publications. Nine scientific papers have been 

included into this thesis (two of them are pending of acceptance). Also, this thesis fulfils the 

requirements to be accredited with the International Mention. The work presented in this thesis 

is divided into eight Chapters and two Appendixes, containing the following information: 

Chapter I. Introduction: a brief overview of cellular materials is given. The framework of 

this thesis is explained, followed by a summary of state of art the pursued objectives and the 

innovations. A summary of the scientific publications, conferences, and projects concerning to this 

work is also presented. 
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Chapter II. State of art: an extent review about nanocellular polymer, their production 

approaches based on GDF (homogeneous and heterogeneous nucleation), the mechanisms 

involved in that process, and the current limitations that present the GDF are described. Besides, 

the perspectives and the challenges on that field in the las decade are discussed in a review. 

Finally, the main limitation of the GDF (i.e., the solid skins formation in the edges) is analysed in 

the precedent literature, taking into account the previous attempts on removing them. 

Chapter III. Experimental section: the materials, all production methods (solids and 

foams), and the characterization techniques employed in this thesis are explained. 

Chapter IV. Gas concentration as a key parameter: two publications compose this 

chapter. One of them analyse the mechanisms involved in the saturation stage during GDF. It is 

focused on how the gas concentration affects to the polymer-gas mixture (PMMA-CO2) by 

determining the effective glass transition temperature as a function of the saturation parameters 

(pressure and temperature). The second one aims to evaluate the effect of the gas concentration 

and the foamability on the cellular structure by introducing nanoparticles with CO2-philicity as 

nucleating agents. 

Chapter V. Gas diffusion barrier approach: the suggested approach to avoid the 

formation of the solid skins, foaming thin films, and inducing porosity in micrometric systems is 

presented in this chapter. The effectiveness of the gas diffusion barrier approach in GDF is 

evaluated in two publications. First, the methodology of the gas barrier incorporation to GDF is 

tested in bulk samples and thin films. Second, the technique is extrapolated to micrometric fibres 

in order to induce porosity in these systems. Moreover, porous and solid microfibres are tested 

as drug delivery systems. 

Chapter VI. Open-cell structures: two additional publications comprise this chapter. First, 

interesting open-cell structures obtained in the past from PMMA/MAM blends are extrapolated 

from bulk to thin films, discussing the differences between the nanostructuration by producing 

the samples out of equilibrium (extrusion) and near-equilibrium (casting). In the second 

publication, the nanostructuration from several PMMA/MAM blends is analysed with the aim of 

optimizing the cellular structure in this kind of polymer blends. Moreover, the gas diffusion barrier 

approach was incorporated for further improvement of the cellular structure as well as the 

obtention of open-cell foams without solid skins in the edges. 

Chapter VII. Applications: one of the aims of this thesis is enabling the use of cellular 

polymers in some applications that are currently limited. In this chapter, two different applications 
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such as sensing, and gas separation are tested in cellular polymers created from the gas barrier 

approach in GDF. First, porous microfibres have been evaluated as electrochemical sensors by 

introducing a conductive polymer in the fibres. Second, open-cell and close-cell foams with and 

without solid skins are proved as gas separation membranes by employing several gases. 

Chapter VIII. Conclusions: main findings of this thesis are presented in this last chapter. 

The novel results are highlighted and related to the proposed objectives. Finally, future work and 

new research topics are suggested. 

Appendix A: the document of the patent regarding the use of the gas diffusion barrier 

approach has been included. 

1.7 Thesis activities 

1.7.1 Publications 

This section comprises all the publications, patents, courses, contributions in conferences, 

and stays performed along the thesis period. First, this thesis is written by a compendium of 

publications.  The nine publications which compose this thesis are showed in Table 1.1. Seven of 

them are already published in international journals and the other two are pending of publication. 

Also, the quartile (Q) and the impact factor (IF) of each publication are indicated in the table. Other 

publications as co-author not included in this thesis are presented in Table 1.2. 

Table 1.1 
Publications contained in this thesis manuscript. 

Article reference Chapter Q/IF 

Cuadra-Rodriguez, D.; Barroso-Solares, S.; Pinto, J. Advanced Nanocellular 
Foams: Perspectives on the Current Knowledge and Challenges. 
Nanomaterials 2021, 11, 621, doi:10.3390/nano11030621. 

2 Q1/5.72 

Cuadra-Rodríguez, D.; Carrascal, D.; Solórzano, E.; Pérez, M.A.R.; Pinto, J. 
Analysis of the Retrograde Behavior in PMMA-CO2 Systems by Measuring 
the (Effective) Glass Transition Temperature Using Refractive Index 
Variations. J. Supercrit. Fluids 2021, 170, 105159, 
doi:10.1016/j.supflu.2020.105159. 

4 Q1/4.51 

Cuadra-Rodríguez, D.; Qi, X.-L.; Barroso-Solares, S.; Pérez, M.Á.R.; Pinto, J. 
Microcellular Foams Production from Nanocomposites Based on PS Using 
MOF Nanoparticles with Enhanced CO2 Properties as Nucleating Agent. J. 
Cell. Plast. 2022, 58, doi:https://doi.org/10.1177/0021955X221087599. 

4 Q2/3.07 

Cuadra-Rodríguez, D.; Barroso-Solares, S.; Rodríguez Pérez, M.A.; Pinto, J. 
Production of Cellular Polymers without Solid Outer Skins by Gas 
Dissolution Foaming: A Long-Sought Step towards New Applications. 
Mater. Des. 2022, 217, 110648, doi:10.1016/j.matdes.2022.110648. 

5 Q1/9.42 
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Barroso-Solares, S.; Cuadra-Rodriguez, D.; Rodriguez-Mendez, M.L.; 
Rodriguez-Perez, M.A.; Pinto, J. A New Generation of Hollow Polymeric 
Microfibers Produced by Gas Dissolution Foaming. J. Mater. Chem. B 2020, 
8, 8820–8829, doi:10.1039/d0tb01560a. 

5 Q1/6.33 

Barroso-Solares, S.; Bernardo, V.; Cuadra-Rodriguez, D.; Pinto, J. 
Nanostructure of PMMA/MAM Blends Prepared by Out-of-Equilibrium 
(Extrusion) and Near-Equilibrium (Casting) Self-Assembly and Their 
Nanocellular or Microcellular Structure Obtained from CO2 Foaming. 
Nanomaterials 2021, 11, doi:https://doi.org/10.3390/nano11112834. 

6 Q1/5.72 

Cuadra‐Rodríguez, D.; Barroso‐Solares, S.; Laguna‐Gutiérrez, E.; Rodríguez‐
Pérez, M.Á.; Pinto, J. Opening Pores and Extending the Application Window: 
Open‐Cell Nanocellular Foams. Macromol. Mater. Eng. 2023, 
doi:10.1002/MAME.202300087. 

6 Q1/4.40 

Barroso-Solares, S.; Pinto, J; Salvo-Comino C.; Cuadra-Rodriguez, D.; Garcia-
Cabezon C.; Rodriguez-Perez, M.A.; Rodriguez-Mendez, M.L. Tuning the 
electrochemical response of PCL/PEDOT:PSS fibres-based sensors by gas 
dissolution foaming.  

7 Under 
review 

Cuadra-Rodríguez, D.; Soto, C.; Carmona, J.; Tena, A.; Palacio, L.; Rodríguez 
Pérez, M.A.; Pinto, J. A solvent-free methodology to produce open-cell 
porous membranes with control on the dense layer thickness.  

7 Under 
review 

 

Table 1.2 
Publications as co-author which are not included in this thesis. 

Article reference 

S. Barroso-Solares, D. Cuadra, M.A. Rodriguez-Perez, J. Pinto (2020) Crystallographic and Spectroscopic 
Approaches to Improve the Solid-State Physics Laboratory Practices Program, EDULEARN20 
Proceedings, pp. 7793-7801. 

Sanchez-Calderon, I.; Bernardo, V.; Cuadra-Rodríguez, D.; Martín-de León, J.; Rodríguez-Pérez, M.Á. 
Micronization as a Solution for Enhancing the Thermal Insulation of Nanocellular Poly (Methyl-
Methacrylate) (PMMA). Polymer (Guildf). 2022, 261, doi:10.1016/j.polymer.2022.125397 

 

1.7.2 Patents 

The research production of this thesis has allowed to develop a new methodology to avoid 

the formation of the non-foamed solid skins in the edges of cellular polymers produced by GDF. 

The intellectual rights from this methodology have been protected by a patent (Table 1.3). The 

document of the patent is attached in the Appendix A. 
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Table 1.3 
Patents included in this thesis. 

Title of the patent 

Cuadra-Rodríguez, D.; Barroso-Solares, S.; Rodríguez Pérez, M.A.; Pinto, J. PROCEDIMIENTO DE 
FABRICACIÓN DE UNA LÁMINA DE ESPUMA POLIMÉRICA SIN PIELES SÓLIDAS NO ESPUMADAS Y 
LÁMINA OBTENIDA 

 

1.7.3 Conferences and courses 

The research contribution to national and international conferences performed during 

this thesis as a first author and as a co-author are showed in Table 1.4 and Table 1.5, respectively. 

In addition, other courses for the training of the PhD candidate are displayed in Table 1.6. 

Table 1.4 
Contributions in national and international conferences. 

Title of contribution Oral/Poster Year 

Enhancement of nucleation and CO2 absorption in Polystyrene-
Metal Organic Frameworks (MOF) composites. 

XI European school on molecular nanoscience. Tenerife, Spain. 
Oral 2018 

Polymeric hollow fibers in the micrometric range by gas dissolution 
foaming process. 

X Congreso de jóvenes investigadores en polímeros (JIP 2019). 
Burgos, Spain. 

Oral 2019 

Determination of the effective glass transition temperature of 
PMMA by optical observation method. 

FOAMS 2019. Valladolid, Spain. 
Poster 2019 

Study and characterization of open-cell nanocellular thin films. 

CellMat 2020. Virtual conference. 
Oral 2020 

A novel approach to avoid non-foamed skins in cellular polymers by 
gas dissolution foaming. 

17th International Conference in Diffusion on Solids and Liquids 2021. 
Virtual conference. 

Oral 2021 

A flexible barrier to avoid solid skin appearance in cellular polymers 
produced by gas dissolution foaming. 

FOAMS 2021. Virtual conference. 
Oral 2021 

Well-controlled drug delivery systems based on Poly-Caprolactone 
hollow fibers. 

POLYMERS 2022: New trends in polymers science. Torino, Italy. 
Oral 2022 

A flexible barrier to avoid solid skin appearance in cellular polymers 
produced by gas dissolution foaming. Oral 2022 
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CELLMAT 2022: 7th International Conference on Cellular Materials. 
Virtual conference. 

Reducing thickness or inducing porous structure? A methodology to 
increase the permeance in gas separation membranes. 

 2nd International conference Greenering 2023. Valladolid, Spain 
Oral 2023 

 

Table 1.5 
Contributions in national and international conferences as co-author. 

Title of contribution Oral/Poster Year 

Developement of hollow polymeric fibers for biomedical 
applications by gas dissolution foaming. 

CellMAT 2018. Bad Staffelstein, Germany. 
Oral 2018 

Delivery rate control of Ibuprofen impregnated into hollow fiber 
mats obtained by foaming procedures. 

FOAMS 2019. Valladolid, Spain. 
Oral 2019 

Challenges and perspectives in the nanocellular polymers field. 

CellMat 2020. Virtual conference. 
Oral 2020 

Water pollutants removal by nanocomposite foamed polymers. 

FOAMS 2021. Virtual conference. 
Oral 2021 

 

Table 1.6 
Other courses and training performed during the thesis. 

Title of course Year 

Plastic packaging, fundamentals, regulations and trends 

Jornadas Prof. José Antonio de Saja. Valladolid, Spain. 
2018 

3 minutes thesis contest (3MT) 

University of Valladolid, Spain. 
2019 

International Mentor Program IMFAHE. 2019/2020 

VI International Conference IMFAHE-University of Aveiro. 

Building the first online european innovation hub through european alliances. Virtual 
conference. 

2020 

International conference on education and new learning technologies 

EDULEARN 2020. Virtual conference 
2020 

International Mentor Program IMFAHE. 2020/2021 

VII International Conference IMFAHE-University of Aveiro. 2021 
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Building the first online european innovation hub through european alliances. Virtual 
conference. 

3 minutes thesis contest (3MT) 

University of Valladolid, Spain. 
2021 

Polymers for Environmental Preservation and Remediation 

BioEcoUVA Research Institute on Bioeconomy. Valladolid, Spain. 
2022 

 

1.7.4 Stays and collaborations 

Table 1.7 shows the stays and collaborations performed during the thesis and their 

duration. First, the collaboration with IMDEA Materials allowed the study for first time of the CO2-

philic nanoparticles as nucleating agents to produce polymer foams, and thus, a publication 

included in this thesis. Second, the collaboration with SMAP group emerged from the possibility 

of giving a real application to the porous membranes fabricated in this thesis. In addition to a 

publication, this collaboration also led to a PhD stay in a top international research centre, the 

Helmholtz-Zentrum Hereon in Geesthacht, Germany, enabling the possibility of obtaining the 

International Mention in the PhD program. The main topic of this stay was to learn about gas 

permeability in polymer membranes by measuring porous membranes fabricated in CellMat 

Laboratory.  

On the other hand, a synchrotron measurement campaign was carried out at BESSY II 

Helmholtz-Zentrum Berlin (HZB) entitled Measurement of the efficiency of IR-opacifiers and 

validation of the Glicksman model on nanocellular polymers using micro-IR spectroscopy. 

Table 1.7 
Stays and collaborations performed in other research centers. 

Title Start End 

Collaboration: Dr. Xiao-Lin Qi from IMDEA Materials 

IMDEA Materials (Getafe, Madrid, Spain) 
January 2018 March 2020 

Collaboration: Surfaces and porous materials group (SMAP). 

University of Valladolid, Spain. 
January 2022 Still continues 

PhD stay: Helmholtz-Zentrum Hereon.  

Geesthacht, Germany. 
10th September 

2022 
15th December 

2022 

Synchrotron Campaign: BESSY II Helmholtz-Zentrum Berlin (HZB). 

Berlin, Germany. 
28th November 

2022 
4th December 

2022 
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1.7.5 Research projects 

In addition to the academic research, the PhD candidate has been involved in several 

projects during the thesis (Table 1.8). 

Table 1.8 
Research projects. 

Title of project 
POLÍMEROS NANOCELULARES TRANSPARENTES Y AISLANTES TÉRMICOS: 
FABRICACIÓN, CARACTERIZACIÓN Y RELACIÓN PROCESO-ESTRUCTURA-
PROPIEDADES 

Principal Researcher RODRIGUEZ PEREZ, MIGUEL ANGEL 

Funding Body AGENCIA ESTATAL DE INVESTIGACIÓN; FONDOS FEDER 

Duration 01/01/2019 – 30/09/2022 

Budget 157.300 € 

 

Title of project ESPUMAS POLIMÉRICAS FUNCIONALES PARA EL TRATAMIENTO DE AGUAS 

Principal Researcher PINTO SANZ, JAVIER 

Funding Body AGENCIA ESTATAL DE INVESTIGACIÓN; FONDOS FEDER 

Duration 01/01/2019 – 30/06/2022 

Budget 72.600 € 

 

Title of project MATERIALES AVANZADOS CON FUNCIONALIDADES AVANZADAS PARA LA 
NUEVA TRANSFORMACIÓN TECNOLÓGICA 

Principal Researcher RODRIGUEZ PEREZ, MIGUEL ANGEL 

Funding Body 
UNIÓN EUROPEA-NEXT GENERATION UE; PLAN DE RECUPERACIÓN, 
TRANSFORMACIÓN Y RESILIENCIA; MICINN. MINISTERIO DE CIENCIA E 
INNOVACIÓN; JUNTA DE CASTILLA Y LEÓN -CONSEJERÍA DE EDUCACIÓN 

Duration 01/01/2021 – 31/08/2025 

Budget 1.110.000 € 
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2.1 Introduction 

This chapter collects the information necessary to understand the motivation of this thesis 

as well as a review of the state of art about nanocellular polymers fabricated by gas dissolution 

foaming including the limitations of that process, and the new perspectives and challenges of this 

field. 

First, some definitions about cellular polymers, their advantages, and their current and 

promising applications are described. Second, the gas dissolution foaming process is properly 

analysed deepening in the mechanisms involved during the different stages (saturation, 

desorption, and foaming) and the strategies used for nucleation (homogeneous and 

heterogeneous nucleation). Then, the main challenges in the nanocellular polymer field in the last 

decade are detailed including a review article entitled ‘Advanced Nanocellular Foams: Perspectives 

on the Current Knowledge and Challenges’. Finally, the main limitations of the GDF focusing on 

the solid skins formation are analysed. Furthermore, the precedent literature related to the 

production of nanocellular polymers  without non-foamed solid skins is described. 

2.2 Cellular polymers 

2.2.1 Characterization 

Cellular polymers can be characterized attending to several parameters. The most 

common characterization is performed from their cell size and their cell density.  Cell size (Φ) is 

defined as the average diameter over a sufficient representative set of cells, while the cell density 

(Nv) is the number of cells per unit volume.  Generally, both parameters are closely tied so that 

when the cell nucleation density increases, the cell size decreases. Thus, cellular polymers can be 

classified in conventional cellular polymers (cell size > 100 µm and cell densities < 106 cells/cm3), 

fine-celled cellular polymers (10 µm < cell size < 100 µm and 106 cells/cm3 < cell densities < 109 

cells/cm3), microcellular polymers (1 µm < cell size < 10 µm and 109 cells/cm3 < cell densities < 1012 

cells/cm3), and nanocellular polymers (cell size < 1 µm and cell densities > 1012 cells/cm3) (Figure 

2.1)[1]. 
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Figure 2.1. Characterization of the cellular polymers as a function of their cell size (Φ) and their cell 

density (Nv). 

On the other hand, cellular polymers are recognized for presenting both solid and gas 

phases, being the relative density (ρr) the parameter which take into account the solid volume 

fraction of these materials. Relative density is defined by the relationship between the cellular 

polymer density (ρf) and the solid density (ρs) (Equation 2.1), while the void fraction (Vf), also 

known as porosity, is expressed in Equation 2.2. 

𝜌𝜌𝑟𝑟 =
𝜌𝜌𝑓𝑓
𝜌𝜌𝑠𝑠

 Equation 2.1 

𝑉𝑉𝑓𝑓 = 1 − 𝜌𝜌𝑟𝑟  Equation 2.2 

From the parameters previously described, it may be possible to estimate the cell 

nucleation density (N0), i.e., the number of nucleation points per unit volume of the solid 

precursor, from Nv and ρr (Equation 2.3). Cell nucleation density is calculated assuming that each 

nucleus becomes a cell without degeneration mechanisms such as coalescence (e.g., two or more 

cells become one during the cell growth). Besides, cell density, cell size, and porosity of a cellular 

polymer are theoretically correlated by Equation 2.4 [2]. 

𝑁𝑁0 =
𝑁𝑁𝑣𝑣
𝜌𝜌𝑟𝑟

 Equation 2.3 

𝑁𝑁𝑣𝑣 =
6𝑉𝑉𝑓𝑓
𝜋𝜋𝛷𝛷3 Equation 2.4 

Attending to the morphology of the cellular structure these materials can be classified 

between close-cell and open-cell structures (Figure 2.2). First, close-cell structures are considered 

when the gas phase is distributed in a discontinuous way (i.e., the gas is constrained in each cell 

independently). On the contrary, when the gas phase is continuous (i.e., linking each cell with their 

surrounding cells) it is considered that the material presents an open-cell structure. In any case, 

cellular polymers usually present a combination of both open and close cell, being the open-cell 
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content the parameter which defines this ratio. It is calculated from the volumetric fraction of 

open cells (VOC) divided by the porosity (Equation 2.5). 

OC content (%) =
𝑉𝑉𝑂𝑂𝑂𝑂
𝑉𝑉𝑓𝑓

· 100 Equation 2.5 

Usually, the cellular structure analysis is provided establishing a relationship with the 

physical properties since slight variations in the cellular structure lead a great impact on them. For 

instance, mechanical, thermal, or optical properties, among others, are strongly determined by 

some parameters such as cell density, cell size, relative density, or the morphology of the cellular 

structure. 

  
Figure 2.2. Examples of close-cell (left) and open-cell (right) cellular structures fabricated by gas 

dissolution foaming. 

2.2.2 Physical properties 

From their development, cellular polymers has been aroused a lot of interest due to their 

physical properties [3]. The introduction of a second phase allowed combining both solid and gas 

properties. First, most of polymers used for creating cellular polymers by gas dissolution foaming 

are thermoplastic polymers. This kind of polymers usually present physical properties such low 

dielectric and magnetic permeabilities and excellent stiffness, strength and toughness to weight 

ratio [4]. On the other hand, the main advantages of the gas as a second phase are its lightweight 

and its reduced thermal conductivity in comparison to the solid phase Thus, the combination of 

both makes cellular polymers lightweight and low-cost materials with tailored mechanical, 

acoustic, and thermal properties. In addition, the polymer expansion also involves the 

achievement of high surface area, an interesting feature in many applications such as catalysis, 

sensors, fuel cells, gas separation, gas storage, and so on [5–14]. 

Research about cellular polymers has allowed enhancing their physical properties over the 

years. For instance, many efforts have been made in the past for decreasing the cell size and 

increasing the cell density with that purpose. It is known that by further decreasing the pore size, 

below the micron, improved and unexpected properties can be achieved [15–17]. Consequently, 
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further research about the physical properties of the nanocellular polymers has been carried out 

in the last decade, being mechanical behaviour and thermal conductivity the most studied 

properties [18,19].  

On the one hand, there are precedents on the study of the mechanical properties in 

nanofoams using other materials  such as gold nanofoams, reaching similar or even higher yield 

strength in comparison to solid gold [20]. However, the extrapolation of the mechanical behaviour 

from metals to polymers is not simple. So, Chen et al. [21] demonstrated analytically that the 

Young’s modulus and the plastic strength increase as a consequence of nanoporous structure. 

Later, successive experimental works confirmed the enhancement on the mechanical properties 

in nanocellular polymers based on PEI1 [15,22,23], PP2/SEBS3 [24], TPU4 [25], PLA5 [26] or PMMA6 

[27–29]. It is known that nanocellular polymers presents a molecular confinement in the solid 

phase (straight chains) while polymer chains are entangled in the microcellular walls [30]. Thus, 

reinforced structures which show a mechanical properties improvement are provided by 

nanocellular polymers. 

Attending to the thermal conductivity, a similar effect occurs in the gas phase. The cell 

size reduction promotes a gas phase confinement into the nanocells, decreasing the mobility and 

also the interaction of the gas molecules that are contributing to the thermal conductivity. This 

phenomenon is known as Knudsen effect [31,32]. It has been proved that reducing the cell size till 

the mean free path (i.e., the distance which a molecule travels without colliding to another) lead 

to a drastically drop on the gas contribution to the thermal conductivity (Figure 2.3)[33,34]. 

Thermal conductivity (λt) is defined as a sum of several contributions: solid (λs), gas (λg), radiation 

(λr), and convection (λc), being last negligible when the cell size is under 2 mm (Equation 2.6). 

Theoretically, the gas contribution to the thermal conductivity (λg) is expressed by Equation 2.7 

[32], where λg,0 is the thermal conductivity of air (26 mW/m·K at room temperature), β is the factor 

of the energy transferred between gas molecules and the solid structure (1.64 [35]), and Kn is the 

Knudsen number (Equation 2.8), being lg the mean free path of a molecule (70 nm for air at 

ambient conditions [33]). 

𝜆𝜆𝑡𝑡 = 𝜆𝜆𝑠𝑠 + 𝜆𝜆𝑔𝑔 + 𝜆𝜆𝑟𝑟 + 𝜆𝜆𝑐𝑐 Equation 2.6 

 
1 PEI: poly(ether imide) 
2 PP: poly(propylene) 
3 SEBS: styrene-b-ethylene/butene-b-styrene 
4 TPU: thermoplastic poly(urethane) 
5 PLA: poly(lactic acid) 
6 PMMA: poly(methyl methacrylate) 



 

91  

   

Chapter II. State of Art 

   

𝜆𝜆𝑔𝑔 =
𝜆𝜆𝑔𝑔,0

1 + 𝛽𝛽𝐾𝐾𝑛𝑛
 Equation 2.7 

𝐾𝐾𝑛𝑛 =
𝑙𝑙𝑔𝑔
𝛷𝛷

 Equation 2.8 

Knudsen effect was experimentally confirmed for first time in nanocellular foams by 

Notario et al. [36]. Subsequently, a lot of works took advantage from this interesting capacity 

provided by nanocellular polymers, reaching very low thermal conductivities  of the gas phase 

[37–43]. From this point, nanocellular polymers are in the front line for becoming super-insulator 

materials. However, some issues need to be solved to reduce even more their thermal 

conductivity. First, the reduction of the relative density in order to decrease the solid contribution 

[39,44]. And second, a lager contribution of the radiation term on the thermal conductivity has 

been proved when the cell size is decreased till nanoscale [45]. The impact of these heat transfer 

mechanisms  on the application of nanocellular polymers as thermal insulators will be analysed in 

detail in Section 2.3.4 Perspectives and challenges in nanocellular polymers. 

 
Figure 2.3. Theoretical prediction of the gas contribution of thermal conductivity as a function of the cell 

size (Equation 2.7). 

Moreover, optical properties of the nanocellular polymers have been studied when the 

cell size is extremely reduced. Semi-transparent samples have been obtained when the cell size 

was reduced till tens of nanometers, a singular behaviour which was just observed in PMMA 

nanocellular foams [46]. This effect is produced because the main scattering mechanism is 

Rayleigh scattering when the cell size is around  one tenth of the wavelength of the light. 

Applications 

Summing up all beneficial properties presented by nanocellular polymers, many 

applications have been suggested for these materials, such as thermal insulators, or structural 

elements in buildings, automotive, or aeronautic sectors [34,47,48]. However, the potential 
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applications for these materials largely exceed the real ones up to now. This is because their 

interesting properties (e.g., low thermal conductivity, semi-transparency, high surface area…) 

have not been sufficiently exploited and/or the remaining challenges have not been overcome. 

For instance, the combination of low thermal conductivity with semi-transparent optical 

properties could provide super-insulators for windows with the aim of reducing the energy 

consumption in buildings [49]. Moreover, high-surface area merged to the interconnection 

provided by open-cell structures are mandatory requirements for catalytic processes, water 

remediation, or even tissue engineering (scaffolds) [50–52]. Besides, a large list of applications has 

also been suggested such as sensing, gas separation, gas storage, osmosis, acoustic absorption, or 

dampening of vibrations [10–14,53–58]. 

Nevertheless, nanocellular polymers are currently restricted to be employed in any of 

those applications due to several limitations regarding their fabrication process, the gas 

dissolution foaming. Among these drawbacks, which will be commented in Section 2.3.4 

Perspectives and challenges in nanocellular polymers, it can be highlighted the formation of the 

solid skins in the external surfaces of the polymer [59,60]. Cellular polymers show a sandwich-like 

structure, a homogeneous cellular structure in the centre, non-foamed regions in the edges, and 

transition between both regions with cell sizes larger than those of the core region. According to 

that, solid skins are covering the cellular structure in bulk samples, hindering its beneficial 

properties and avoiding the use of cellular polymers in the applications previously mentioned. 

Besides, the foaming of thinner samples with thicknesses similar to the solid skins has not been 

accomplished by  gas dissolution foaming. More details about this issue and the previous attempts 

to remove the solid skins or foaming thin films will be analysed in Section 2.3.5 Non-foamed solid 

skins. 

2.3 Gas dissolution foaming 

Gas dissolution foaming process was explained in the Chapter 1 being the use of carbon 

dioxide as a blowing agent one of the most preferable options in this process. Nevertheless, the 

key parameters and the mechanisms involved in the three stages (saturation, desorption, and 

foaming) should be analysed on deep aiming to achieve the objectives of this thesis. First, the 

evolution of the gas into the polymer and the physical properties of the polymer-CO2 system are 

described, then homogeneous and heterogeneous strategies for nucleating are studied, and then 

the reason for the formation of the non-foamed solid skins is treated in detail. Afterwards, a 

review paper is included summarizing the main literature related to nanocellular polymers, the 
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current perspectives of their field, and the most interesting challenges for the future. Finally, all 

the previous attempts for removing the solid skins and the foaming of thin films are discussed. 

2.3.1 Polymer-CO2 mixture 

Gas dissolution foaming is based on a pure physical solution between the polymer and the 

gas. During the saturation stage, the gas is introduced by pressure into the polymer modifying its 

physical properties. Prior to the gas dissolution, thermoplastic amorphous polymers commonly 

employed in this process (PMMA, PS7, PC8…) are in the glassy state at ambient conditions. Glassy 

state is characterized by a strong stability of the molecular chains presenting a very low molecular 

mobility, with a high stiffness in a solid-like state. Nevertheless, some gases, and specially CO2, can 

be used to promote a plasticization effect in the polymer when the gas is solved into the matrix. 

In this case, the polymer chains present a significant increase of mobility and the physical 

properties of the polymer, for a given amount of CO2 dissolved, evolve through a viscous material 

achieving the state known as rubbery state. The plasticization effect depends on the polymer-gas 

system being the CO2 the most studied gas due to its high solubility in many polymers (PMMA, PS, 

PC, PVC9, ) [61–63]. 

Focusing on the amorphous part of the polymers, the increase on the mobility of the 

polymer chains generally promotes a drop in the glass transition temperature (Tg), expecting the 

transition from glassy to rubbery at lower temperature (effective glass transition temperature, Tg, 

eff). Firstly, several models [64,65] predicted the mentioned Tg decrease, attributed to the gas 

concentration and the interaction between gas molecules and polymer chains [66]. Afterwards, 

the Tg depression was experimentally confirmed by increasing the gas pressure in several polymer 

gas-systems  [63,67,68]. Nevertheless, further studies with PMMA-CO2, PEMA10-CO2, and ABS11-

CO2 systems revealed that a double Tg, eff was obtained when the temperature is decreased, 

obtaining a curve with a maximum in pressure (Figure 2.4) [69,70]. This particular trend is known 

as retrograde behaviour, and it is exhibited by polymers with large CO2 solubilities such as PMMA, 

which shows high affinity to this gas due to its carboxyl group. It could be said that the retrograde 

behaviour curve is composed by the typical Tg drop when the solubility increases, a maximum in 

pressure above which the polymers keeps in the rubbery state regardless the temperature, and a 

second drop by decreasing the temperature (Figure 2.4). 

 
7 PS: poly(styrene) 
8 PC: poly(carbonate) 
9 PVC: poly(vynil chloride) 
10 PEMA: poly(ethyl methacrylate) 
11 ABS: acrylonitrile–butadiene–styrene copolymer 
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Figure 2.4. Scheme of the retrograde behaviour curve. Effective glass transition temperature plotted as a 

function of the gas pressure. 

Reviewing the precedent literature about the retrograde behaviour in PMMA (Figure 2.5), 

all works agreed that a second transition from glassy to rubbery state is showed at lower 

temperature. This second transition has been detected even employing different techniques 

based on the variations  of physical properties between the glassy and rubbery states. For 

instance, Condo et al. [71] confirmed the retrograde behaviour in PMMA and PEMA by creep 

compliance measurements, while Handa et al. [72,73] used specific heat measurements with a 

high-pressure DSC, and then by solubility and diffusivity measurements. Later, Nawaby et al. [69] 

also validated the retrograde behaviour in PMMA-CO2 system associating the sorption kinetics 

with the formation of the cellular structure by CO2 foaming. They pointed out that the cellular 

structure is related to the solubility of the system at each pair of conditions (pressure and 

temperature), finding the polymer in a rubbery state as a preferable state for a successful foaming 

in the next steps of the gas dissolution foaming. 

 
Figure 2.5. Summary of the literature about the experimental confirmation of the retrograde behaviour in 
PMMA-CO2 system. Effective glass transition temperature (Tg, eff) is plotted as a function of the pressure. 

Glassy state 

Rubbery state 

Rubbery state 
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Once the evolution of the polymer as a consequence of the incorporation of the CO2 as a 

blowing agent during the saturation stage is understood, it is necessary to study how the rubbery 

state and the gas concentration affects to the nucleation and thus, the cellular structure in gas 

dissolution foaming. Following this approach, two different strategies for creating nuclei in the 

polymer-gas systems are recognized: homogeneous and heterogeneous nucleation. 

2.3.2 Homogeneous nucleation 

In this section the influence of the gas concentration in the polymer is described for 

homogeneous systems, i.e., raw polymer materials without additives or with additives that are 

not acting as nucleating agents. 

First, the gas concentration in polymers can be evaluated as a function of the pressure, 

following some models such Henry, Langmuir, or a combination of both (dual) (Figure 2.6) [74,75]. 

   
Figure 2.6. Henry (left), Langmuir (centre), and Dual (right) models for gas concentration versus pressure. 

For all these models, the gas concentration increases at higher gas pressure following the 

expectations. On the other hand, gas solubility varies with temperature according to the Arrhenius 

equation (Equation 2.9), where ΔHs is the solubility enthalpy [73,76]. According to that, for 

polymers (for instance PMMA), the gas concentration increases by decreasing the temperature 

[77]. As it was commented before about the retrograde behaviour, the non-standard transition 

from glassy to rubbery (Figure 2.4 and Figure 2.5) is achieved by reducing the temperature, i.e., 

promoting the sorption of higher amount of gas by the polymer at lower temperature. 

𝑆𝑆 = 𝑆𝑆0 exp �−
∆𝐻𝐻𝑠𝑠
𝑅𝑅𝑅𝑅

� Equation 2.9 

In such a way, the control of the parameters (pressure and temperature) in the saturation 

stage allows to manage the gas concentration in the polymer. In addition, the gas concentration 

is directly related to the nuclei density (N0) formed during the desorption stage (see Chapter 1, 

Section 1.3.2 Gas Dissolution Foaming) following Equation 2.10. Where C0 is the gas 

concentration, f0 is a factor which takes into account the probability of the gas molecules joining 

into a nucleus, ΔG is the Gibbs free energy, and k is the Boltzmann constant. Also, Gibbs free 

Henry Langmuir Dual 
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energy (ΔG) (Equation 2.11) is defined as the minimum energy barrier needed for a nucleus to be 

stable and depends on the superficial tension between the polymer and the gas (γ), and the 

pressure difference (Δp) between inside the nucleus and outside the polymer-gas system [78,79]. 

𝑁𝑁0 = 𝐶𝐶0𝑓𝑓0 exp �−
∆𝐺𝐺
𝑘𝑘𝑘𝑘
� Equation 2.10 

∆𝐺𝐺 =
16πγ3

3∆𝑝𝑝2
 Equation 2.11 

𝑟𝑟𝑐𝑐 =
2γ
∆𝑝𝑝

 Equation 2.12 

It is important to point out that the prediction of the nucleation density (N0) assumes an 

ideal case where each nucleus becomes into a bubble, neglecting degeneration mechanisms 

(coalescence or coarsening, among others). Nevertheless, the formation of a nucleus does not 

imply forming a cell, some nuclei formed in this stage (not included in N0) are not able to become 

a cell. A critical radius (rc) which depends on the surface tension and pressure difference should 

be exceeded to be stable and forming a cell (Equation 2.12) [19]. Therefore, although the 

nucleation rate is obviously depended on the polymer-gas system selected, the pressure and 

temperature in the saturation stage are decisive parameters in order to enhance the nucleation 

and controlling the cellular structure. 

According to that, several works in the last three decades modified the saturation 

parameters in order to obtain a wide variety of microcellular polymers [15,80–83]. A deep study 

about PC-based microcellular foams were published by modifying the saturation parameters, 

achieving accurate control over the cell density, the cell size, and the relative density [84]. On the 

other hand, Goel et al. [79] explored the changes on the cellular structure in PMMA foams by 

modifying the pressure between 10 and 35 MPa and the temperature from 40 to 70 °C, 

establishing a direct relationship between parameters-gas concentration-cellular structure. Later, 

the aim of this field in the last decade was focused on the production and optimization of the 

nanocellular polymers, needing a significant increase in the nucleation ratio aiming to keep the 

cell size under one micron [19]. Again, the increment of pressure together to a temperature 

decrease were the key factors to reduce the cell size by employing several polymers such as 

PMMA, PSU12, PPSU13, PC, PEI [77,85–88]. Guo et al. [66] investigated the solubility in PMMA 

depending on the saturation temperature, reaching the highest gas concentration (39.3%) at -30  

°C. In the second part of the study [89], nanocellular polymers with nucleation densities over 1014 

 
12 PSU: poly(sulfone) 
13 PPSU: poly(phenyl sulfone) 
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cells/cm3 and 30-40 nm of cell size were produced taking advantage of the enhancement in 

solubility. The lowest bound in cell size was found in PMMA nanocellular foams by employing 

extreme saturation conditions (20 MPa and -32 °C) reaching cell sizes about at 14 nm [90].  

Homogeneous nucleation is as an effective approach to reach high nucleation ratios 

combined with significant reductions on the cell size for polymers with enough solubility. 

However, the production parameters demand the use of high pressures together to extreme low 

temperatures, sometimes even below 0 °C, raising the saturation time owing to the reduction of 

the gas diffusivity through the polymer at low temperatures. Therefore, scientists have also been 

investigating other approaches for achieving high nucleation ratios and cells in the nanoscale. 

2.3.3 Heterogeneous nucleation 

Heterogeneous nucleation strategy is based on the introduction of a second phase into 

the polymer matrix pursuing the control of nucleation from the additive, also known as a 

nucleating agent [1,19]. Moreover, in many cases the nucleating agent is added with the aim of 

modifying the properties of the polymer matrix, giving functionality to the composite or the 

polymer blend. This heterogeneous strategy can be accomplished by adding particles, mixing 

polymer blends, or even introducing block copolymers for creating a polymer nanostructuration 

(Figure 2.7). Usually, the polymer nanostructuration depends on the copolymer structure (AB, 

ABA, ABC…), the copolymer amount distributed in the matrix, presenting lamellar, worm-like, 

core-shell domains or co-continuous nanostructurations, among others.  

 
Figure 2.7. Scheme of the heterogeneous nucleation approaches based on introducing particles (left), 

mixing polymers (centre), or adding copolymer blends (right). 

According to the nucleation theory, the nucleation ratio expected in the heterogeneous 

approach is defined similarly to homogeneous (Equation 2.10), pointing out the difference on the 

Gibbs free energy barrier by adding the function S(θ) which in any case is less than or equal to one 

(Equation 2.13) [91]. The function S(θ) can be written in terms of the contact angle (θ) of the 

polymer-additive-gas interface (Equation 2.14) [78]. In addition, when particles are added as 

nucleating agents, Equation 2.15 is employed for estimating the potential number of nuclei per 

cubic centimetre, assuming that the highest efficiency of particle dispersion, without forming 
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aggregates. Where ωp is the particle content, ρc and ρp are the densities of the composite and the 

particles respectively, and Vp is the volume of one individual particle [92]. 

∆𝐺𝐺ℎ𝑒𝑒𝑒𝑒 =
16πγ3

3∆𝑝𝑝2
𝑆𝑆(𝜃𝜃) Equation 2.13 

𝑆𝑆(θ) =
1
4

(2 + cos𝜃𝜃)(1 − cos𝜃𝜃)2 Equation 2.14 

𝑁𝑁ℎ𝑒𝑒𝑒𝑒 =
𝜔𝜔𝑝𝑝𝜌𝜌𝑐𝑐
𝜌𝜌𝑝𝑝𝑉𝑉𝑝𝑝

 Equation 2.15 

Thus, the energy barrier to form a nucleus in the heterogeneous nucleation is reduced in 

comparison to the homogeneous approach, enhancing the probability to form a nucleus and 

controlling the nucleation rate from the amount of the nucleating agent. However, the nucleation 

efficiency in the heterogeneous approach is generally less than one, in other words, not all 

nucleating agents (particles, for instance) are able to form a cell and/or the degeneration 

mechanisms reduce the number of cells. Therefore, in many cases a higher number of nucleating 

agents than the expected cell density is required in order to obtain high nucleation ratios, such as 

those for producing nanocellular polymers. 

In contrast to the homogeneous nucleation, where pressure and temperature are 

decisive, the basic parameters for obtaining high cell density ratios in heterogeneous nucleation 

can be summarized in four aspects: the number of nucleating agents, the size of nucleating agent, 

the dispersion of the nucleating agent, and the affinity of nucleating agent for the blowing agent. 

It is also true that other aspects such as geometry of the nucleating agent or the interfacial forces 

between both phases can also modify the nucleation efficiency. However, the size of the 

nucleating agent, which should be between the critical radius of the system under study and the 

expected cell size, is proved to be more decisive. As well as a proper nucleating agent dispersion 

avoiding agglomerates, that is a mandatory requirement to obtain homogeneity in the polymer 

composite, and thus in the cellular structure [93].  

The production of nanocellular polymers by heterogenous nucleation has been achieved 

by introducing nanoparticles [81,94–98], mixing polymers [22,99–102], or introducing copolymer 

blends [14,103–105]. First, it has been demonstrated that using nanoparticles as nucleating agent 

provides nanocellular structures in a simple approach, being also used for modifying the physical 

properties of the matrix, enhancing its mechanical properties, or even increasing the electrical 

conductivity by adding carbon-based particles (e.g., nanotubes, graphene…). However, the cell 

size is limited by the nanoparticle size, being difficult obtaining cell sizes below 100 nm due to the 

challenge which supposes producing and dispersing nanoparticles with sizes in the range of the 
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tens of nanometers. Hence, polymer and copolymer blends aroused as an alternative for 

controlling the nucleation without that limitation. In this case, one the phases (polymer in lower 

amount) is distributed into the matrix (polymer in higher amount) generating favourable regions 

for locating the gas molecules and reducing the energy barrier for nucleating. By this 

heterogeneous route, nanocellular polymers has been produced employing PMMA/TPU14 

[106,107] and PMMA/PS [100] blends. In addition, the use of block copolymers has been used to 

enhance the nucleation ratio by introducing CO2-philic phases such as SBM15 in PS or MAM16 in 

PMMA [99,108,109]. In fact, MAM tri-block copolymer is one of the most used, showing high 

compatibility with PMMA matrices and the high CO2-philicity presented by its PBA17 block. This 

last strategy allows producing a wide range of nanocellular structures from PMMA/MAM blends 

depending on the nanostructuration (Figure 2.8). For instance, PMMA/MAM blends at low MAM 

contents present core-shell nanostructurations (Figure 2.8a) which evolves in close-cell structures 

(Figure 2.8c), instead of co-continuous nanostructurations (Figure 2.8b) and open-cell structures 

provided by pristine MAM (Figure 2.8d) [14,110]. 

In summary, the heterogeneous nucleation offers a wide range of possibilities regarding 

the control of the cellular structures, different cell sizes and open cell contents are possible. In 

addition, the possibility of accumulating more gas molecules in the nucleation regions by 

introducing CO2-philic nucleating agents allows controlling the nucleation with a negligible 

influence of the saturation parameters [110]. Nonetheless, this local increase in gas concentration 

is insufficient to avoid the formation of the solid skins in the edges of the polymer, as Pinto et al. 

tested in PMMA/MAM blends [60]. 

 

 

 
14 TPU: thermoplastic poly(urethane) 
15 SBM: styrene-b-butadiene-b-methyl methacrylate 
16 MAM: methyl methacrylate-b–butyl acrylate-b–methyl methacrylate 
17 PBA: poly(butyl acrylate) 
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Figure 2.8. Polymer/copolymer nanostructuration: a) TEM micrograph from PMMA/MAM 90/10, b) TEM 

micrograph from MAM, c) SEM micrograph from PMMA/MAM 90/10, and d) SEM micrograph from MAM. 
These micrographs have been extracted from the thesis of Prof. Dr. Javier Pinto [111]. 

2.3.4 Perspectives and challenges in nanocellular polymers 

Since their invention at the beginning of this century, the study of nanocellular polymers 

has been continuously growing due to their promising performance in multiple applications by the 

enhancement on the physical properties. Moreover, the development of nanocellular polymers 

still requires further advances till these materials could be a real solution in many applications. 

Therefore, this section addresses the main prior steps achieved in this field, the main challenges 

that should be further overcome, and the perspectives for keeping optimizing and understanding 

the nanocellular polymers, all of these topics are included in the review paper: ‘Advanced 

Nanocellular Foams: Perspectives on the Current Knowledge and Challenges’. 

Review paper: Advanced Nanocellular Foams: Perspectives on the Current Knowledge and 

Challenges 

  

a) b) 

c) d) 
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2.3.5 Non-foamed solid skins 

One of the challenges regarding the cellular polymers field, and nanocellular polymers in 

particular, is the formation of the solid skins in the edges of the polymers. As it was explained in 

the review ‘Advanced Nanocellular Foams: Perspectives on the Current Knowledge and 

Challenges’, the solid skins have a direct impact on the physical properties of nanocellular 

polymers, supposing a limitation for their use in multiple promising applications such as water 

remediation, sensing, catalysis, gas separation, as transparent thermal insulators, acoustic 

absorption, dampening vibrations, or in tissue engineering [6,7,11,13,14,46,50–53,56,58].  

More than three decades ago, some investigations in this field explained the formation of 

the solid skins from the fast gas diffusivity which takes place during the desorption step [59]. 

Considering a flat polymer sheet with a low thickness to length ratio, a one-dimensional diffusion 

through the surfaces with largest area can be considered (Figure 2.9a). Assuming a constant 

diffusion coefficient (D), the gas concentration (C) as a function of the thickness axis (x) and time 

(t) can be expressed in terms of the Fick’s second law (Equation 2.16) [76]. 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= D
𝜕𝜕2𝐶𝐶
𝜕𝜕𝑥𝑥2

 Equation 2.16 

 
Figure 2.9. a) Scheme of gas diffusivity through a flat polymer sheet. b) Scheme of the gas concentration 
profile defining the regions with proper gas concentration to foam (in green) and not (in red). c) Cellular 

structure morphology according to the gas concentration profile. 

Following this theory, the gas concentration sharply decreases at the beginning of the 

desorption step in the regions close to the borders (the sample is in many cases in the rubbery 

state or at least signifantly plasticized), promoting a transition from rubbery to glassy state. At this 

moment, the gas diffusion from the centre to the edges is delayed since the gas diffusion through 

the solid polymer formed in the edges (glassy state) is lower than in the rubbery state. As a 

consequence, a gas concentration profile similar to Figure 2.9b is obtained along the polymer 

thickness. Finally, the cellular structure, which is strongly dependent on the gas concentration, is 

achieved in the regions with possess higher gas concetration than a threshold limit (green region), 

a) b) c) 
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i.e., the centre of the polymer sheet. As consequence non-foamed solid skins are formed in the 

regions close to the borders. Besides, a gas concentration gradient is also obtained between both 

regions (Figure 2.9c). The gas concentration decrease in that region with respect to the centre of 

the polymer and this promotes a cellular structure with lower cell density and higher cell size. 

Unfotunately, this trouble is not only affecting to the formation of solid skins in the outer surfaces 

of the polymer. The quick gas diffusivity shows a major impact when the thickness of the polymer 

is reduced till the order of the solid skin tickness  formed. This feature depends on the polymer-

gas system and the pressure and temperature conditions, but it is considered that films with 

thicknesses below 300 µm present severe difficulties to achieve a homogeneous cellular structure, 

or even to be foamed at all. Therefore, the impossibility of foaming thin films or other systems 

with low thickness such as fibers  by gas dissolution foaming has been a major challenge during 

the last decades. This issue is treated in the next Section 2.3.6 Foaming in thin films, micrometric, 

and submicrometric systems. 

According to the previous literature, several works attempted to remove the solid skin 

after the foaming process by polishing, cutting, or drilling the solid skins in order to expose the 

cellular structure [112–116]. For instance, Martin-de Leon et al. [90] removed the non-foamed 

surfaces and the region with cell size gradient by polishing in order to isolate the core of 

transparent nanocellular foams and determine their remarkable optical properties. However, the 

mechanical process used to remove the skin destroys or damages several layers of the cellular 

structure [117]. As an alternative, other works suggested removing the solid skins after foaming 

by Reactive Ion Etching [118] and laser ablation [119]. Both approaches offer poor results creating 

an uncontrolled porosity, just being suitable in small surfaces, and some of them employing 

pollutant solvents.  

Regarding these precedents, the challenge of avoiding the formation of the non-foamed 

skin during the gas dissolution foaming seems more effective instead of removing the non-foamed 

skin after the foam production. As the solid skins are formed due to the quick gas diffusivity, 

Siripurapu et al. [120] restricted  it by introducing thin films into a metallic mold which acts as gas 

barrier just allowing the gas diffusion through the smallest surfaces (Figure 2.10). Homogeneous 

cellular structures along the majority of the polymer were achieved but this approach presents 

some drawbacks. On the one hand, the saturation time is largely increased due to the limitation 

of the gas diffusion to the non-covered edges, being unworkable in samples with larger 

dimensions. On the other hand, a rigid mold hinders the foaming in one direction, limiting the 

polymer expansion making very difficult to reach low-density foams [95]. 
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Figure 2.10. Scheme of a thin film constrained by metallic molds followed by Siripurapu et al. [120]. 

In another attempt [121], the thickness of the solid skins was reduced by employing 

ethanol as a co-solvent with the CO2 during the foaming process.  In this case, the ethanol allows 

keeping the polymer in a rubbery state at lower gas concentrations instead of forming glassy solid 

skins. Thus, some regions of the typical solid skins can be foamed more easily with respect to 

absence of ethanol. However, inhomogeneous cellular structures with large defects were 

obtained in addition to the severe difficulties which supposes introducing a co-solvent in the gas 

dissolution foaming.  

On the other hand, following the idea of constraining the polymer, Ge et al. [122] 

produced ultrathin porous films encapsulating a TPU membrane between PI18 layers.  A monolayer 

of pores interconnecting both top and bottom surfaces, creating cells with a diameter close to the 

film thickness (20 μm) were fabricated for their use as filters. In this case, the mechanism for 

inducing porosity is based on the heterogeneous nucleation promoted by the contact of PI layers 

with the TPU surface. This approach cannot be extended to thicker samples since the PI layer do 

not act as a gas diffusion barrier retaining a proper gas concentration in the TPU for obtaining 

whole interconnected porous polymers. 

Recently, open-cell membranes without solid skins have been fabricated as ultrafiltration 

membranes [123]. This approach is based again in a sandwich-like film composed of 

PVP19/PESU20/PVP. The function of the PVP layers in acting as external surfaces being reasonably 

larger in thickness, so a solid skin is formed in these layers. Thus, cellular structure is formed in 

the centre, i.e., PESU film and part of the PVP films, while the rest of the PVP film remains in the 

solid state without porosity. After the foaming process, PVP films are removed by using a solution 

which do not attack to PESU film. In despite of the interesting results about the open-cell structure 

from PESU film as a promising filter, the concern related to the formation of the solid skins as well 

as the gas concentration decrease in the edges have not been solved by this approach because 

 
18 PI: poly(imide) 
19 PVP: poly(N-vinylpyrrolidone) 
20 PESU: poly(ether sulfone) 
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dense layers are still formed in those regions and once again a solvent is needed to remove the 

solid skins. 

In order to sum up this section about the reviewed literature, all commented attempts to 

reduce the non-foamed solid skins by gas dissolution foaming are illustrated in Table 2.1. None of 

them have been able to solve the current limitation concerning to the gas dissolution foaming, 

producing large-scale, absolutely foamed, and homogeneous cellular polymers without limitations 

regarding geometry, expansion, green raw materials, or complexity of the process. 

Table 2.1 
Summary of the previous attempts in literature trying to remove the solid skins by using the gas dissolution 
foaming. 

Technique Timing Main drawback Ref. 

Mechanical removal (polishing, 
drilling…) 

Post-
process 

Damages in the cellular structure. 
Additional steps 

[90,112–
116] 

Reactive Ion Etching Post-
process 

Uncontrolled porosity in small 
surfaces. Pollutant solvents. [118] 

Laser ablation Post-
process 

Uncontrolled porosity. Just valid in 
small surfaces [119] 

Metallic mold During 
foaming 

Rise of saturation time. Limited to 
small dimensions [120] 

Co-solvents as a blowing agent During 
foaming 

Inhomogeneous structures. Complex 
process [121] 

PI/TPU/PI sandwich film During 
foaming 

Not valid for bulk samples, just for 
monoporous layer membranes [122] 

PVP/PESU/PVP sandwich film Post-
process 

Not solving the solid skins concern and 
the quick gas diffusivity. It just 

eliminates the non-foamed regions 
[123] 

 

2.3.6 Foaming in thin films, micrometric, and submicrometric systems 

Unfortunately, the formation of the solid skins in cellular polymers do not only present a 

drawback for bulk samples. This limitation of the gas dissolution foaming technique is particularly 

important for the foaming of thin films, or micrometric and nanometric systems. These systems 

show comparable or even lower thicknesses than the solid skins usually formed during the 

foaming of bulk samples. Thus, in this kind of samples the gas diffuses out not only from the 

external layers, but from the entire sample, hindering the formation of cells. 
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Regarding the foaming of micrometric and submicrometric systems, one previous work 

obtained hollow micrometric and nanometric polymeric systems by coating them with PVOH21 

prior to the gas dissolution foaming process [124]. PVOH is a flexible and water-soluble polymer 

characterized by presenting a very low CO2 diffusivity in comparison to the polymers commonly 

used in GDF such as PMMA, PS, PC, among others. Hence, PVOH was employed with the aim of 

delaying the gas diffusivity and keeping the higher gas concentration as possible inside the 

polymer before the foaming process. In despite of the results achieving hollow nanoparticles, this 

technique has not been extrapolated to other works in order to delay the gas concentration in 

systems such as thin films or bulk samples. According to that, PVOH is a promising candidate to 

be employed over the surfaces of whatever polymer as a gas diffusion barrier for avoiding the 

formation of the solid skins or attempting to foam thin films, micrometric and submicrometric 

systems. 

  

 
21 PVOH: poly(vinyl alcohol) 
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3.1 Introduction 

The third chapter is focused on describing the experimental procedures that have been 

carried out in this thesis. 

First, all raw materials employed with their main properties are listed. Then, the 

production of the homogeneous solids and composites is described. Besides, the use of the gas 

diffusion barrier approach and its incorporation to the polymer precursors is detailed, followed by 

the description of the production route of the foamed polymers. 

Finally, the characterization techniques employed for the solid precursors and the cellular 

polymers are indicated and briefly described. In addition, the methodologies for analysing their 

physical properties, their morphology, and their performance in some applications are also 

introduced. 

3.2 Materials 

3.2.1 Poly(methyl methacrylate (PMMA) 

PMMA is an amorphous thermoplastic polymer with the following chemical structure 

(C5O2H8)n (Figure 3.1). 

 
Figure 3.1. Chemical structure of PMMA. 

PMMA is a transparent polymer which presents high impact strenght and shatter 

resistance. Moreover, it is lightweight and shows favorable processing conditions. Therefore, it is 

widely employed in several industrial applications such as optical, pneumatic, sensoring, 

conductive devices, biomedical applications, polymer electrolytes, nanotechnology [1]. However, 

as far as this thesis concerns, PMMA has been used as raw material for producing cellular polymers 

by gas dissolution foaming due to its remarkable CO2 solubility [2]. 

In this thesis, three different PMMA grades were employed (Table 3.1). All the materials 

have been provided in the form of pellets. VT was kindly supplied by ALTUGLAS® International 

(Colombes, France) and 6N and 8N by PLEXIGLAS® Evonik Industries (Essen, Germany). PMMA has 
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been used in this thesis in several works with different purposes: retrograde behaviour analysis 

(Chapter IV), homopolymer foaming (Chapter V), or foaming of  blending (Chapters VI and VII). 

Table 3.1 
Characteristics of the PMMA grades employed in this thesis: density (ρ), number average molecular weight 
(Mn), average molecular weight (Mw), glass transition temperature (Tg), melt flow index (MFI) (230 °C, 3.8 
kg), and zero shear viscosity (η). 

PMMA ρ (g/cm3) Mn (g/mol) Mw (g/mol) Tg (°C) MFI 
(g/10min) η (Pa · s) 

VT 1.19 43 000 83 000 118 1.92 7095 

6N 1.19 34 000 77 000 99 8.20 1587 

8N 1.19 49 000 89 000 118 1.66 7650 

 

Density is around 1.19 g/cm3 for the three PMMA grades. Molecular weights have been 

determined by gel permeation chromatography (GPC) at the “Instituto de Ciencia y Tecnología de 

Polímeros” in Madrid. The physical properties (e.g., Tg, MFI, and η) clearly differ between the 6N 

grade and the VT and 8N, which are very close to each other (Table 3.1). For instance, 6N shows 

higher MFI and lower viscosity than the others anda lower glass transition temperature. That 

differences will have an influence on the gas solubility and this is investigated in  Chapter IV, 

research article: Analysis of the retrograde behavior in PMMA-CO2 systems by measuring the 

(effective) glass transition temperature using refractive index variations and the cellular structures 

in each case (Chapter VI, research article: Opening pores and extending the application window: 

Open-cell nanocellular foams). 

3.2.2 Poly(styrene) (PS) 

PS is also an amorphous thermoplastic polymer defined by the following chemical 

structure (C8H8)n (Figure 3.2). 

 
Figure 3.2. Chemical structure of PS. 

PS has been widely used from their first production (early 30s) due to their properties 

(e.g., it is hard and brittle) in injection molding parts, being a low-cost material. Among several 

industrial sectors, PS has also aroused the interest of the foaming procedures, being expanded 
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poly(styrene) (EPS) and extruded poly(styrene) (XPS) some of the most employed materials in 

building, packaging, and automotive [3,4]. 

According to gas dissolution foaming, PS shows lower CO2 solubilities than other polymers 

such as PMMA. In fact, this is one of the motivations for its use in this thesis in Chapter IV (research 

article: Microcellular foams production from nanocomposites based on PS using MOF 

nanoparticles with enhanced CO2 properties as nucleating agent). PS is employed as polymer 

matrix for evaluating the capacity of nucleation provided from CO2-philic nanoparticles. The PS 

grade used (Edistir® N2380) was kindly provided by Versalis (San Donato Milanese, Italy) in the 

form of pellets. The material presents a density of 1.05 g/cm3 and a glass transition temperature 

of 106.4 °C. 

3.2.3 Poly(caprolactone) (PCL) 

PCL is semicrystalline polyester with the following chemical structure (C6O2H10)n (Figure 

3.3).  

 
Figure 3.3. Chemical structure of PCL. 

It presents a glass transition temperature around -60 °C and a melting point around 60 °C. 

Thus, it is considered a soft polymer which can be hand-moulded. However, the most interesting 

properties are related to its biocompatibility and its biodegradability. These skills together with 

an adequate mechanical behaviour make it a suitable polymer for biomedical applications, tissue 

engineering, or 3D printer filament [5–7].  

In this thesis, PCL has been employed in this thesis for fabricating microfibres by 

electrospinning with the aim of testing the gas diffusion barrier approach in reduced-size systems 

(Chapter V, research article: A new generation of hollow polymeric microfibers produced by gas 

dissolution foaming; and Chapter VII, research article: Tuning the electrochemical response of PCL-

PEDOTPSS fibers-based sensors by gas dissolution foaming). Moreover, this polymer matrix was 

selected due to their beneficial properties in biomedical applications such as biocompatibility for 

using the fibres mats as drug delivery devices. The PCL polymer was purchased from Sigma-Aldrich 

(USA) in the form of pellets with the following properties: ρ = 1.15 g/cm3, Mn = 80 000 g/mol, 

melting point Tm = 61 °C. 
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3.2.4 Metal Organic Framework particles (MOF) 

MOF are organic compounds linked to one or more metal ions which form crystalline and 

porous structures. Indeed, large surface areas with are above to 90% of free volume are typically 

shown by these arrangements. Consequently, the principal application of MOF systems is oriented 

to gas storage and gas selectivity due to its high CO2 absorption capability, from 6 to 74 wt.% 

depending on MOF type and pressure conditions [8,9]. Taking into account their CO2-philicity, 

MOF nanoparticles has been used in this thesis as a nucleating agent in cellular polymers produced 

by gas dissolution foaming employing CO2 as a blowing agent. Notably, MOF nanoparticles 

employed in this thesis (Chapter IV, research article: Microcellular foams production from 

nanocomposites based on PS using MOF nanoparticles with enhanced CO2 properties as nucleating 

agent) are known as copper-benzene-1,3,5-tricarboxylate [Cu3(BTC)2] (Figure 3.4). In this case, the 

MOF nanoparticles were synthetized by Dr. Xiao-Lin Qi at the IMDEA Materials Institute (Madrid, 

Spain). 

 
Figure 3.4. Chemical structure of Cu3(BTC)2. 

3.2.5 MAM copolymer 

MAM is a linear ABA tri-block copolymer composed by PMMA blocks in the ends and a 

PBA block in the middle: poly(methyl methacrylate)-b-poly(butyl acrylate)-b-poly(methyl 

methacrylate) (Figure 3.5) [10,11]. 

 
Figure 3.5. Scheme of the chemical structure of MAM triblock copolymer. 

Regarding to the chemical configuration of the MAM copolymer, PBA is presented as the 

soft domain due to its low glass transition temperature (around -40 °C) with respect to the PMMA. 

Besides, PBA phase is characterized by presenting high CO2 affinity, even more than PMMA. This 
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property, combined with the ability of forming micellar nanostructures, has promoted the use of 

MAM as a nucleating agent in gas dissolution foaming processes [12–14]. 

  In this thesis four different MAM copolymers have been employed as nucleating agents 

in PMMA/MAM blends (Chapter VI and Chapter VII). MAM block copolymers M42, M51, M52, and 

M53 were kindly supplied by Arkema Company (France). The main characteristics of the MAM 

copolymers are displayed in Table 3.2. The selection of the MAM copolymers was carried out with 

the aim of comparing the nucleation activity of copolymers with different PBA contents and 

molecular weights.  

Table 3.2 
Characteristics of the MAM grades employed in this thesis: density (ρ), number average molecular weight 
(Mn), average molecular weight (Mw), PBA content (%), glass transition temperatures of both PMMA and 
MAM phases (Tg), melt flow index (MFI) (160 °C, 10 Kg). 

MAM ρ (g/cm3) Mn 
(g/mol) 

Mw 
(g/mol) 

PBA 
content 

(%) 

Tg PMMA 
(°C) 

Tg PBA 
(°C) 

MFI 
(g/10min) 

M42 1.08 85 000 165 000 36 108 -43 0.07 

M51 1.15 25 000 46 000 48 104 -26 84.00 

M52 1.15 44 000 75 000 52 116 -35 4.00 

M53 1.15 82 000 128 000 54 119 -40 0.21 

 

3.2.6 PEDOT:PSS polymer 

PEDOT:PSS is a polymer blend which is composed of two ionomers (Figure 3.6): PEDOT1 is 

a conjugated polymer which presents positive charges while PSS2 carries the negative charges. 

Thanks to its high degree of conjugation, PEDOT:PSS polymer highlights by presenting high 

electrical conductivity. Among all conducting polymers, PEDOT:PSS  is particularly attractive 

thanks to its advantages such as good processability, affordability, excellent thermal stability, high 

bendability, biocompatibility, and durability. Consequently, this polymer is widely employed in 

tissue engineering and sensoring [15,16]. 

In this thesis, PEDOT:PSS polymer has been used with the aim of functionalizing polymer 

microfibres, enhancing their electrical conductivity for performing as electrochemical sensors 

(Chapter VII, research article: Tuning the electrochemical response of PCL-PEDOT:PSS fibers-based 

sensors by gas dissolution foaming). 

 
1 PEDOT: poly(3,4-ethylenedioxythiophene) 
2 PSS: poly(styrene sulfonate) 
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Figure 3.6. Chemical structure of PEDOT:PSS. 

3.2.7 Poly(vinyl alcohol) (PVOH) 

PVOH is a synthetic polymer derived from poly(vinyl acetate) which presents the following 

chemical structure (C2OH4)n (Figure 3.7). 

 
Figure 3.7. Chemical structure of PVOH. 

Among its properties, PVOH highlights by presenting low protein adsorption 

characteristics, biocompatibility, flexibility, high water solubility, high optical quality, and chemical 

resistance [17]. Thus, PVOH is used in biomedical applications, optoelectronics, textile industry, 

adhesives, 3D printing, among others [18]. In addition, PVOH shows a low CO2 diffusivity in 

comparison to polymers that are commonly used in gas dissolution foaming process such as 

PMMA or PS [19]. For that reason, PVOH is used in this thesis as a gas diffusion barrier by the 

development of a new approach for reducing the solid skins that typically appears in the edges of 

the cellular polymers. Similarly, that approach is also used with the aim of achieving the foaming 

in reduced-size systems such as thin films and microfibres (Chapter V, Chapter VI, and Chapter VII). 

PVOH MOWIFLEX® C17 was purchased from Kuraray Europe (Hattersheim am Main, 

Deutschland). The main characteristics of the PVOH C17 are displayed in Table 3.3. Density was 

measured by a gas pycnometer and Tg and Tm by Differential Scanning Calorimetry. 

Table 3.3 
Characteristics of the PVOH employed in this thesis: density (ρ), glass 
transition temperature (Tg), melting temperature (Tm). 

Material ρ (g/cm3) Tg (°C) Tm (°C) 

PVOH C17 1.25 60 170 
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3.2.8 Gases 

Several gases can be employed as a blowing agent in gas dissolution foaming. However, 

carbon dioxide (CO2) has become the most interesting blowing agent since it is an environmentally 

friendly alternative instead of hazardous pollutants traditionally used such as pentane, 

hydrochlorofluorocarbons (HCFCs), or chemical foaming agents [20]. Moreover, the supercritical 

state of CO2 is achieved at mild conditions (7.4 MPa, 31 °C) (Figure 3.8). The advantage of working 

with a supercritical fluid (a liquid with gas properties) promotes higher gas concentrations in the 

polymer and higher diffusivities, enhancing its performance in gas dissolution foaming processes 

in comparison, for instance, to nitrogen. Therefore, a medical grade of carbon dioxide has been 

employed in this thesis as a blowing agent for foaming experiments. 

 
Figure 3.8. Phase diagram of carbon dioxide. 

In addition, the performance of nanocellular polymers as gas separation membranes has 

been evaluated in Chapter VII (Research article: A solvent-free methodology to produce open-cell 

porous membranes with control on the dense layer thickness). For that purpose, several gases such 

as helium, nitrogen, oxygen, methane, and carbon dioxide have been employed in permeability 

measurements by a time-lag device (Section 3.6.11 Gas permeability). 

3.3 Production of the solid materials 

Since the geometry of the polymers, especially their thickness, has a direct impact to the 

cellular structure morphology, diverse polymer sample morphologies have been fabricated in this 

thesis. Therefore, three kind of polymer specimens have been produced: bulk polymer sheets with 

thickness from 0.5 to 2 mm, polymer films with thickness between 50-500 µm, and polymer 

microfibres with diameters between 3-8 µm. 
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3.3.1 Bulk Polymer sheets 

Polymer sheets from PMMA grades and PMMA/MAM blends have been fabricated by 

compression moulding in a hot and cold plates press from Remtex (Barcelona, Spain) (Figure 3.9). 

First, pellets were dried at 60 °C during several hours in order to remove the humidity. Then, 

pellets were placed into the mould and between steel plates. The compression moulding process 

was carried out in three stages: warming (250 °C, 10 minutes), compression (2.2 MPa, 250 °C, 1 

minute), and cooling (2.2 MPa, RT, 3 minutes). Finally, the polymer sheet is obtained with the 

desired thickness between 0.5 to 2 mm (i.e., the thickness is controlled by the employed metallic 

frame/mould). This kind of samples are mainly used in Chapter V (Research article: Production of 

cellular polymers without solid outer skins by gas dissolution foaming: a long-sought step towards 

new applications). 

 
Figure 3.9. Hot and cold plates press. 

On the other hand, bulk specimens comprising polymer blends have been produced by 

extrusion using a Scamex CE02 single screw extruder. The temperature profile was from 165-225 

°C and the speed was 60 rpm. Finally, the resulted pellets from low (90/10) and high (25/75) MAM 

contents in PMMA/MAM blends were used in compression moulding for obtaining polymer sheets 

according to the previous procedure. These samples have been studied in the article 

Nanostructure of PMMA/MAM Blends Prepared by Out-of-Equilibrium (Extrusion) and Near-

Equilibrium (Casting) Self-Assembly and Their Nanocellular or Microcellular Structure Obtained 

from CO2 Foaming enclosed to Chapter VI.  

3.3.2 Polymer films 

Polymer films with thicknesses from 50-500 µm have been fabricated by solvent casting 

method [21]. This technique comprises several steps (Figure 3.10). First, the polymer is solved in 

a suitable solvent. Chloroform was used in all cases for dissolving PMMA, MAM, or PS in each case. 

Second, once the solution is homogenously mixed, it is dropped into a petri dish. Then, the solvent 

Cold plate Hot plate
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is removed by evaporation at ambient pressure and temperature, leaving a thin layer of the 

polymer on the bottom. Finally, the obtained film is dried in vacuum at 60 °C for ensuring the 

whole removal of the solvent. 

 
Figure 3.10. Scheme of solvent casting process. 

This technique has been employed in several parts of this thesis for fabricating films from 

PMMA (Chapter V), PMMA/MAM blends (Chapter VI and Chapter VII), and PS/MOF composites 

(Chapter IV). In the last case, an ultrasonication process was performed before the drop casting 

for promoting a suitable dispersion of the MOF particles in the polymer. After solving the polymer, 

MOF particles were added to the solution and dispersed by an ultrasonic probe of 750 W of 

powder (VC 750, Sonic and Materials Inc.). The ultra-sonication process was carried out during 

periods of 10 minutes, at 40% of amplitude and using ON/OFF pulses of 10/5 seconds. Several 

cycles were applied to disperse the nanoparticle agglomerations. 

Furthermore, solvent casting approach has been also employed for incorporating 

PEDOT:PSS polymer to PCL microfibres using a PEDOT:PSS/water solution (Chapter VII, research 

article: Tuning the electrochemical response of PCL-PEDOT:PSS fibers-based sensors by gas 

dissolution foaming). 

3.3.3 Polymer microfibres 

Polymer microfibres have been fabricated by the electrospinning process [22]. This 

technique uses an electric potential to overcome the surface tension of a polymer solution in order 

to produce an ultra-fine jet, which is elongated till a collector where the polymer solidifies (Figure 

3.11). First, the polymer in solution is loaded into a syringe provided with a needle, that is located 

in a syringe pump. The needle is connected to a positive high voltage while the collector acts as 

negative electrode. Immediately, polymer solution starts to flow through the needle while the 

electric field is applied. In that moment, the extreme of the jet is polarized forming a Taylor’s cone 

when the electric forces overcome the surface tension and an elongated thread completes the 

circuit travelling to the collector. The polymer thread is solidified forming a continuous fibre. The 

process concludes when the syringe is emptied or the electric field is suspended. 
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Figure 3.11. Scheme of the electrospinning process. 

A wide range of parameters plays an important role in the electrospinning process, being 

critical an accurate control of them for achieving homogenous polymer fibres. Regarding to 

solution; solvent, concentration, viscosity, or conductivity should be controlled. On the other 

hand, process parameters such as flow rate, spinning distance, and electric field should be 

adjusted. In addition, ambient parameters such as humidity, temperature, atmospheric pressure 

or air movement should be monitored [23]. 

In this thesis PCL microfibres with diameters between 3-8 µm have been produced using 

the following parameters (Table 3.4). Besides, ambient parameters have kept constant (30% of 

humidity and 25 °C of temperature). These fibres have been employed in works included in 

Chapter V (research article: A new generation of hollow polymeric microfibers produced by gas 

dissolution foaming) and Chapter VII (research article: Tuning the electrochemical response of PCL-

PEDOTPSS fibers-based sensors by gas dissolution foaming). 

Table 3.4 
Parameters of electrospinning process. 

Polymer Solvent Concentration Flow rate Distance Voltage 

PCL Chloroform 10 wt.% 0.7-1 mL/h 20 cm 15 kV 

 

3.4 Gas diffusion barrier incorporation 

The incorporation of the gas diffusion barrier approach to gas dissolution foaming is one 

of the most important innovations of this thesis. Therefore, the intellectual rights from this 

approach have been protected by a patent which is attached in the Appendix A, explaining in detail 

all procedures for obtaining cellular polymers without solid skins in the edges regardless the 

thickness of the polymer. 

The gas diffusion barrier has been incorporated with the aim of delaying the gas diffusivity 

through the outer surfaces of the polymer. On the one hand, surfaces with the largest area are 

coated in bulk samples and thin films with rectangular geometries. On the other hand, microfibers 
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were encapsulated into a PVOH film in the sense that each fibre is coated individually (Figure 

3.12). 

 
Figure 3.12. Scheme of the incorporation of the gas diffusion barrier in bulk and film polymer sheets (left), 

and fibres mat (right). 

The gas diffusion barrier incorporation has been carried out by two different approaches: 

solvent casting and thermoforming. 

3.4.1 Solvent casting 

Solvent casting method was previously explained in Section 3.3.2 Polymer films. In this 

case, distilled water was employed as a solvent in the PVOH incorporation. 

Two different approaches can be distinguished depending on the sample geometry, i.e., 

incorporating the gas diffusion barrier to thin films or to bulk sheets. In a first approach, a 

concatenated process of solvent casting was carried out in a petri dish building films above others, 

waiting for the evaporation of each of them. Thus, a sandwich-like film (PVOH/polymer/PVOH) is 

produced for foaming experiments. In this case, a PVOH/water solution at 5 wt.% was used. 

On the second approach, a drop of PVOH/water solution at 25 wt% was rested on the 

surface of the polymer sheet and left to evaporate at ambient conditions until achieving a thin 

film of PVOH adhered to the surface. The procedure was repeated on the other side of the polymer 

sheet in order to coat both major surfaces.  

From both approaches based on solvent casting, the PVOH thickness was controlled by 

the amount and concentration of PVOH solution dropped. PVOH films with thicknesses between 

50-200 µm were incorporated to several polymers along this thesis (Chapters V, VI and VII). 

Moreover, a PVOH film around 200-300 µm was formed by incorporating the fibres mat 

to the solution (5 wt.%) prior to evaporation in order to coat the fibres for further foaming process 

(Chapter V, research article: A new generation of hollow polymeric microfibers produced by gas 

dissolution foaming). 

3.4.2 Thermoforming 

In another approximation, a sandwich-like sample (PVOH/polymer/PVOH) was produced 

joining the three layers by thermoforming procedure. All the films were previously fabricated by 
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the solvent casting method, and then they were compressed together by applying pressure and 

temperature. A three-stage thermoforming process was employed: 120 °C without pressure for 3 

min, then 120 °C and 0.98 MPa during 1 min, and finally 0.98 MPa at room temperature. This 

approach was used in the research article Production of cellular polymers without solid outer skins 

by gas dissolution foaming: a long-sought step towards new applications (Chapter IV) aiming to 

compare the PVOH/polymer adhesion between different PVOH incorporation techniques. 

3.5 Production of the foamed materials 

Foamed materials have been fabricated by gas dissolution foaming by employing a 

pressure vessel according to the explanation provided in the Chapter I, Section 1.3.2 Gas 

Dissolution Foaming (GDF). The setup comprises a pressure vessel (model PARR 4681) provided 

by Parr Instrument Company (Moline, IL, USA) with a capacity of 1 litre (Figure 3.13). This pressure 

vessel is provided with two metal clamps and twelve screws, ensuring the seal of the system. This 

model allows working at 41 MPa of maximum pressure combined with 350 °C of temperature. In 

order to provide the vessel with the required pressure, a pressure pump (model SFT-10) supplied 

by Supercritical Fluid Technologies Inc. (Newark, DE, USA) is used. It can work up to maximum 

pressures of 68.9 MPa at a maximum flow rate of 24 ml/min. On the other hand, the control of 

the temperature is accomplished through a thermal jacket of 1200 W connected to a temperature 

controller (CAL 3000). At the beginning of the desorption stage, the gas is sharply released through 

an electro-valve with a flow factor Kv = 1.1 L/min, reaching a depressurization rate of 100 MPa/s 

in the first instants. 

The foaming step has been carried out by two different approximations: one-step and 

two-step foaming processes. One-step process takes advantage of the saturation temperature 

and allows the foaming of the polymer inside the pressure vessel just after the depressurization. 

In contrast, a thermal bath (J.P. Selecta Model 600685), provided by Grupo Selecta (Barcelona, 

Spain), was used in the two-steps process for expanding the polymer with a post-foaming 

treatment. 
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Figure 3.13. Setup for gas dissolution foaming including the pressure vessel, the pressure pump, the 

temperature controller, and the thermal bath. 

The range of parameters employed during this thesis are summarized in Table 3.5. All 

parameters have been tuned regarding to the most optimized scenario for each polymer and the 

specific parameters used in each case can be found in each paper. Saturation time has been 

selected in each case in order to ensure the whole saturation of the polymers, particularly when 

the gas diffusion barrier has been applied. After the post-foaming bath, foamed polymers were 

introduced in warm water to stop the foaming and stabilize the cellular structure. In case of using 

the gas diffusion barrier, an oil bath was employed instead of water that would remove the PVOH 

during the foaming. Afterwards, the gas diffusion barrier has been removed in water using an 

ultrasonic bath. 

Table 3.5 
Parameters of gas dissolution foaming. 

Saturation 
pressure (MPa) 

Saturation 
temperature (°C) 

Saturation time 
(h) 

Post-Foaming 
temperature (°C) 

Post-Foaming 
time (s) 

8-30 25-60 5-72 40-100 15-60 

 

3.6 Characterization techniques 

Several characterization techniques have been performed to the solid precursors as well 

as cellular polymers, summarized in Figure 3.14. 
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Figure 3.14. Characterization techniques employed to study the solid precursors and the obtained foams. 

3.6.1 Solid density 

Density of solid polymers was measured with a gas pycnometer (Mod. AccuPyc II 1340, 

Micromeritics, Norcross, GA, USA). 

3.6.2 Glass transition temperature (Tg) 

The glass transition temperature of the polymers was measured by differential scanning 

calorimetry (DSC) (Mettler-Toledo model DSC30). The program is divided in three steps (heating, 

isotherm, and cooling) and it depends on the polymer matrix, being shown the programs for 

PMMA and PMMA/MAM blend in Table 3.6. 

Table 3.6 
DSC programs employed in this thesis for PMMA and PMMA/MAM. 

Polymer Temperature 
cycle (°C) 

Temperature rate 
(°C/min) Atmosphere Isotherm 

PMMA 20 to 160 10 Nitrogen 160 °C, 3 min 

PMMA/MAM -80 to 160 20 Nitrogen 160 °C, 3 min 

 

3.6.3 Effective glass transition temperature (Tg, eff) 

The effective glass transition temperature of the PMMA/CO2 system has been determined 

by optical observation method (Chapter IV, research article: Analysis of the retrograde behavior in 

PMMA-CO2 systems by measuring the (effective) glass transition temperature using refractive 

index variations), employing a pressure vessel equipped with optical windows. 

The setup employed in this work is a lab-constructed equipment composed of a pressure 

vessel and a depressurization tank, communicated by a solenoid valve (Figure 3.15). The pressure 
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vessel or autoclave (1) is a machined stainless-steel cube with a capacity of approximately 710 

cm3. It is connected to the de-pressurization tank (3) by a stainless-steel tube with a solenoid valve 

(2). Pressure and temperature can be controlled by a pressure sensor (4) and several 

thermocouples (5) inside the autoclave, respectively. The current setup allows operating up to 

maximum pressures of 25 MPa and in a wide range of temperatures. The autoclave is equipped 

with two resistances (6) inside the cavity to increase the temperature from RT to 120 °C. Besides, 

an inner cooling circuit (7) connected to a refrigerant chiller (ThermoChill III LR 230 V/50 Hz PD2 

RS232) allows decreasing the inner autoclave temperature down to 0 °C. Both parameters, 

pressure and temperature, are finely monitored by computer software. In addition, a camera able 

to capture an image sequence was used to record all the process that occurs inside the autoclave. 

In this way, the camera shoots the sample (8), which is placed and mechanically held from its basis 

between the temperature resistances (6) during the pressure tests. The clamping of the sample 

should not affect to the optical visualization since it was performed in a sample region far enough 

of the clamping area. 

 
Figure 3.15. Scheme of the pressure vessel equipped with optical windows. 

The methodology to determine the Tg, eff is based on the significant change in optical 

properties, specially in the refraction index, between glassy and rubbery states. During the 

saturation stage, both states coexist (rubbery close to the edges and glassy in the centre) till the 

saturation is reached and whole polymer keeps in the rubbery state (Figure 3.16). According to 

the optical properties, parallel light rays, which go through the transition of both states, suffer a 

deviation in their direction as a consequence of the refraction index variation. Thus, due to the 

light refraction, a non-illuminated area in the frontier of two states is projected indicating the 

coexistence of both states. This shadow line also indicates the physical location of the boundary 

between the rubbery and glassy states (Figure 3.16). Accordingly, a shadow line appears on each 

side of the sample, moving from the edges to the centre according to the evolution of the CO2 

uptake profile of the PMMA sample. 
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Figure 3.16. Schematic top view of the sample during the pressure test. The inset shows a schematic 

description of the refraction of the light rays at the rubbery-glassy interface (left). Schematic frontal view 
of the sample as shown by the camera, showing the presence of shadow-lines induced by the refraction of 

the light at the rubbery-glassy interface (right). 

More details about the specific characteristics of the setup of the pressure vessel with 

windows are provided in the Supporting Information of the research article: Analysis of the 

retrograde behavior in PMMA-CO2 systems by measuring the (effective) glass transition 

temperature using refractive index variations. 

3.6.4 Rheology 

Extensional viscosity of the solid PMMA/MAM blends were measured in order to establish 

a relationship between the rheology behaviour of the polymer and the growing mechanisms 

during foaming (Chapter VI, research article: Opening pores and extending the application 

window: Open-cell nanocellular foams). Extensional viscosity was measured by a stress control 

rheometer (Rheometer TA instruments AR-2000ex) at 130 °C with a constant Hencky strain rate 

of 2.5 s-1. 

3.6.5 Morphology of the solids 

The morphology of the solid precursors has been characterized by studying several 

parameters in different works. First, the particle size and the particle dispersion in PS/MOF 

composites has been studied by Scanning Electron Microscopy (SEM) and Atomic Force 

Microscopy (AFM), respectively (Chapter IV, research article: Microcellular foams production from 

nanocomposites based on PS using MOF nanoparticles with enhanced CO2 properties as nucleating 

agent). Particle size was directly measured from SEM micrographs using a High Resolution 
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Scanning Electron Microscope (HRSEM) (QUANTA 200 FEG, Hillsboro, OR, USA), employing the 

software FIJI/ImageJ [24]. Conversely, MOF particle distribution in the solid was analysed by 

Cypher ES AFM from Asylum Research (Goleta, CA, USA) in tapping mode. The data were acquired 

using a standard AC160TS cantilever from Olympus with a spring constant k of approximately 26 

N/m, a Q factor of 300 and a resonant frequency of 260 kHz. Finally, an estimation of the number 

of nanoparticles (n) per unit area (A) is provided by using Kumar’s approximation (Equation 3.1) 

[25] with the aim of studying the particle dispersion in the PS matrix. 

𝑁𝑁 = �
𝑛𝑛
A
�
3
2

 Equation 3.1 

On the other hand, the solid phase distribution in PMMA/MAM blends was characterized 

by Transmission Electron Microscopy (TEM) and AFM in Chapter VI (research article: 

Nanostructure of PMMA/MAM blends prepared by out-of-equilibrium (extrusion) and near-

equilibrium (casting) self-assembly and their nanocellular or microcellular structure obtained from 

CO2 foaming) and research article: Opening pores and extending the application window: Open-

cell nanocellular foams). 

The TEM studies were performed in a Jeol JEM 1011 (Jeol, Tokyo, Japan) electron 

microscope (Electron Microscopy Lab.–Nanochemistry Dept., Instituto Italiano di Tecnologia). 

Each sample was cut under cryogenic conditions (−60 °C), in about 80–90 nm thin slices using a 

Leica EM UC6 Ultramicrotome equipped with a cryo-system Leica EM FC6 and a specific diamond 

knife for low temperature. The obtained slices were collected onto a 200 mesh formvar/carbon-

coated copper TEM grid. Finally, the size of micelles or nanodomains was measured by FIJI/ImageJ 

and the number of micelles per cm3 has been calculated from TEM micrographs using the Equation 

3.1. 

In addition, PBA nanodomains from PMMA/MAM blends were analyzed Cypher ES AFM 

from Asylum Research (Goleta, CA, USA) after being prepared by cryomicrotome to obtain flat 

surfaces with differences in height lower than 100 nm. The phase images were binarized in order 

to identify easily the PBA domains and the PMMA matrix. Finally, the binarized images were 

analyzed using FIJI/ImageJ to determine the average local thickness of each phase. 

3.6.6 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis is an accurate technique for determining the amount of one 

component in mixtures. The methodology consists of performing a pyrolysis cycle in which one of 

the components is degraded while the mass loss is recorded. In this thesis, a TGA device (SDTA851, 

Mettler Toledo) was used for analysing the amount of ibuprofen left in the fibres after the drug 
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loading (Chapter V, research article: A new generation of hollow polymeric microfibers produced 

by gas dissolution foaming) and PEDOT:PSS content in PCL microfibres (Chapter VII, research 

article: Tuning the electrochemical response of PCL-PEDOTPSS fibers-based sensors by gas 

dissolution foaming). The conditions of the TGA experiments in each case are described in Table 

3.7. The ibuprofen load was determined from the mass loss between 100-220 °C, while the 

PEDOT:PSS amount was calculated from the decomposition of PSS between 180-400 °C. 

Table 3.7 
TGA programs employed in this thesis for PCL/ibuprofen and PCL/PEDOT:PSS microfibres. 

Polymer Temperature 
cycle (°C) 

Temperature rate 
(°C/min) Atmosphere Isotherm 

PCL/ibuprofen 50 to 400 5 Nitrogen 220 °C, 2 h 

PCL/PEDOT:PSS 50 to 800 10 Nitrogen - 

 

3.6.7 Foam density 

The density of the cellular polymers has been measured using the water-displacement 

method based on Archimedes’ principle. A density determination kit for an AT261 Mettler-Toledo 

(Columbus, OH, USA) balance was used for this purpose. Relative density (ρr) was calculated from 

the relationship between the foam density (ρf) and the solid density (ρs) as indicates Equation 3.2. 

𝜌𝜌𝑟𝑟 =
𝜌𝜌𝑓𝑓
𝜌𝜌𝑠𝑠

 Equation 3.2 

3.6.8 Cellular structure 

The cellular structure has been characterized by several parameters: cell density, cell 

nucleation density, cell size, thickness of the solid skins, and surface porosity of the outer surfaces. 

All parameters have been analysed from SEM micrographs performed by three different devices 

as a function of the required magnifications in each work: SEM (HITACHI FlexSEM 1000), ESEM 

(QUANTA 200 FEG), and Merlin SEM (Zeiss, Germany). 

The methodology for analysing the cellular structure has been carried out by FIJI/ImageJ 

software (Figure 3.17). First, cells are drawn on the SEM micrograph. Then, the image is binarized 

to identify the cell walls. Then, cell nucleation density is calculated from Kumar’s approximation 

(Equation 3.1) [25,26]. On the other hand, cell size is determined using a specific software based 

on ImageJ/FIJI by measuring at least 50 cells [27]. 
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Figure 3.17. Methodology to analysis of the cellular structure: drawing, binarization, and counting. 

Furthermore, the solid skin thickness has been measured from SEM micrographs taking 

into account several measurements on both top and bottom solid skins as indicated in Figure 3.18. 

On the other hand, the cellular structure created on the outer surfaces of the polymer when the 

gas diffusion barrier is applied on those surfaces has been measured by the same procedure 

explained above. 

 
Figure 3.18. Methodology to analyse the solid skins thickness. 

3.6.9 Drug loading and drug release 

In order to evaluate the performance of the hollow microfibres as drug delivery devices, 

ibuprofen was incorporated into solid and foamed fibres for comparison (Chapter V, research 

article: A new generation of hollow polymeric microfibers produced by gas dissolution foaming). 

Drug loading was performed by supercritical CO2 impregnation by employing a lab-

constructed pressure vessel with around 8 cm3 of volume (Figure 3.19). The pressure vessel was 

designed in order to minimize the amount of drug required. Besides, two valves were installed to 
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pressurize and depressurize. A sample of fibres mat of 4 x 0.5 cm2, and the ibuprofen encapsulated 

into a paper filter bag were located into the pressure vessel. The ibuprofen was put in exceed (0.2 

g) taking into account its solubility in CO2 [28] and the volume of the pressure vessel, aiming to 

achieve the maximum drug load in the fibres. These tests were performed at 15 MPa and RT for 3 

hours. Besides, pressurization and depressurization were carried out at a slow pace to avoid 

damage of the fibres by plasticization.  

 
Figure 3.19. Setup pressure vessel for drug loading experiments. 

Moreover, the drug load has been quantified by TGA measurements as it was explained 

in Section 3.6.6 Thermogravimetric analysis (TGA). On the other hand, the drug release in water 

has been studied by using an UV-visible scanning spectrophotometer (UV-2101PC, Shimadzu). 

First, a piece of fibres mat (1 mg) was placed in a vial with 10 mL of distilled water and shaken at 

a constant rate of 200 rpm. Several UV spectra were performed from 5 to 2400 minutes to 

evaluate the ibuprofen concentration from the 190 nm peak of ibuprofen [29]. Also, a calibration 

line from stock solutions of a known concentration was employed to extrapolate the ibuprofen 

concentration of each spectrum.  

3.6.10 Sensing capacity 

Aiming to evaluate the potential capacity of the PCL/PEDOT:PSS microfibres as sensors, 

their electrochemical performance has been studied in Chapter VII, research article: Tuning the 

electrochemical response of PCL-PEDOT:PSS fibers-based sensors by gas dissolution foaming.  

The electrochemical response has been assessed by cyclic voltammetry using a 

PGSTAT128 potentiostat/galvanostat (AutolabMetrohm, Utrecht, The Netherlands) controlled by 

the CView software at RT. The three-electrode cell of 40 mL is composed of a platinum plate as a 

counter electrode (CE) (2 cm2 of active surface, which was flamed before to use), an Ag/AgCl as 

reference electrode (RE) and the developed polymeric sensors as working electrode (WE). The 

electrochemical response of the conductive polymer-based sensors was studied from -1 to +1.2 V 
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(vs Ag/AgCl (1 mol/L KCl)) at a scan rate 100 mV/s. 10 cycles for each sample deposited in ITO were 

carried out for this study in 0.1 mol/L of KCL. Also, calibration curves were obtained from catechol 

solutions with concentrations ranging from 1·10−5 to 1·10−3 mol/L.  

In addition, variations in conductivity resulted from the incorporation of PEDOT:PSS into 

PCL fibres have been studied by electrochemical impedance spectroscopy (EIS). EIS was performed 

using a potentiostat/galvanostat (PARSTAT 273A, Princeton Applied Research, Princeton, NJ, USA) 

and an impedance analyser (Solartron SI 1260, Solartron Analytical, Farnborough, UK). The 

measurements were carried out in a 0.1 mol/L KCl solution, 10 mV amplitude, 0.1 V working 

potential, and frequency range from 0 to 100 kHz. 

3.6.11 Gas permeability 

In order to evaluate the performance of solid and foamed materials as gas separation 

devices, gas permeability measurements have been performed (Chapter VII, research article: A 

solvent-free methodology to produce open-cell porous membranes with control on the dense layer 

thickness). 

Gas permeability of several gases were measured by a barometric gas permeator based 

on the time-lag methodology (Figure 3.20). Time-lag methodology is based on the transient flow 

gas through the membrane located into the permeation cell due to the pressure difference 

between both sides (upstream and downstream) [30]. In this thesis, solid and porous membranes 

were cut in circular samples (2.5 cm of diameter) for being coupled in the permeation cell. Then, 

gas permeability measurements were carried out at a constant pressure and temperature (3 bar 

and 35 °C) for helium, nitrogen, oxygen, methane, and carbon dioxide. Finally, permeability (P), 

selectivity between two gases (αa/b), and permeance (G) have been calculated from the pressure 

variation in the downstream side (dp/dt) (Equation 3.3, Equation 3.4, and Equation 3.5). Where 

V is the volume of the gas permeator, l is the membrane thickness, A is the effective area of 

transient flow, T is the temperature, p0 is the constant pressure in the upstream side, and Pa, Pb 

are the permeabilities of a pair of gases. 

𝑃𝑃 =
273
76

·
𝑉𝑉 𝑙𝑙

𝐴𝐴 𝑇𝑇 𝑝𝑝0
·
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

  Equation 3.3 

𝛼𝛼𝑎𝑎/𝑏𝑏 =
𝑃𝑃𝑎𝑎
𝑃𝑃𝑏𝑏

  Equation 3.4 

𝐺𝐺 =
𝑃𝑃 
𝑙𝑙 

  Equation 3.5 
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Figure 3.20. Gas permeator setup. 
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4.1 Introduction 

According to the concepts explained in the Chapter II. State of art about the gas dissolution 

foaming, one of the key parameters for this process is the gas concentration in the polymer-CO2 

system. It has been demonstrated in previous literature that gas concentration plays an important 

role on the final cellular structure [1–4]. Therefore, many efforts have been carried out to increase 

this parameter, such as using extreme saturation conditions (e.g., high pressures combined to low 

temperatures [5]) or introducing nucleating agents with high affinity to CO2 (e.g., the use of block 

copolymers with CO2-philicity [6,7]). This chapter is composed of two publications related to the 

influence of the gas concentration and distribution in the polymer matrix during the saturation 

stage and how it affects to the final cellular structure obtained.  

The first publication (‘Analysis of the Retrograde Behaviour in PMMA-CO2 Systems by 

Measuring the (Effective) Glass Transition Temperature Using Refractive Index Variations’ 

published in the Journal of Supercritical Fluids, 2021) analyses the influence of the CO2 in several 

PMMA matrices as a function of the saturation parameters (pressure and temperature). It is well-

known that some polymers with high affinity to CO2 present interesting behaviours when high gas 

concentration are achieved. One of them is the retrograde behaviour showed by PMMA-CO2 

systems, that is characterized by presenting two different transitions from glassy to rubbery states 

for the same pressure (i.e., one of them by increasing the temperature, and another by decreasing 

it) [1,8–10]. Although the retrograde behaviour has been previously analysed by the properties 

change between glassy and rubbery states, there is still significant doubts about its existence at 

low temperatures and it has never been explored by analysing the optical properties, specially, 

using the changes in refraction index when CO2 is dissolved in the polymer [11,12]. 

In this paper, the retrograde behaviour of several PMMA-CO2 systems has been studied 

from in-situ optical observations during the saturation stage. A special pressure vessel provided 

with two windows has allowed to visualize the sample during the sorption step, determining the 

state of the polymer-gas mixture by the change in their optical properties. A wide range of 

pressures and temperatures have been employed to define the glassy or rubbery states by an 

iterative method, what has allowed to plot the retrograde behaviour line with high accuracy. 

Besides, the differences on the retrograde behaviour curves (Tg, eff curve vs pressure) for three 

different PMMAs is also provided. Herein, the study of the low-pressure and low-temperature 

region, which was unexplored until this work, has been clarify by decreasing the temperature 

down to 0 °C and the pressure down to 0.1 MPa. As a conclusion, the rubbery state in the PMMA-

CO2 system is obtained generally above certain pressure regardless the temperature. Moreover, 
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an asymptotic trend was obtained in the Tg, eff curve when both pressure and temperature 

decrease, achieving the rubbery state at mild conditions (0.5 MPa, 10 °C). 

Once understood the importance of the gas concentration and the interesting changes 

that promotes in the polymer, those concepts can be applied to the creation of cellular structures. 

When employing the homogeneous nucleation approach, the gas concentration is intimately 

related to the cellular structure, determining both cell density and cell size. For instance, this 

concept (explained in Chapter I. Introduction and Chapter II. State of art) is extrapolated to the 

appearance of the solid skins in the edges, where the insufficiency of gas hinders the cells 

formation [13,14]. On the contrary, the heterogeneous nucleation approach can take advantage 

of CO2-philic nucleating agents to enhance the gas concentration and control the nucleation 

process. This aim is developed in the second publication presented in this chapter (‘Microcellular 

Foams Production from Nanocomposites Based on PS Using MOF Nanoparticles with Enhanced 

CO2 Properties as Nucleating Agent’, published in the Journal of Cellular Plastics, 2022). This work 

analyses the influence on the cellular structure of introducing CO2-philic nanoparticles as 

nucleating agents. Aiming to reproduce the high nucleating effect provided by block copolymers 

which presents high affinity to CO2 such as MAM1 or ABS2 [6,7,15], MOF3 nanoparticles with CO2-

philicity has been introduced in a PS4 matrix pursuing an enhancement in the gas concentration 

and cell nucleation. It is well known that MOFs are able to locate huge amounts of CO2 into their 

complex structures [16]. Thus, they can perform as CO2 reservoirs accumulating gas while acting 

as nucleating agents. An enhancement of the nucleation efficiency and thus, in the cellular 

structure is expected by increasing the local gas concentration in the polymer. 

Accordingly, MOF nanoparticles have been introduced in a PS matrix for testing that 

approach. On the one hand, the particle size and the particle dispersion have been studied in order 

to optimize the nucleation efficiency. On the other hand, the nucleation efficiency has been 

compared with other nanoparticles employed with similar purposes. Finally, a relationship 

between the nucleation efficiency and the cellular structure is provided. 

In brief, the incorporation of CO2-philic nanoparticles has allowed achieving higher 

nucleation efficiencies in comparison to the previous literature, leaving also more controlled and 

homogenous cellular structures than those obtained with pristine PS at the same foaming 

 
1 MAM: triblock copolymer methyl methacrylate-b–butyl acrylate-b–methyl methacrylate 
2 ABS: triblock copolymer acrylonitrile–butadiene–styrene 
3 MOF: metal organic framework 
4 PS: poly(styrene) 
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conditions. Hence, MOF nanoparticles have been aroused as a promising nucleating agent with 

high CO2-affinity. 

4.2 Analysis of the retrograde behavior in PMMA-CO2 systems by measuring 

the (effective) glass transition temperature using refractive index 

variations 

Supporting Information 

4.3 Microcellular foams production from nanocomposites based on PS using 

MOF nanoparticles with enhanced CO2 properties as nucleating agent 

Supporting Information 
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Analysis of the Retrograde Behavior in PMMA-CO2 
Systems by Measuring the (Effective) Glass Transition 

Temperature Using Refractive Index Variations 
 

D. Cuadra Rodríguez a,*, D. Carrascal a, E. Solórzano b, M. A. Rodríguez Pérez a, J. Pintoa,* 
a Cellular Materials Laboratory (CellMat), Condensed Matter Physics Department, University of 

Valladolid, Paseo Belén 7, 47011, Valladolid, Spain. Email: dcuadra@fmc.uva.es,  jpinto@fmc.uva.es 
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Keywords 

Glass transition temperature; retrograde behavior; optical observation method; refraction index. 

Abstract 

The physical behavior of polymethyl methacrylate-carbon dioxide (PMMA-CO2) system 

was studied in a wide range of temperatures (0 to 100 °C) and pressures (0.1 to 10 MPa). The glass 

transition temperature of the systems was determined by a new optical observation 

methodology. The developed procedure is based on the refraction index variations between 

rubbery and glassy states, which allowed to differentiate both PMMA states for each pair of 

temperature and pressure conditions. Following this procedure, retrograde behavior was 

confirmed for three different grades of PMMA, finding significant differences in their behavior. In 

addition, the study of the glass transition temperature of the PMMA-CO2 systems included the 

low-pressure and low-temperature region, scarcely studied before. The new results obtained in 

the low pressure-temperature region are critical to design advanced foaming approaches and 

manufacturing processes at low temperatures. 
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based on PS Using MOF Nanoparticles with Enhanced 

CO2 Properties as Nucleating Agent 
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Metal-Organic Frameworks (MOF); nanocomposites; CO2–philic particles; heterogeneous 

nucleation; gas dissolution foaming process. 

Abstract 

The use of Metal-Organic Frameworks (MOF) nanoparticles as nucleating agents in gas 

dissolution foaming processes is presented. In this work, MOF nanoparticles with three different 

particle sizes were synthetized and introduced in film composites based on polystyrene at 1 wt.%. 

The addition of nanoparticles with high affinity to CO2, which is the gas used as a physical blowing 

agent, can contribute to increase the nucleation efficiency in comparison with the classical 

heterogeneous route using non CO2-philic particles. Nanoparticles dispersion in solids and cellular 

structure in foams were studied as a function of the particle size and foaming parameters, studying 

for first time the impact of MOF nanoparticles on the nucleation by gas dissolution foaming. 

Nucleation efficiencies in the order of 10-2 were achieved for PS/MOF composites. In addition, the 

thermal stability of the cellular structure in the composites was enhanced regarding to PS matrix, 

preserving the cellular structure regardless the foaming temperature. Therefore, MOF 

nanoparticles have emerged as promising nucleating agents in foaming procedures. 
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5.1 Introduction 

According to the precedent chapter, the gas concentration in the polymer is a key 

parameter in the GDF during the saturation step and also in the formation of the cellular structure. 

As it was listed in the Chapter I, one of the main objectives of this thesis is to avoid the formation 

of the solid skins that typically appears in the edges of the cellular polymers produced by GDF. For 

that aim, a suitable gas concentration in the edges is needed to achieve the foaming in those 

regions. Once the limitation is understood, which is due to the quick gas diffusivity during the 

desorption stage, new solutions should be suggested in order to overcome that limitation. This 

chapter is composed of two publications that offer a new solution to achieve whole foamed 

polymers regardless the sample thickness, including thin films and micrometric polymer systems.  

The first publication (‘Production of Cellular Polymers without Solid Outer Skins by Gas 

Dissolution Foaming: A Long-Sought Step towards New Applications’ published in Materials and 

Design, 2022) presented for first time an effective solution to avoid the formation of the solid skins 

during the gas dissolution foaming (GDF) process. 

Up to now, several attempts have tried to remove the solid skins after or during the 

process [1–3]. However, additional drawbacks are introduced by these techniques, such as 

mechanical deterioration of the cellular structures, the use of environmentally unfriendly 

procedures, or the limitation of the foaming mechanisms (i.e., hindering high expansions, 

obtaining uncontrolled cellular structures…) [4,5]. On the contrary, this work proposes a 

complementary and versatile technique capable of avoiding the formation of the solid skins in 

cellular polymers fabricated by GDF. The approximation is based on incorporating a flexible gas 

diffusion barrier, pursuing a lower gas diffusivity without constraining the polymer, and keeping 

as much gas concentration as possible near the skins. Thus, homogeneous cellular structures can 

be obtained till the edges of the polymer. Furthermore, this approach can be also employed to 

foam samples with lower thickness, such as thin films, that could not be foamed  by GDF. 

This work employs PVOH1 as a gas diffusion barrier thanks to its properties. First, it is a 

polymer with very low CO2 diffusivity, a mandatory requirement to delay the gas diffusion out of 

the samples. Second, PVOH is a thermoplastic polymer with a low Tg, presenting a flexible 

behaviour at mild conditions. Therefore, it will not hinder the polymer expansion. And third, it is 

a water-soluble polymer which allows it to be incorporated and removed from the polymer 

 
1 PVOH: poly(vinyl alcohol) 
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 surface in an easy and safe way without altering the obtained cellular structure and without using 

organic solvents. 

Among the main results of this work, it can be highlighted the reduction of the solid skins 

in the edges obtaining whole homogeneous cellular structures regardless the polymer basis 

(PMMA1, PS2, PC3, and PCL4). Besides, porous surfaces have been obtained by the contact of the 

gas diffusion barrier, that could be interconnecting both inner and superficial cellular structures. 

Moreover, the gas diffusion barrier has also allowed obtaining homogenous cellular structures 

and significant expansions in films with reduced thickness. 

Then, looking forward pushing towards the limits of the proposed gas diffusion barrier, 

the thickness of the samples was reduced until the micrometric scale. Then, the foaming by GDF 

of polymer fibres with a diameter of a few microns by using the gas diffusion barrier approach was 

studied in the second publication included in this chapter (‘A New Generation of Hollow Polymeric 

Microfibers Produced by Gas Dissolution Foaming’ published in Journal of Materials of Chemistry 

B, 2020). 

From the precedent knowledge, micrometric hollow polymeric fibres cannot be produced 

from GDF, as the gas diffusion out of the fibres is faster than the nucleation time. Thus, pursuing 

one of the objectives of this thesis, the gas diffusion barrier approach has been extrapolated to 

micrometric systems in order to foam these fibres and enhance their surface area. One of the 

advantages of employing the GDF is the accurate control of the cellular structure from the foaming 

parameters [6]. In this way, the foaming parameters have been optimized to produce hollow fibres 

with tuneable porosity on the surface. 

Although developing a new methodology to produce hollow polymeric fibres by GDF 

supposes a huge advance in this field, this work has gone a step further. Hollow fibres with 

tuneable porosity on their surface have been evaluated as drug delivery systems. Taking 

advantage of their morphology and the biocompatibility presented by PCL, these fibres have been 

charged with ibuprofen for performing drug delivery tests. A constant and controlled drug release 

was obtained from the fine modification of the porous morphology of the fibres.  

 
1 PMMA: poly(methyl methacrylate) 
2 PS: poly(styrene) 
3 PC: poly(carbonate) 
4 PCL: poly(caprolactone) 
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Therefore, in this chapter a new methodology for removing the solid skin   in polymeric 

samples with different geometries (bulk, films, and fibres) has been presented. This approach  

overcomes one of the main limitations of the GDF.  
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Keywords 

Gas diffusion barrier; poly(vinyl alcohol) (PVOH); gas dissolution foaming; cellular polymers. 

Abstract 

An innovative approach to reduce and eliminate the non-foamed solid skins of the cellular 

polymers fabricated by gas dissolution foaming is presented in this work. The incorporation of a 

flexible gas diffusion barrier on the polymer surfaces during the saturation and foaming processes 

provided significant reduction or even hindered the appearance of the non-foamed solid skins 

while enabling appropriate expansions in several polymers (PMMA, PS, PC, and PCL). Besides, this 

approach has allowed to achieve significant expansions by foaming polymer samples with 

thicknesses in the order of magnitude of the non-foamed solid skins, i.e., thin films (< 100 µm). 

This paper discusses how the gas diffusion barrier allows reducing the solid skins, the mechanisms 

involved in the gas diffusion process, and the possibility of interconnecting the inner cellular 

structure with the external medium. 
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Produced by Gas Dissolution Foaming 
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Abstract 

A new and straightforward route to produce polymeric hollow microfibres is proposed. 

Polycaprolactone (PCL) hollow fibres are obtained for the first time by an environmentally friendly 

gas dissolution foaming approach, overcoming its limitations to induce porosity on samples on the 

micrometric range. Different porous morphologies are achieved from solid PCL microfibres with a 

well-controlled diameter obtained by conventional electrospinning. The optimization of the 

foaming parameters provides two sets of well-defined hollow fibres, one showing smooth surfaces 

and the other presenting an enhanced surface porosity. Accordingly, gas dissolution foaming 

Foamed fibers fabrication

Solution:
0.166 g/mL PCL in CHCl3
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proves to be not only suitable for the production of hollow polymeric microfibres, but also capable 

to provide diverse porous morphologies from the same precursor, solid fibres. Moreover, a 

preliminary study about the suitability of this new generation of foamed hollow polymeric fibres 

for drug delivery is carried out, aiming to take advantage of the enhanced surface area and tunable 

morphology providing by the proposed new production method. It is found that the foamed 

microfibres can be loaded up to 15 wt.% of Ibuprofen while preserving the morphology of each 

kind of fibres. Then, foamed PCL fibres presenting a hollow structure and surface porosity shows 

a remarkable constant Ibuprofen release for almost one day and a half. In contrast, the original 

solid fibres do not present such behaviour, releasing all the Ibuprofen in about seven hours. 
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6.1 Introduction 

Regarding to the main objectives of this thesis, a deep study of the CO2-polymer 

interactions for increasing the gas concentration and the elimination of the solid skins during the 

foaming process have been accomplished. However, it should be noted that all the cellular 

structures showed until now presented close-cell morphologies. This is due to the hard challenge 

which supposes producing open-cell structures for which very specific formulations and/or 

processing conditions are needed [1]. In this chapter, the issue of producing open-cell nanocellular 

structures in thin films is addressed, including two publications. First, investigating the best way 

to produce open-cell nanocellular structures in bulk samples and films. And second, combines the 

knowledge about producing open-cell cellular structures with removing the outer solid skin to 

produce films with the two characteristics simultaneously. 

First, the research article ‘Nanostructure of PMMA/MAM Blends Prepared by Out-of-

Equilibrium (Extrusion) and Near-Equilibrium (Casting) Self-Assembly and Their Nanocellular or 

Microcellular Structure Obtained from CO2 Foaming’, published in Nanomaterials (2021), 

compares the differences in the production of open-cell nanocellular foams between bulk samples 

and thin films. 

One of the approaches to produce open-cell structures by GDF is using block copolymers 

or homopolymer/block copolymer blends as polymer matrices, being MAM a widely studied 

copolymer for that aim [2–4]. However, some issues related to the nanostructuration provided 

from PMMA/MAM blends still have to be clarified. First, the dependence on the MAM content to 

form different nanostructurations such as micelles, lamellar, or co-continuous nanostructures. 

Second, the study of the nucleation mechanisms provided by the soft domains of MAM (i.e., the 

PBA phase) and its dispersion into nanodomains. And finally, the relationship between the ‘Out of 

Equilibrium’ (extrusion) and the ‘Near-Equilibrium’ (casting) fabrication processes. Similarly, it is 

necessary to study the extrapolation of the results achieved on production of open-cell 

nanostructures from bulk to films, depending on the production route: by extrusion in a large scale 

and by casting in reduced-size samples. 

In this first work, PMMA/MAM blends at low and high MAM contents are produced from 

two different methods (extrusion and casting). First, the MAM nanostructuration presents some 

differences with the MAM content, being suitable for obtaining nanocellular foams in extruded 

samples regardless the MAM content. In contrast, such structures are only achieved at high MAM 

contents in thin films since low MAM contents in casting method leaves bigger micelles than in 

extrusion method, obtaining close-cell microcellular structures. In despite of this difference, the 
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first direct evidence that the nucleation is taking place in the PBA phase was found in those 

materials. Moreover, an additional study of the nanostructuration is also related with one of the 

main concerns of this thesis, the solid skins formed in the edges. Although the heterogenous 

nucleation provided by MAM copolymer allows to decrease the thickness of the solid skins in 

comparison to foamed PMMA samples, thick dense layers are still formed in the edges unless a 

metallic mould is employed. 

Following the knowledge generated in that work, the extrapolation of open-cell structures 

from bulk samples to thin films seems to be more accessible. Nevertheless, although the 

heterogeneous nucleation helps to decrease the solid skins thickness in bulk samples, the foaming 

in thin films is still hindered by the classical gas dissolution foaming [5]. Thus, the gas diffusion 

barrier approach has been again employed in combination to the nanostructuration provided by 

PMMA/MAM blends in the article research entitled ‘Opening pores and extending the application 

window: Open-cell nanocellular foams’ and published in Macromolecular Materials and 

Engineering (2023). 

This work is focused on the production of open-cell nanocellular structures in films 

employing PMMA/MAM blends. First, several grades of PMMAs and MAMs with different 

properties are combined producing twelve blends. The differences between their 

nanostructuration and their viscoelastic behaviour were related to their cellular structure. In 

addition, the cellular structure of the foamed samples obtained with and without employing the 

gas diffusion barrier approach has been compared. Finally, a detailed study about the solid skins 

formation in both cases was performed. 

The viscoelastic behaviour and the nanostructuration provided from MAM copolymers 

resulted to be decisive to the formation of open-cell structures. Firstly, MAM grades which 

showed strain hardening coefficient helped to keep the cell size in the nanometric range during 

the cell growth. Secondly, the co-continuous nanostructuration and the domains size determine 

the interconnection of the cellular structure. The most interesting results shows that open-cell 

nanocellular structures without solid skins were produced from polymer films. As it happened in 

Chapter V (Research article: Production of cellular polymers without solid outer skins by gas 

dissolution foaming: a long-sought step towards new applications), the use of the gas diffusion 

barrier promoted a porous structure on both surfaces, achieving a whole interconnected open-

cell structure. Once this challenge was achieved, new promising applications are waiting for these 

porous materials.  
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Abstract 

Blends of poly(methyl methacrylate) (PMMA) and a triblock copolymer poly(methyl 

methacrylate)-b-poly(butyl acrylate)-b-poly(methyl methacrylate) (MAM) have been obtained 

following both out-of-equilibrium (extrusion) and near-equilibrium (solvent casting) production 

routes. The self-assembly capability and the achievable nanostructures of these blends are 

analysed by transmission electron microscopy (TEM) regarding their production route and 

potential for the achievement of nanocellular foams by CO2 gas dissolution foaming. The influence 

of the initial nanostructure of the solids on the obtained cellular structure of bulk and film samples 

is determined by high-resolution scanning electron microscopy (HRSEM) for diverse foaming 

conditions (saturation pressure, saturation temperature, and post-foaming stage), taking into 

account the required use of a foaming mould to achieve foams from films. Moreover, the influence 

of the nanostructuration on the presence of solid outer layers, typical of the selected foaming 

process, is addressed. Finally, consideration of a qualitative model and the obtained results in 

terms of nanostructuration, cellular structure, and foaming behaviour, allow proposing a detailed 

cell nucleation, growth, and stabilization scheme for these materials, providing the first direct 

evidence of the cell nucleation happening inside the poly(butyl acrylate) phase in the 

PMMA/MAM blends. 
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Abstract 

The production of open-cell (OC) nanostructures in polymer foams without non-foamed 

solid skins by gas dissolution foaming has been developed in this work. First, several grades of 

MAM block copolymer at high content were employed as heterogeneous phase in PMMA for 

producing open-cell structures. AFM and extensional rheology are used as methods to understand 

the main features to obtain OC nanocellular structures. Second, the gas diffusion barrier approach 

is employed for first time in polymer blends to avoid the appearance of the solid skins in the 

borders, which typically appears when the cellular polymer is produced by gas dissolution 

foaming. The influence of the PVOH gas diffusion barrier is analysed, together with the effect of 

mailto:dcuadra@fmc.uva.es
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heterogeneous nucleation provided by MAM copolymer, on the solid skins formation. The synergy 

between both approaches allows obtaining porous nanocellular polymeric films with an OC 

structure non-constrained by the presence of outer solid skins. 
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7.1 Introduction 

In the previous chapters, the gas concentration and gas diffusivity have been studied 

according to the gas saturation parameters and foaming mechanisms, the gas diffusion barrier 

approach has been employed in all kinds of samples, and open-cell structures have been produced 

overcoming several difficulties. At this point, most of the proposed targets of this thesis have been 

successfully accomplished. However, several times along this document it has been commented 

that the use of the gas diffusion barrier would allow to employ cellular polymers in some 

applications that are still limited for them due to the formation of the solid skins, and the 

impossibility of foaming reduced-size systems (e.g., thin films or microfibres). Hence, this chapter 

is focused on demonstrating the actual potential of the produced materials on diverse promising 

applications. In fact, the first prove was offered in the Chapter V (research article: A new 

generation of hollow polymeric microfibers produced by gas dissolution foaming), where the 

hollow fibres produced by employing the gas diffusion barrier approach were tested as a drug 

delivery device. As a reminder, the enhancement in the superficial area and roughness due to the 

induced porosity promoted a constant and slow drug release, as demanded in this application. In 

addition, two more publications (pending on acceptance) with the aim of evaluating these 

materials in new applications comprise this chapter. 

First, the work entitled ‘Tuning the electrochemical response of PCL-PEDOT:PSS fibres-

based sensors by gas dissolution foaming’ is presented with the aim of giving functionality as 

sensors to the hollow fibres created by gas dissolution foaming employing the gas diffusion barrier 

approach. 

An electrochemical sensor works as an electrode producing an electric signal based on 

oxidation/reduction reactions [1]. Electrochemical sensors requires some physical properties for 

obtaining adequate performances such as high surface area, good electrical conductivity, water 

stability, robustness and biocompatibility (in human body applications) [2]. Consequently, PCL1 

electrospun fibres meet all cited requirements except the electrical conductivity, being the 

foaming the key aspect to obtain high surface area (foamed PCL electrospun fibres). Therefore, a 

functionalization of these fibres for making them electrical conductors is needed to be employed 

as electrochemical devices. 

 
1 PCL: poly(caprolactone) 
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 In this work, a conductive polymer (PEDOT1:PSS2) has been incorporated to the PCL fibres 

in different manners: to the solid fibres without foaming, to the solid fibres prior to foaming, and 

to the foamed fibres. The electrochemical response from solid and foamed fibres has been 

evaluated by cyclic voltammetry, and by electrochemical impedance spectroscopy. The 

conductivity, the sensitivity, and their performance in sensing application were compared 

between different PCL/PEDOT:PSS fibres. 

As expected, the conductivity and the electronic transfer were enhanced by the 

incorporation of the conductive polymer, being appropriate for the proposed application. In 

addition, the highest surface area provided by the hollow fibres with porous surfaces, which allows 

reaching a higher PEDOT:PSS load, showing the best performance in electrochemical response. 

However, a positive effect was also found by incorporating the conductive polymer prior to 

foaming. Although the PEDOT:PSS load was lower over the solid fibres, the foaming promoted a 

good mixture between both polymers (even into each hollow fibre), leading also to significantly 

improved electrochemical response.  Moreover, the sensitivity of the sensors was measured up 

to 50 cycles in order to test the reproducibility over the time, obtaining negligible intensity loses. 

Finally, the electrochemical impedance spectroscopy evidenced the enhancement of 

effectiveness in sensoring application presented by foamed fibres. Therefore, porous fibres 

fabricated thanks to the gas diffusion barrier approach have been successfully employed as 

electrochemical sensors. 

Second, the gas diffusion barrier approach employed in the previous chapter to produce 

open-cell nanocellular structures without solid skins in the edges was further explored to optimize 

the obtained porous films. In fact, the optimization of those cellular structures has allowed to 

evaluate their performance as gas separation membranes in the work ‘A solvent-free 

methodology to produce open-cell porous membranes with control on the dense layer 

thickness’. 

Gas separation membranes are considered useful devices in industry for gas recovery and 

gas storage in order to separate gas mixtures instead of releasing them to the environment. 

Generally, asymmetric membranes employed in those applications are composed of a porous 

structure, which is employed as a mechanical support, and a dense layer, which acts a as selective 

layer [3,4]. The most demanded requirement is that the porous structure shows a negligible 

resistance to gas flow while the dense layer would be able to separate one of the gases by 

 
1 PEDOT: poly(3,4-ethylenedioxythiophene) 
2 PSS: poly(styrene sulfonate) 



 

365  

   

Chapter VII. Applications 

   

solubility difference or chemical affinity. Besides, the gas flow (i.e., the permeance) should be 

maximized by keeping suitable selective properties [5]. Therefore, open-cell structures and a thin 

dense layer are the basic requirements to perform in gas separation application.  

According to the knowledge generated from the previous chapters, the thick solid skins 

formed in the edges were hindering the applicability of the nanocellular polymers in gas 

separation. Fortunately, this drawback has been overcome in this thesis producing open-cell 

structures without solid skins. Thus, the materials fabricated in the Chapter VI (research article: 

Opening pores and extending the application window: Open-cell nanocellular foams) have been 

evaluated as gas separation membranes by gas permeability measurements. From the 

optimization of open-cell and close-cell structures (as comparison) in PMMA/MAM-based 

membranes, the permeability, the permeance, and the selectivity have been studied. A deep 

analysis between the permeability properties and the cellular structure was performed, including 

the comparison between membranes with and wihtout solid skins in one, two, or none of the 

edges. 

The results obtained from the permeability measurements were better than expected, 

evidencing the potential of the proposed approach for the development of gas separation 

membranes. The permeance was significantly increased for all gases in membranes with open-cell 

structures. Also, further increase was obtained by decreasing the thickness of the solid skins in the 

edges. Moreover, theoretical calculations from permeability measurements demonstrated that 

the studied open-cell structures present a full interconnected structure, quite appropiate for this 

application, while the thickness of the dense layer is controlled by the gas diffusion barrier 

approach. Hence, a new methodology to produce asymmetric membranes for gas separation 

applications has been developed in this work. 
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Abstract 

A new procedure to enhance the performance of polymer-based electrochemical sensors 

is proposed in this work. Poly(caprolactone) (PCL) electrospun fibre mats with tunable fibre 

morphology are functionalized with a conductive polymer (PEDOT:PSS) by a facile dip-coting 

process, providing them the necessary electrical conductivity to work as sensors. The modification 

of the fibre morphology is achieved by an enhanced gas dissolution foaming procedure, an 

environmentally friendly procedure that employs CO2 as blowing agent and takes advantage of 

recent advances that allowed extending such procedure to polymeric microfibres. Thus, the 

enhanced gas dissolution foaming approach was employed both before and after the coating of 

the fibre mats with PEDOT:PSS, producing in both cases hollow fibres with enhanced surface 

porosity and area, as well as increased diameter regarding the initial solid PCL fibres. The addition 

of PEDOT:PSS, both in solid and foamed PCL fibres, allows their use as sensors, as proved by cyclic 

voltammetry in a KCl solution, as well as calibrated with catechol solutions. Remarkable influence 

of the foaming procedure on the performance of the sensors have been found, proving by a 

detailed characterization that the foaming procedure applied after the PEDOT:PSS coating 

provides an enhanced sensoring response (i.e., increased signal, optimal linearity, decreased LOD) 
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due to their superior surface area and optimal PEDOT:PSS distribution along the fibre mats, not 

only covering the external surface of the fibres but infusing into the inner regions.  

1. Introduction 

Poly(caprolactone) (PCL, (C6H10O2)n), a well-known thermoplastic polyester-based 

polymer, is widely used in several applications by its unique properties. It can be highlighted the 

use of PCL in the biomedical field, in which this polymer is employed in scaffolds, surgical sutures, 

drug delivery, and wound dressing [1–4]. In addition to being nontoxic and biocompatible, PCL 

presents good mechanical properties, biodegradability, good solubility, blend compatibility, low 

melting point, and low viscosity. These interesting features made PCL also suitable for several 

other applications, such as in the textile industry [5], water treatment [6,7], or in the development 

of electronic [8,9] and electrochemical devices [10–12]. 

For most of these applications, PCL must be employed in a form exhibiting high porosity 

and the largest possible surface area. Such features can be easily achieved by the use of 

electrospun fibres mats [13]. Electrospinning is the most straightforward technique for producing 

polymeric fibres in a wide range of sizes from micro to nano scale, being useful in several 

applications [6,14]. In brief, this efficient and inexpensive technique is based on electrostatic 

forces, employing an electrical field to control the fibres formation from a polymeric solution [2]. 

By adjusting their fabrication parameters, electrospun fibres can be obtained with proper features 

for each target application [15]. Moreover, fine tuning of those properties can be archived by 

blending or by surface modification prior or after the electrospinning process, respectively. 

For instance, PCL fibres with enhance properties have been successfully developed for 

water remediation. In this field it is necessary to consider the wetting properties and to ensure 

the interaction between the fibres, or their active fillers, with the target pollutants [16,17]. Also, 

as the fibres should work in an aqueous environment, generally under agitation, it is important to 

consider the enhancement of the mechanical properties, aiming to avoid the disaggregation of 

the fibre mats and extending their durability [6]. By adjusting these parameters, PCL-based fibres 

have provided optimal performance for oil-water separation [6,18,19], as well as for the removal 

of dispersed pollutants such as heavy metals, nitrates, and Bisphenol A [20–22]. 

Moreover, targeting biomedical applications it is possible to load PCL fibres during or after 

electrospinning process with drugs, growth factors, vitamins, or natural compounds capable of 

increasing the biocompatibility of the fibres and helping in healing in a quicker time; in all the 

cases without giving up the good mechanical properties of the fibres [2,23]. An interesting 
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example is provided by Xiong et al.[24]. They reported the use of electrospun PCL fibres coated 

with heparin-doped poly(pyrrole) (PPy) to control thrombogenicity and inflammatory responses 

for synthetic vascular graft designs. In particular, they prove that the proper combination of the 

heparin dopant with the conductive polymer (PPy) resulted in better electroactivity and lower 

surface resistivity than those provided by pure PCL fibres. 

The combination of PCL with conductive polymers is also essential to produce PCL-based 

fibres for electrochemical devices. In this field, PCL fibre mats can provide significant advantages 

such as mechanical strength, uniformity, tunable porosity, larger surface area, etc. [13]. However, 

an essential property for this type of application, electrical conductivity, is elusive for pristine PCL 

fibre mats [25]. Therefore, for sensing applications PCL needs to be blended or functionalized with 

other polymers to improve their conductivity or used as a host due to its ability to coordinate 

cations through its carbonyl group and Lewis base ester oxygen [4,26]. Several conductive 

polymers have proved to be suitable for the development of sensing applications, such as 

Poly(aniline) (PANI), Poly(pyrrole) (PPy), Poly(thiophene) (PTh), Poly(3,4-

Ethylenedioxythiophene):Poly(Styrene Sulfonate) (PEDOT:PSS) [4,26–29]. Among them, it can be 

highlighted the PEDOT:PSS, which is nontoxic and biocompatible, and presents optimal chemical 

properties and thermal stability, as well as high electrical conductivity [30,31]. 

In particular, PEDOT:PSS-based fibres are commonly used in sensor development due to 

their high stability, taking advantage of the high surface area provided by the fibre mats porous 

structure [4,13,30,31]. PEDOT:PSS-based sensors can reach sensing properties similar to indium-

tin oxide (ITO) electrodes but being less expensive [32]. Aiming to achieve better electrochemical 

properties, PEDOT:PSS composite fibres have been obtained by incorporating different 

nanoparticles (NPs) such as Copper, graphene oxide (GO), carbon nanotubes (CNT), or titanium 

dioxide (TiO2) [33–36]. However, it is necessary to employ complex production routes to obtain 

PEDOT:PSS fibres (e.g., hydrothermal confinement reaction) [37,38], while their obtention 

through electrospinning is hindered by a poor solution processability and low viscosity [32]. To 

this aim, it is required to blend the PEDOT:PSS solutions with other polymers, such as poly(vinyl 

alcohol) (PVA or PVOH), or Poly(vinylpyrrolidone) (PVP) [31,32,39]. Nevertheless, the current 

preparation process of these materials is relatively complex, and their complete potential has not 

been fully exploited [40], whereas some works also suggest coating procedures using PEDOT:PSS 

to functionalize polymeric fibre mats [31,32]. 

As far as we know, no previous works have explored the combination of electrospun PCL 

fibres with PEDOT:PSS aiming to produce electrochemical devices, although previous evidence 

suggest that PCL and PEDOT:PSS may present adequate compatibility. In fact, PCL nanofibres have 
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been used as a binder to adhere a PEDOT:PSS/CNT coating to a thermoplastic Poly(urethane) (PU) 

through a complex process capable of producing strain sensors [41]. Also, Ferlauto et al.[40] 

reported the fabrication of transient neural probes that can monitor brain activity in mice for a 

few months, created from the encapsulation of PEDOT:PSS doped with ethylene glycol between 

different layers of PCL. It is possible also to obtain multifunctional micro/nanofibrous scaffolds 

with biomimetic architectures, electrical conductivity, and even biosensing properties for the 

cardiac regeneration form melt-based electrohydrodynamic printing techniques, combining 3D 

printed PCL fibres and PEDOT:PSS-PEO sub-microfibres [42]. Moreover, the functionalization of 

PCL scaffolds with PEDOT has also been studied demonstrating that the combination of both 

polymers can produce electroactive scaffolds for regenerative medicine [38,43]. 

The last two approaches are based on the successful functionalization of porous PCL 

substrates (e.g., 3D printed fibres and scaffolds) with PEDOT:PSS. Therefore, extending the 

functionalization approach with PEDOT:PSS to electrospun PCL fibres could take advantage of the 

tuneable porous morphology that this fabrication technique can provide. Moreover, recent 

advances proved that it is possible to increase the electrospun PCL fibres surface area and tune 

their morphology by an easy and environmentally friendly enhanced gas dissolution foaming 

approach [2]. In brief, the gas dissolution foaming technique consists in dissolving pressurized CO2 

(principally, it is also possible to use N2) into a polymer matrix, and by controlling the saturation 

pressure, time, and temperature it is possible to induce and control the formation of pores once 

the pressure is released [2,32]. The fine tuning of the electrospun PCL fibres surface area and 

porosity provided by this technique has shown a remarkable influence on their performance on 

drug delivery [2], while their potential in other applications such as sensoring is still unknown.  

In this study, the potential for sensoring applications of the enhanced surface area and 

tunable porous morphology provided by the foaming of electrospun PCL fibres is evaluated. With 

this aim, electrospun PCL fibres with a precise and independent control of their morphology, 

provided by the enhanced gas dissolution foaming route, have been functionalized with 

PEDOT:PSS for the first time. In particular, four different sensors were developed, by tuning the 

morphology of the fibres as well as incorporating the PEDOT:PSS coating at different stages of the 

production routes, aiming to identify the optimal production route and fibre morphology to 

improve their electrochemical response. Electrochemical impedance spectroscopy (EIS) was used 

to characterize the voltammetric sensors. The electrochemical response of the sensors has been 

evaluated in a reference KCl solution. Also, the sensors proved to be efficient in the detection of 

catechol, a poly(phenol), which is a typical polymer in wine quality control. While the sensitivity 

and detection limit of this sensors was evaluated by cyclic voltammetry. Finally, the detailed 
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characterization and analysis of the performance of the sensors proved that the sensors with 

enhance surface area and porosity provided by the gas dissolution foaming approach achieved a 

remarkable sensoring performance in comparison with the initial solid fibres. 

2. Experimental section 

2.1 Materials 

Poly(caprolactone) (PCL, Mn: 80 000, ρ = 1.15 g/cm3, melting point (Tm) = 60 °C), poly(3,4-

ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS, 3.0-4.0 v.t% in H2O, high-

conductivity grade), potassium chloride (KCl), and pyrocatechol, were purchased from Sigma-

Aldrich (Madrid, Spain). Poly(vinyl alcohol) (PVOH) (Mowiflex C17, ρ =1.25 g/cm3, glass transition 

temperature (Tg) = 60 °C, Tm = 170 °C) was gently provided by Kuraray (Frankfurt, Germany). 

Chloroform was purchased from Scharlab (Barcelona, Spain). Deionized water was employed in all 

the tests using Milli Q water (resistivity 18.2 MΩ∙cm), and a medical-grade carbon dioxide (CO2) 

presenting 99.9% purity was employed in the foaming processes. 

Indium tin oxide (ITO) glass substrates purchased from Sigma-Aldrich (Darmstadt, 

Germany) were used as support to provide a rigid structure to the samples. 

2.2 Preparation of PCL-PEDOT:PSS sensors 

Figure 1 summarizes the steps followed to fabricate the four different sensors which were 

designed and tested in this work. The common step in the manufacture of these sensors is the 

initial fabrication step of the polymeric-base fibres mats. The PCL solid fibre mats were fabricated 

by a conventional horizontal electrospinning process. 1 mL of 0.166 mg·L-1 PCL solution in 

Chloroform was transferred into a syringe which was placed in a syringe pump (NE-1000, New Era 

Pump Systems, Inc.) providing a flow rate of 0.7 mL·h-1. The solid fibres were collected in a copper 

target covered with aluminium foil placed at 20 cm from the needle (21G) using a fixed voltage at 

15 kV, at room temperature (RT) and ambient humidity about 30%. The obtaining fibre mats 

present thicknesses of about 200 μm. 

The electrospun solid fibres without further modification were employed as the first 

sensor, and from now on, this sensor will be referred as PCLSolid sensor. 

The second sensor were obtained by coating the fibre mats with a thin layer of conductive 

polymer PEDOT:PSS using a drop casting method. A drop of the PEDOT:PSS solution was deposited 

on the fibres (1 mL of solution by each mg of fibres to ensure to have a homogeneous layer). This 

sensor will be referred as PCLSolid_PEDOT:PSS. 
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Figure 1. Schematic representation of the fabrication of PCL-PEDOT:PSS sensors. 

A more complex manufacturing process was carried out to obtain sensors 3 and 4, where 

in addition to the deposition of a thin layer of PEDOT:PSS, the samples were foamed. Foaming 

experiments were performed according to the gas dissolution foaming process using carbon 

dioxide (CO2) as a blowing agent, [44,45] following the methodology described in a previous work 

[2]. In brief, before the foaming process, the samples were coated by immersing them in a PVOH 

solution in water (5 wt.%) and then dried overnight at RT, obtaining a 200 µm of solid PVOH film 

in which the solid fibre mats were completed imbibed. It is important to point out that PVOH is 

employed as a gas diffusion barrier, without which the foaming in nanometre fibres cannot be 

accomplished. Then, the samples were introduced into a pressure vessel (PARR 4760 model, 

Moline, IL, USA), and kept for 20 hours in a CO2 atmosphere at 30 MPa and 45 °C using a gas pump 

(STF-10 model provided by Supercritical Fluid Technologies Inc., Newark, DE, USA) and a 

temperature controlled (CAL 3300). Then the pressure was quickly released, and the samples were 

extracted from the vessel. In the case of the third sensor, the samples were first foamed and then 

coated with PEDOT:PSS, following the same procedure described for the solid PCL fibre mats, and 

from now on they will be referred as PCLFoamed_PEDOT:PSS. On the contrary, the last sensor was 

obtained by performing the foaming procedure after being coated with PEDOT:PSS. This sensor 

will be described as PCLSolid_PEDOT:PSS_Foamed. In all the cases, after the foaming procedure 

the samples were introduced in an ultrasonic hot water bath at 25 °C for 3 cycles of 20 min each 

to ensure the complete removal of the PVOH layer. Finally, all the samples (approximately 1x2 

cm2) were attached with double-sided tape on Indium tin oxide (ITO). 
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2.3 Characterization 

The microstructure and morphology of the fibres were studied through Scanning Electron 

Microscopy (SEM) (HITACHI FlexSEM 1000) after being coated with gold nanoparticles. The 

diameter distribution of the fibre mats was obtained by measuring at least 100 individual fibres 

by image analysis software FIJI/ImageJ [46]. In addition, the distribution of the layer of PEDOT:PSS 

deposited on the fibres were studied using SEM coupled to energy dispersive spectroscopy (SEM-

EDS) without any coating ((ESEM) FEI - Quanta 200FEG). 

Raman spectroscopy, in microscopy mode, was performed on the surface of the different 

sensors, using a portable BWTEK Raman spectrometer equipped with a microscopy head 

BAC151C-785, BWTEK Exemplar-PRO (CCD BTC675N) detector microscope, and using an excitation 

wavelength of 785 nm. 

The amount of PEDOT:PSS deposited in the different sensors were determined by two 

methods and quantified by the corresponding mass increase percentage (Δwt.%) of the sensors. 

First, it was determined by weighing the samples before and after the coating process, 

determining the mass increase of the entire sensor with respect to the initial mass. Second, the 

amount of PEDOT:PSS transferred to the sensors was estimated from the weight loss related to 

the PEDOT:PSS measured by Thermogravimetric Analysis (TGA) (SDTA851, Mettler Toledo). In this 

analysis the samples were heated from 50 to 800 °C (10 °C/min) in a nitrogen atmosphere. 

Typically, PEDOT:PSS thermograms show three decomposition stages: the first stage is the water 

and moisture decomposition (50–180 °C temperature range); the second stage is the 

decomposition of PSS (by the rupture of the sulfonate group from styrene at 180–400 °C); and the 

last stage is found at a temperature range of 400–790 °C is due to the decomposition of PEDOT 

(main chain) [47–49]. While PCL decomposes in a unique stage around 400 °C [50]. Therefore, it is 

possible to estimate the amount of PEDOT:PSS from the decomposition of PSS between 180 to 

400 °C. 

The surface area of the sensors was measured by BET using a Surface Area and Porosity 

Analyzer ASAP 2420 (Micromeritics Instrument Corp., Norcross, GA, USA). 

Electrochemical impedance spectroscopy (EIS) can provide information about the 

conductivity changes resulting from the incorporation of PEDOT:PSS into PCL fibres. EIS was 

performed using a potentiostat/galvanostat (PARSTAT 273A, Princeton Applied Research, 

Princeton, NJ, USA) and an impedance analyser (Solartron SI 1260, Solartron Analytical, 

Farnborough, UK). The measurements were carried out in a 0.1 mol/L KCl solution, 10 mV 
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amplitude, 0.1 V working potential, and frequency range from 0 to 100 kHz. The impedance 

response was fitted with Zview2 software obtaining the Nyquist and Bode diagrams.  

The resistance to the solution (Rs), the constant phase element (CPE), and the electrical 

resistance in parallel (Rct), which is the resistance to electron transfer, were studied. The 

impedance (Z) of the constant phase element CPE is defined by the Equation 1: 

Z =
1

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝑗𝑗𝑗𝑗)𝛼𝛼𝐶𝐶𝐶𝐶𝐶𝐶
 Equation 1 

Where C is the capacitance, ω is the angular frequency, and α is the coefficient indicating 

the deviation from an ideal capacitor. 

Finally, cyclic voltammetry was performed in a PGSTAT128 potentiostat/galvanostat 

(AutolabMetrohm, Utrecht, The Netherlands) controlled by the CView software at RT. The three-

electrode cell of 40 mL is composed of a platinum plate as a counter electrode (CE) (2 cm2 of active 

surface, which was flamed before to use), an Ag/AgCl as reference electrode (RE) and the 

developed polymeric sensors as working electrode (WE). The electrochemical response of the 

conductive polymer-based sensors was studied from -1 to +1.2 V (vs Ag/AgCl (1 molL-1 KCl)) at a 

scan rate 100 mVs-1. 10 cycles for each sample deposited in ITO were carried out for this study in 

0.1 molL-1 of KCl. Also, calibration curves were obtained from catechol solutions with 

concentrations ranging from 1·10−5 to 1·10−3 molL-1. The limits of detection (LODs) were calculate 

following the 3·σ/m criterion.  

3. Results and discussion 

3.1 Sensors characterization 

PCL solid fibre mats obtained by electrospinning were studied by SEM (Figure 2). The fibre 

mats present a relatively homogeneous diameter distribution, showing an average value of 4.14 

± 0.51 µm (Figure 2a). In a close-up micrograph (Figure 2b), it can be observed that these fibres 

present a quite smooth surface. Also, the cross-section of the individual fibres shows that they are 

solid (Figure 2b) [51]. Moreover, the solid PCL fibre mats presented a BET surface area of 4.35 

m2/g.  

It should be noted that PCL is not a conductive polymer, so it cannot be successfully used 

for sensor development by itself [9]. After the PEDOT:PSS coating on the solid fibres (PCLSolid) the 

morphology of the fibres or their porosity is not significantly modified (Figure 2c and d). The 

average diameter of the coated fibres, PCLSolid_PEDOT:PSS, slightly increases to 4.68 ± 0.61 µm, 
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indicating that a thin PEDOT:PSS coating of only hundreds of nanometers has been achieved, 

whereas their surface area increases by 20% (5.21 m2/g) probably related to the presence of 

bridges between the fibres (see Supporting Information, Figure S1). Again, the cross-section of 

individual fibres shows that they are still solid (Figure 2d) [51].Therefore, the addition of 

PEDOT:PSS following the proposed procedure proved not to significantly modify the morphology 

of the PCL fibre mats. This is a desired feature (i.e., the objective is taking advantage of the fibres 

morphology), but also it is required to prove a proper presence and homogeneous distribution of 

the PEDOT:PSS on the fibres mats. The presence of PEDOT:PSS on the surface of the 

PCLSolid_PEDOT:PSS fibres was proved by the detection of Sulphur (S) at the surface of the fibres 

by SEM-EDS, an element not related neither detected in pristine PCL fibres (see Supporting 

Information, Figure S2) [52,53]. Thus, the obtained results confirmed a proper distribution of the 

PEDOT:PSS coating the PCL fibres without modifying or hindering their morphology, a feature that 

allows taking advantage of both the conductivity of PEDOT:PSS and the morphology of the PCL 

fibres. 

  
a)  b) 

  
c) d) 

Figure 2. SEM micrographs of a) the surface (including the diameter histogram as inset) and b) cross-
section of the PCLSolid sensor, and c) the surface (including the diameter histogram as inset) and d) cross-

section of the PCLSolid_PEDOT:PSS sensors. 

On the contrary, the morphology of the fibres noticeable changed after the foaming 

process. Figure 3 shown a clearly increased surface porosity for PCLFoamed_PEDOT:PSS sensors 

and PCLSolid_PEDOT:PSS_Foamed sensors (Figure 3a and 3.c), regarding both the PCLSolid and 

PCLSolid_PEDOT:PSS sensors. Moreover, the most characteristic feature of the foamed samples is 

the apparition of inner porosity leading to hollow structures (Figure 3b and 3d). Accordingly, the 

expanded fibres present increased diameters (see insets in Figure 3a and 3c) of about 5.27 ± 0.72 
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µm and 5.14 ± 0.63 µm, respectively for fibre mats foamed before and after the coating with 

PEDOT:PSS. It should be noticed that the application of the PEDOT:PSS layer before the foaming 

procedure does not affects the expansion of the fibres due to the foaming procedure. 

  
a)  b) 

  
c) d) 

Figure 3. SEM micrographs of a) the surface (including the diameter histogram as inset) and b) cross-
section of the PCLFoamed_PEDOT:PSS sensors, and c) of the surface (including the diameter histogram as 

inset) and d) cross-section of the PCLSolid_PEDOT:PSS_Foamed sensors. 

Moreover, the increased porosity of the foamed fibres was further confirmed by BET 

measurements. The PCLFoamed_PEDOT:PSS samples presented a BET surface area of 11.86 m2/g, 

whereas the PCLSolid_PEDOT:PSS_Foamed samples presented a BET surface area of 26.96 m2/g. 

Therefore, the foaming process is capable of increasing the BET surface area of the fibres more 

than 5 times. Although it should be noted that by applying the coating once the fibres have been 

foamed, the surface area only increases 2 times. This behaviour can be justified by the fact that 

by covering the fibres once foamed, part of the surface porosity achieved in the foaming process 

is lost below the coating layer. 

Also, it has been possible to identify the presence of PEDOT:PSS on the surface of the 

foamed sensors by identifying the presence of sulphur atoms on its surface by SEM-EDS (see 

Supporting information, section S2), verifying that the homogeneity of the coating is maintained 

even when the PEDOT:PSS coated PCL fibres are subjected to the foaming process. Moreover, to 

check if during the foaming process it was possible to transfer part of the PEDOT:PSS to the interior 

of the fibres, SEM-EDS of cross-sections of the hollow fibres of the foamed sensors was performed. 

As it is shown in Figure 4, the presence of sulphur atoms on the inner porosity of the hollow fibres 

is only verified in the PCLSolid_PEDOT:PSS_Foamed sensors. During the foaming process, the PCL 

is expected to reach its effective melting temperature (i.e., the depleted melting temperature due 
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to the CO2 plasticization [54]); therefore, the externally deposited PEDOT:PSS layer on the 

PCLSolid_PEDOT:PSS_Foamed sensors can be partially infused into the inner regions of the 

resulting hollow fibres. On the contrary, the coating of already foamed PCL fibres in the 

PCLfoamed_PEDOT:PSS sensors does not provide any mechanism for the PEDOT:PSS to reach the 

inner porosity of the hollow fibres. 

a) b) 

Figure 4. SEM micrographs and EDS spectrums (Carbon (C), Oxygen (O), Sulphur (S)) of the cross-section of 
a) PCLSolid_PEDOT:PSS_Foamed and b) PCLFoamed_PEDOT:PSS sensors. 

The homogeneity of the PEDOT:PSS coating of the fibres on the different sensors was 

further studied by means of Raman spectroscopy in microscopic mode (Figure 5). It was found 

that the characteristic Raman peaks of the PCL could only be observed in the PCLSolid sensor, 

while in the rest of the sensors it was only possible to observe the characteristic Raman peaks of 

the PEDOT:PSS, regardless of the fibre or area under study in each sensor. The principal PCL Raman 

peaks or bands appears in the PCLSolid sensor located at 1720 cm−1 (related to C=O stretching 

mode); groups of bands at 1465, 1440, and 1416 cm−1 (CH2 groups scissor vibration); bands at 1300 

and 1280 cm−1 (CH2 groups wagging vibration); bands at 1040, 1110, and 1065 cm-1, (belonged to 

symmetric stretching of the C-O-C bond in the ester group of PCL), and at 912 cm−1 (C-COO 

scissoring) in agreement with the literature [55,56]. In the rest of the sensors, the presence of 

PEDOT:PSS is evidenced by a strong band around 1400 cm-1 (Cα=Cβ symmetric stretching 

vibration), other bands at 1240 and 1360 cm-1, (Cα-Cα inter-ring stretching vibrations and the Cβ-

Cβ stretching, respectively), while the vibrational modes located at 1100 and 980 cm-1 correspond 

to the vibrational modes of PSS, and the bands at 984, 850 and 570 cm-1 to the oxyethylene ring 

deformation-vibrations. Finally, another significant band appeared at 430 cm-1, corresponding to 

PEDOT doping by the SO3
− ion from PSS units [57,58]. 

Once the morphology of the fibres and the presence of PEDOT:PSS were addressed, the 

different sensors were characterized in terms of the amount of PEDOT:PSS incorporated. Table 1 

summarizes the data obtained by two different methods, weight increase and TGA (see 

Experimental section). A reasonable agreement was found between the two techniques, 

confirming that there is a remarkable transfer of PEDOT:PSS to the sensors studied in this project. 

As expected, PCLSolid_PEDOT:PSS and PCLSolid_PEDOT:PSS_Foamed sensors presented the same 

3 µm
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amount of PEDOT:PSS transferred, about 20-25 wt.%. On the contrary, the 

PCLFoamed_PEDOT:PSS sensor reached a significantly higher amount of PEDOT:PSS, up to about 

35-40 wt.%, by covering the larger surface area presented by the foamed PCL fibres. 

 
Figure 5. Representative Raman spectra of the surface of the fibres of each of the sensors developed, 

showing the spectra of the PCL (PCLSolid), the PEDOT:PSS (PCLSolid_PEDOT:PSS, PCLFoamed_PEDOT:PSS 
and PCLSolid_PEDOT:PSS_Foamed). 

Table 1 
Percentage by mass of PEDOT:PSS deposited in the different sensors determined by 
weighing the sensors before and after the coating procedure (Mass increase) and TGA. 

Sensors Mass increase (Δwt.%) TGA (Δwt.%) 

PCLSolid 0 0 

PCLSolid_PEDOT:PSS 20.50 ± 3.58 20.81 ± 1.01 

PCLFoamed_PEDOT:PSS 35.39 ± 6.15 41.57 ± 0.95 

PCLSolid_PEDOT:PSS_Foamed 25.92 ± 3.34 22.29 ± 1.23 

 

3.2 Electrochemical properties 

Once the features of the developed fibres mats were studied in detail, they were 

incorporated into an ITO substrate for their electrochemical characterization. 

3.2.1 Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) has been used successfully to investigate 

the changes in conductivity caused by the introduction of PEDOT:PSS in voltammetric electrodes 

[59]. In this work, it has been applied to solid and hollow PCL fibres modified with PEDOT:PSS. 
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Figure 6 shows the Nyquist and Bode diagrams for three types of electrodes: solid fibres 

coated with PEDOT:PSS: PCLSolid_PEDOT:PSS, PCLFoamed_PEDOT:PSS, and 

PCLSolid_PEDOT:PSSFoamed. 

  
a) b) 

 

 

c)  
Figure 6. a) Nyquist and b) Bode diagrams of the different sensors coated with PEDOT: PSS, 

PCLSolid_PEDOT:PSS, PCLFoamed_PEDOT:PSS, and PCLSolid_PEDOT:PSS_Foamed. c) Scheme of the 
equivalent circuit. 

In the Nyquist diagram (Figure 6a), it can be observed an incomplete semicircle for all 

sensors, whose diameters, equivalent to the resistance to electron transfer, are clearly different 

in the three samples. The PCLFoamed_PEDOT:PSS is the one that presents clearly lower electronic 

resistance and, on the contrary, the PCLSolid_PEDOT:PSS is the one that presents the highest 

resistance. In the Bode diagram (Figure 6b) it is clearly observed two-time constants: (i) the high-

frequency region corresponding to the resistance of the solution that is similar in the three 

samples and (ii) followed by a linear behaviour indicating a combination of capacitance and 

resistance at the interface between the electrode and the solution. The impedance module in the 

low-frequency region is clearly higher for PCLSolid_PEDOT:PSS; on the contrary, 

PCLFoamed_PEDOT:PSS is the one that presents an impedance modulus several orders of 

magnitude lower. However, PCLSolid_PEDOT:PSS_Foamed presents an intermediate impedance 

module, which coincides with an intermediate resistance to electronic transfer. 

Table 2 summarizes the quantitative values from a fit of the EIS spectra to equivalent 

circuits using Randel's electrical circuit, Figure 6c. The resistance to the solution (Rs), a constant 

phase element (CPE), and an electrical resistance in parallel (Rct), which is the resistance to 

electron transfer, was observed. The fit to the circuit is quite good in all cases, obtaining χ2 values 

less than 10-3 in all cases.  



 

380    

   

Chapter VII. Applications 

 

Tu
nin

g t
he

 El
ec

tro
ch

em
ica

l 
Re

sp
on

se
 of

 PC
L-P

ED
OT

:PS
S 

Fib
re

s-b
as

ed
 Se

ns
or

s b
y G

as
 

Di
sso

lut
ion

 Fo
am

ing
 

The results indicate that the foaming processes clearly modifies the effect of PEDOT:PSS 

on the electrical behaviour of the sensors. The PEDOT:PSS deposited on the surface of the foamed 

fibre adheres much better than on the solid fibre and is capable of diffusing through the pores 

when the foaming process is performed after the PEDOT:PSS coating, as previously demonstrated, 

which makes the electronic resistance and the impedance modulus clearly lower than that 

observed in the PCLSolid_PEDOT:PSS. Further the differences between PCLSolid_PEDOT:PSS and 

PCLSolid_PEDOT:PSS_foamed intelligibly indicate that the foaming process clearly modifies the 

electrical behaviour of the fibre, achieving a significant decrease in the resistance to electronic 

transfer making it the best candidate for voltammetric sensors [60]. 

Table 2 
Results obtained from the impedance spectroscopy measurements. 

Samples Rs (Ω/cm2) CCPE (µF) αCPE Rct (Ω/cm2) 

PCLSolid_PEDOT:PSS 89.7 2.59 0.87 1.6 · 1014 

PCLFoamed_PEDOT:PSS 71.5 31.9 0.72 1.7 · 104 

PCLSolid_PEDOT:PSS_Foamed 64.5 6.93 0.82 2.6 · 106 

 

3.2.2 Cyclic voltammetry 

The developed sensors were characterized by cyclic voltammetry (CV). Figure 7 shows the 

cyclic voltammograms of the different sensors in 0.1 mol·L-1 KCl solution after 10 cycles (the results 

of the ten consecutive measurements showed a coefficient of variation lower than 3% in all cases). 

The response of ITO glass is not shown in the Figure 7 due to its low intensity. Under these 

conditions (ranging from -1.00 to +1.20 V (vs Ag/AgCl) at scan rate 100 mVs-1), the uncoated fibres 

of PCL show an ohmic or linear behaviour, just as expected (Figure 7a). However, the rest of the 

sensors, which all have a PEDOT:PSS coating, showed the typical PEDOT:PSS response in both 

anodic and cathodic scans [61–63], in which the peak positions are not significantly modified after 

10 cycles. In the case of the PCLSolid_PEDOT:PSS sensors (Figure 7b), an oxidation peak appears 

around 0.30 V, whereas in the reduction region the peak is placed around -0.15 V which 

corresponds to the PEDOT:PSS response [61–63]. 

As abovementioned, the foaming process of the sensors leads to a greater surface area 

and porosity compared to the PCLSolid_PEDOT:PSS sensor. The enhance surface area and porosity 

allow a higher active area of the PEDOT:PSS, which is directly reflected in a better electrochemical 

response of theses sensors, whose conductive polymeric coating facilitates the electron 

transference to the electrode surface, increasing the current intensity. Also, as the deposited 
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PEDOT:PSS amount on the sensor increases for the  PCLFoamed_PEDOT:PSS sensor (Δwt.%, see 

Table 1), the voltammetric behaviour changes in both current and potential peak position as well 

as its shape. In this case, the increment in the peak current appreciated in Figure 7c response 

indicates the larger PEDOT:PSS amount deposited onto the electrode surface with an enhanced 

surface area, increasing by this way the number of electroactive sites. On the contrary, the 

PCLSolid_PEDOT:PSS_Foamed sensor benefits from a higher enhancement of the surface area, but 

also for an improved distribution of the conductive PEDOT:PSS, not limited to the external surfaces 

but also to the inner porosity, providing also an improved response (Figure 7d). In any case, the 

bundling created by the capillary force during the immersion of the sensors in the solution leads 

to an enhancement mechanism, creating a better fibre-to-fibre contact. So, it is found that the 

greater surface area and porosity achieved in the foamed fibres, which allows the incorporation 

and good distribution of PEDOT:PSS, is directly reflected in a better electrochemical response of 

the sensors. In particular, it should be highlighted that, for the same amount of PEDOT:PSS 

transferred, the PCLSolid_PEDOT:PSS_Foamed sensors present a significantly enhance response 

regarding the PCLSolid_PEDOT:PSS sensor, proving the efficiency of the proposed foaming 

approach to develop electrochemical devices. 

  
a) b) 

  
c) d) 

Figure 7. Representative cyclic voltammograms of the a) PCLSolid sensor, b) PCLSolid_Pedot:PSS sensor, c) 
PCLFoamed_PEDOT:PSS sensor, and d) PCLSolid_PEDOT:PSS_Foamed sensor immersed in in 0.1 mol·L−1 

KCl at scan rate 100 mV·s−1. 
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Additionally, the catalytic and sensing properties were studied by making controlled 

additions of catechol (10-4 M catechol solution in 0.1 M KCl, from 200 to 7500 µM), the resulting 

linear adjustment of each sensor can be observed in Figure 8. The experiments were performed 

in the same range used to perform the CV (-1 to 1.2 V) at a rate of 100 mV·s−1 (vs Ag / AgCl).  

  
a) b) 

    
c) d) 

Figure 8. Calibration curve when increasing the catechol concentration in KCl of the different sensors 
coated with PEDOT:PSS; a) PCLSolid_PEDOT:PSS, b) PCLFoamed_PEDOT:PSS, c) 

PCLSolid_PEDOT:PSS_Foamed, and d) cyclic voltammograms of the PCLFoamed_PEDOT:PSS sensor with 
different concentration of catechol. 

The addition of catechol produces the expected well-formed redox pair generated by the 

oxidation/reduction of two electrons of ortho-dihydroquinone to benzoquinone [61], (see Figure 

8d). However, a shift of the peaks is observed, as well as an increase in the intensity of the 

response in the coated samples, directly related to the concentration of catechol employed 

(Figure 8d). First, it is worth noting the linearity of the response of the three sensors coated with 

PEDOT:PSS to the catechol additions. In all cases, the linear fit presents R2 values close to or 

greater than 0.96 (see Table 3), showing the developed sensors potentiality for being used as 

electrocatalytic sensors. Specifically, the PCLFoamed_PEDOT:PSS sensor provides an 

electrocatalytic reaction towards catechol with good reversibility and a direct response with the 

concentration. The stability of the PEDOT:PSS coating after the electrochemical study was 

checked. The diameter and surface morphology of the fibres before and after remained rather 

constant, indicating the stability of the fibres (see Supporting Information, section S3). Moreover, 

CaCatechol 

Catechol 
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Raman studies confirmed the stability of the PEDOT:PSS coating (see Supporting Information, 

section S3). 

3.2.3 Selectivity, reproducibility, repeatability, and stability 

Table 3 summarizes the results achieved for the four sensors developed, showing their 

response's linearity, sensitivity, and the theoretical limit of detection (LOD). Based on these 

results, it can be concluded that the fibre foaming process improves the sensitivity of the sensors 

in all cases, with PCLFoamed_PEDOT:PSS being particularly noteworthy (fibres first foamed and 

then coated with PEDOT: PSS), which has an increase of sensitivity of 30 times regarding those of 

PCLSolid_PEDOT:PSS (PEDOT:PSS coated solid fibres). Additionally, compared with other 

previously reported sensors for catechol detection, the PCLFoamed_PEDOT:PSS sensors also 

exhibited excellent electrocatalytic performance with a low detection limit and a wide linear range 

[60,61,64]. The performance of this sensor, as previously explained, is related to the higher surface 

area provided by the foamed PCL fibres employed as a substrate, as well as to the higher amount 

of PEDOT:PSS transferred to the fibres (about 35-40 wt.%). On the contrary, the 

PCLSolid_PEDOT:PSS_Foamed sensor, which presents the same amount of PEDOT:PSS than the 

PCLSolid_PEDOT:PSS (about 20-25 wt.%), increases its sensitivity by a factor 2 regarding the 

PCLSolid_PEDOT:PSS sensor, and presents the lowest LOD of all the sensors, as well as the higher 

linearity. Once again, the foaming procedure provides a remarkable performance enhancement 

for the development of the sensors. 

Table 3 
Response of the sensory capacity of the different sensors. 

Samples R2 Sensitivity 
(µA/µM) LOD (M) 

PCLSolid - 0 0 

PCLSolid_PEDOT:PSS 0.958 0.24 1.48 · 10-03 

PCLFoamed_PEDOT:PSS 0.978 7.31 3.93 · 10-04 

PCLSolid_PEDOT:PSS_Foamed 0.993 0.47 1.27 · 10-04 

 

Additionally, the reproducibility of the sensors was examined by the cycling of at least five 

electrodes prepared using each procedure, being the variation coefficient in both cathodic and 

anodic peaks less than 1% for the PCLSolid_PEDOT:PSS_Foamed sensor, while the other sensors 

coated by PEDOT:PSS showed a higher variability (see Supporting Information, section S4). 

Therefore, it was found that the production route carrying out the foaming procedure after the 

coating with PEDOT:PSS is highly reproducible, probably due to the recombination between the 
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PCL and PEDOT:PSS during the foaming procedure. In addition, the PCLSolid_PEDOT:PSS_Foamed 

sensors were selected due to its homogeneity to analyse the stability of their response, by 

performing repetitive measurements over the 10 cycles previously reached. It was found that it is 

possible to use the PCLSolid_PEDOT:PSS_Foamed sensors at least up to 50 cycles, obtaining only 

a decrease in intensity of less than 10% (see Supporting Information, Figure S8d). 

4. Conclusions 

This work proposes a new approach, based on an enhanced gas dissolution foaming route, 

to produce PCL-PEDOT:PSS fibre mats-based electrochemical sensors. First, electrospun solid PCL 

fibre mats with a homogeneous fibres distribution with diameters about 4 μm were obtained. 

Moreover, some of these fibres were subjected to an environmentally friendly gas dissolution 

foaming procedure, using CO2 as blowing agent after imbibing the fibres mats in a PVOH matrix. 

As expected, the insulation behaviour of the PCL hindered their direct application as 

electrochemical sensors. This limitation was successfully overcome by the functionalization of the 

PCL fibre mats with PEDOT:PSS, a conductive polymer applied by a simple dip-coating procedure 

capable of transferring between 20 and 35 wt.% of PEDOT:PSS to the fibre mats, depending on 

the morphology of the initial fibres. Remarkably, it was proved that the PEDOT:PSS is 

homogeneously distributing along the fibres mats mainly as a thin coating layer of hundreds of 

nanometers around each individual fibre. In addition, the effects of the foaming procedure on PCL 

fibres already coated with PEDOT:PSS were addressed, finding that the coating does not hinder 

the foaming of the fibres, which presented an equivalent expanded diameter, hollow structure, 

and surface porosity that those foamed without the coating. Also, it is noteworthy that the 

PEDOT:PSS was found not only on the external surfaces of these fibres, but also on the inner 

porosity, evidencing that during the foaming procedure the PEDOT:PSS coating infused into the 

fibres, achieving an enhanced distribution both within the fibre mats and the individual fibres. 

Then, the four potential sensors developed, PCL solid fibre mats (PCLSolid), PCL solid fibre 

mats coated with PEDOT:PSS (PCLSolid_PEDOT:PSS), PCL foamed fibre mats coated with 

PEDOT:PSS (PCLFoamed_PEDOT:PSS), and PCL fibre mats foamed after being coated with 

PEDOT:PSS (PCLSolid_PEDOT:PSS_Foamed) were characterized by cyclic voltammetry. As 

expected, the PCLSolid sensor presents an ohmic behaviour, whereas the other three sensors 

shown the typical PEDOT:PSS response. However, notable differences in this response were found 

in the sensors developed with foamed fibres, highlighting the enhanced response of the 

PCLSolid_PEDOT:PSS_Foamed sensor, that can be related to both its higher surface area and the 
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presence of PEDOT:PSS within the fibres, instead of only in their surfaces. Then, by addition of 

catechol at different concentrations it was possible to obtain calibration curves from the response 

of the sensors coated by PEDOT:PSS, achieving a proper performance for all the sensors. 

Nevertheless, the highest sensitivity was provided by the PCLFoamed_PEDOT:PSS sensor, but the 

higher linearity and lowest LOD was provided by the PCLSolid_PEDOT:PSS_Foamed sensor, that 

also presented two times higher sensitivity than the PCLSolid_PEDOT:PSS sensor. In the case of 

PCLSolid_PEDOT:PSS_Foamed sensor, the measurements proved to be repeatable up to 50 cycles 

with a decrease of intensity less than 10%. 

Finally, the study of the sensors by EIS evidenced the superior features achieved by 

foaming the sensors by enhancing the adhesion of PEDOT:PSS to the PCL surfaces and, in addition, 

that the PCLSolid_PEDOT:PPS_Foamed sensor achieved a significant decrease in the resistance to 

electronic transfer, presenting enhanced features for their use in sensoring applications. 
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Supporting Information: Tuning the Electrochemical 
Response of PCL-PEDOT:PSS Fibres-based Sensors by 

Gas Dissolution Foaming 
 

Suset Barroso-Solares a,b,c *, Javier Pinto a,b,c, Coral Salvo-Comino b,d, Daniel Cuadra-
Rodriguez a, Cristina Garcia-Cabezon b,d, Miguel Angel Rodriguez-Perez a,b, and Maria Luz 

Rodriguez-Mendez b,d 
a Cellular Materials Laboratory (CellMat), Condensed Matter Physics, Crystallography, and 

Mineralogy Department, Faculty of Science, University of Valladolid (Spain) 
b BioEcoUVA Research Institute on Bioeconomy, University of Valladolid (Spain) 

c Archaeological and Historical Materials (AHMAT) Research Group, Condensed Matter Physics, 
Crystallography, and Mineralogy Department, Faculty of Science, University of Valladolid (Spain) 

d Group UVaSens, Escuela de Ingenierías Industriales, Universidad de Valladolid, Paseo del 
Cauce, 59, 47011 Valladolid, Spain 

 

S1. Sensor morphology 

SEM micrographs of the PCLSolid_PEDOT:PSS and PCLFoamed_PEDOT:PSS sensors show 

the presence of bridges between fibres created by the coating layers of PEDOT:PSS (Figure S1). 

  
a) b) 

Figure S1. SEM micrographs of the a) surface of PCLSolid_PEDOT:PSS and b) PCLFoamed_PEDOT:PSS 
sensors, showing the presence of bridges between the fibres (indicated by the surrounding green circles). 

S2. SEM-EDS of PCL_PEDOT:PSS Sensors 

The presence of PEDOT:PSS on the surface of the different sensors was identified by the 

presence of sulphur atoms on its surface by SEM-EDS. Figure  S2, S3, S4, and S5 show the SEM 

micrographs and EDS spectrums of the surface of PCLSolid, PCLSolid_PEDOT:PSSs, 

PCLFoamed_PEDOT:PSS, and PCLSolid_PEDOT:PSS_Foamed sensors, respectively. Showing only 
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the presence of Carbon (C) and Oxygen (O) in the PCLSolid sensor, whereas all the other sensors 

evince the presence of Sulphur (S), from the PEDOT:PSS coating layer, in their surfaces. 

 
Figure S2. SEM micrographs and EDS spectra (Carbon (C), Oxygen (O)) from the surface of PCLSolid sensor.  

 
Figure S3. SEM micrographs and EDS spectra (Carbon (C), Oxygen (O), Sulphur (S)) from the surface of 

PCLSolid_PEDOT:PSS sensors. 

Figure S4. SEM micrographs and EDS spectra (Carbon (C), Oxygen (O), Sulphur (S)) from the surface of 
PCLFoamed_PEDOT:PSS sensors.  
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Figure S5. SEM micrographs and EDS spectra (Carbon (C), Oxygen (O), Sulphur (S)) from the surface of 

PCLSolid_PEDOT:PSS_Foamed sensors. 

S3. Stability of PCL_PEDOT:PSS Sensors 

Figure S6 shows the surface morphology of the fibres before and after the electrochemical 

studies. It can be observed that the morphology and diameter of the fibres remained rather 

constant, indicating the stability of the fibres. 

  
a) b) 

Figure S6. SEM micrographs of the surface of the PCLSolid_PEDOT:PSS_Foamed sensors a) before and b) 
after the electrochemical analysis. 

 
Figure S7. Raman spectra of the surface of the fibres of each of the sensors coated with PEDOT:PSS after 

the electrochemical studies, showing the stability of the PEDOT:PSS coating. 
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Moreover, all the sensors coated with PEDOT:PSS were analysed after the electrochemical studies 

by Raman spectroscopy (Figure S7). Following this approach, the stability of the PEDOT:PSS coating 

after the electrochemical study was proved by finding the presence of the PEDOT:PSS in all the 

studied areas and samples. 

S4. Sensors reproducibility 

  
a) b) 

  
c) d) 

Figure S8. Cyclic voltammograms showing the results obtained for 5 sensors of each type, at scan rate 100 
mV/s immersed in 0.1 mol/L KCL of the a) PCLSolid_PEDOT:PSS, b) PCLFoamed_PEDOT:PSS, and c) 

PCLSolid_PEDOT:PSS_Foamed sensors. d) Reproducibility of PCLSolid_PEDOT:PSS_Foamed sensor in 
successive cycles (up to 50). 

Figure S8a, b and c, show the results obtained by cyclic voltammograms performed on 

different PCLSolid_PEDOT:PSS, PCLFoamed_PEDOT:PSS, and PCLSolid_PEDOT:PSS_Foamed 

sensors (5 of each type), showing that although the main features of their response are stable, 

their reproducibility is lower than the obtained for the PCLSolid_PEDOT:PSS_Foamed sensor. Also, 

at Figure S8d, the response of the PCLSolid_PEDOT:PSS_Foamed sensors at different successive 

cycles (up to 50) can be found. 
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A Solvent-Free Methodology to Produce Open-Cell 
Porous Membranes with Control on the Dense Layer 

Thickness 
 

D. Cuadra-Rodríguez a *, C. Soto b,c, F.J. Carmona b,c, A. Tena b,c, L. Palacio b,c, M. A. 
Rodríguez-Pérez a,d, J. Pinto a,d,e * 

a Cellular Materials Laboratory (CellMat), Condensed Matter Physics Department, University of 
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b Surfaces and Porous Materials (SMAP), Associated Research Unit to CSIC. University of 
Valladolid, Facultad de Ciencias, Paseo Belén 7, 47011 Valladolid, Spain. 

c Institute of Sustainable Processes (ISP), University of Valladolid, 47011 Valladolid, Spain. 
d BioEcoUVA Research Institute on Bioeconomy, University of Valladolid, 47011 Valladolid, Spain. 
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Keywords 

Gas separation; Permeance; Open-Cell nanostructures; Gas barrier approach; Skinless 

nanocellular foams. 

Abstract 

A new approach to produce porous membranes with dense or porous top layer is 

proposed in this work by employing a solvent-free method. PMMA/MAM formulations were 

selected as a base material in order to create open-cell and close-cell structures by gas dissolution 

foaming employing CO2 as a blowing agent. Furthermore, by introducing the gas diffusion barrier 

mailto:dcuadra@fmc.uva.es
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approach to CO2 dissolution foaming, it is possible to control the thickness of the dense layer in 

both edges, obtaining defect-free membranes. The effectiveness of nanocellular polymers as gas 

separation membranes was evaluated. In this way, the permeability, selectivity, and permeance 

were correlated to the cellular structure (open or close-cell) as well as to the dense layer thickness. 

Furthermore, the effective thickness of the selective layer has been calculated from gas 

permeability measurements, obtaining an accurate control of that parameter from the tuneable 

cellular structure. Therefore, membranes composed of desired selective layer and a porous 

structure as a mechanical support are produced by a solvent-free methodology. 

1. Introduction 

The industry is unstoppable evolving towards more sustainable processes. Ideally, the new 

methodologies will keep or even enhance the competitiveness of the process by improving the 

material properties and reducing their footprint [1,2]. Some industrial processes (e.g., fabrication, 

energy consumption, transport…) involve the use or generation of some pollutants such as mixes 

of gases, which, instead of being released to the atmosphere, should be disaggregated and stored 

properly for further using [3,4]. Aiming the conversion into a more sustainable and circular 

economic model, membrane-based processes are presented as a key-enabling technology, 

allowing industries to retain competitiveness and replacing conventional energy-intensive 

techniques [4,5]. Membranes can remove selectively an undesired element, i.e., from the emitting 

source, preventing the emission of this component. In fact, gas separation membranes are widely 

employed for capturing or isolating a single gas from a mixture. Although the gas separation 

technique was discovered in the early 19th century, the first generation of membranes were not 

fabricated by the industry with that specific purpose until several decades ago [6–11].  

Traditionally, gas separation performances are evaluated as thick dense films with thicknesses 

around 50-150 µm. Their performance for the separation of a specific gas mixture is evaluated by 

the relationship between their permeability and selectivity according to the upper bond stablished 

by Robeson in 1991 [12]. However, the permeance (gas flux), rather than permeability, has 

pointed out as more highlighted property in industrial scenarios with the aim of raising the real 

gas flux through the membrane without losing selectivity [13–15]. In this case, the membranes 

are generally formed by very thin selective layer, 0.3 to 0.5 μm, placed on top of porous supports 

which provide mechanical strength. Therefore, the two main possibilities in the development of 

gas separation membranes are: the designing of composite membranes (i.e., several layers with 

different properties, function, and porosity); thin film composites with a thin defect-free film as a 

selective layer on top of a porous strong substrate as a mechanical support [3,6,16]; or the 
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formation of asymmetric membranes where the porous substrate and the dense layer are formed 

by the same material in a single step. 

The production of thinner membranes, especially in the selective layer (or layers), leaves several 

advantages such as the reduction of the material and production costs, or the increase in 

permeance for enhancing the effectiveness of the membranes in industrial processes [13,17]. This 

has been probe in multiple research works, Xiang et al. [18] increased the CO2 permeance in 

composite membranes by reducing the thickness of the selective layer from 1 µm to 200 nm. Peter 

et al. [19] achieved values around 37 GPU (Gas Permeation Unit) in CO2 permeance by introducing 

a gutter layer between the selective and support layers as well as decreasing its thickness. On the 

other hand, high-permeable membranes up to 1887 GPU of permeance of CO2 were obtained 

from composites membranes with functionalized layers [20]. In another approximation, Yave et 

al. [21] reached CO2 permeances around 2000 GPU in membranes based on multiblock 

copolymers with high affinity to this gas. Taking benefit of the CO2-philicity [22], an especial 

feature in gas separation procedures, some works also enhanced the permeance through 

membranes [23–26]. 

In despite of the interesting advantages offered by multilayer composites and thin film 

membranes, the fabrication of extremely thin dense layers (0.1-0.5 µm) presents some difficulties 

such as, the presence of defects, the complexity of the process by assembling several layers, or 

the use of hazardous solvents in the fabrication techniques [3,27]. The non-equilibrium fabrication 

processes may lead to the generation of defects which is very challenging in the case of very thin 

selective layers [28,29]. Over the time, this situation changes due to the rearrangement of the 

polymer chains approaching to a more thermodynamically stable state [6,27,30]. On the other 

hand, the production of thin film composites includes complicated and non-green techniques 

which involve hazardous solvents to place the different layers [31,32].  

From this overview, the main challenge in the fabrication of membranes for gas separation 

applications is to produce integral asymmetric membranes with a thin dense layer together with 

a bulk porous structure in a single, straightforward, and solvent-free methodology. Following 

these requirements, a potential solution could be reached using cellular polymers, which are 

lightweight materials composed of both gas and solid phases with cell sizes from hundreds of 

microns to tens of nanometers [33–35]. In particular, cellular structures produced by gas 

dissolution foaming, a physical gas dissolution without involving harmful pollutants, can be 

created from a wide range of polymers and easily tuned by the foaming parameters. Their 

morphology uses to show a symmetric cellular structure in a sandwich-like form: a homogenous 

cellular structure in the centre which represent the major of the sample and solid skins in the 
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borders with thicknesses around tens to hundreds of microns [36,37]. This kind of structures could 

perform as gas separation membranes, acting the solid skin as a selective layer and the cellular 

core as a strong mechanical support. However, some challenges such as the large thickness of the 

solid skins, the cell interconnectivity, or the impossibility of foaming thin films have been hindering 

the extensive application of cellular polymers in gas separation. In our recent work, those 

limitations have been overcome allowing the control of the solid skin thickness and enabling the 

foaming in thin films by employing the gas barrier approach [38]. This technique consists of 

keeping as much CO2 concentration as possible into the polymeric structure at the foaming time 

by employing a gas diffusion barrier on the top and/or bottom sides of the film.  Furthermore, thin 

films and micrometric fibres were foamed for first time by employing the same approach, 

obtaining homogenous cellular structures similar to bulk pieces and hollow fibres, respectively 

[38,39]. 

On the other hand, different strategies developed in gas dissolution foaming enabled to 

interconnect the cells creating an open-cell structure. For instance, Pinto et al. [40] produced 

open-cell nanocellular structures from block copolymer nanocomposites (PMMA/MAM) by gas 

dissolution foaming based on the heterogenous nucleation approach [41–43]. The inner cellular 

structure presented cell interconnectivity. Nevertheless, the huge thickness of the solid skins in 

the edges hindered in that moment their use in applications such as filtration or gas separation.  

Therefore, the interconnection between the inner cellular structure and the external 

medium, and the control on the thickness of the solid skins could allow their application as gas 

separation membranes. In this work, this new methodology has been used to obtain gas 

permeation membranes fabricated by solvent-free techniques. By the gas barrier approach, it was 

possible to modify the selective layer thickness. In all the cases, a porous structure, acting as a 

mechanical support, was obtained. Then, this solvent-free approach allows to form a selective 

layer supported in an open porous structure by using a CO2 foaming process in a single step. 

Porous PMMA/MAM composites were produced from two different compositions and the 

permeability properties were studied by time-lag measurements using several gases (e.g., helium, 

nitrogen, oxygen, methane, and carbon dioxide). The gas permeance was analysed as a function 

of the porous structure and the presence (or not) of the dense selective layer.  
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2. Experimental section 

2.1 Materials 

Two different formulations of poly(methyl methacrylate) (PMMA) and methyl 

methacrylate-b–butyl acrylate-b–methyl methacrylate (MAM) triblock copolymer were selected 

for producing the PMMA/MAM blends. PMMA V825T (VT), MAM M42, and MAM M53 were 

purchased from ARKEMA company (Colombes, France), while PMMA 8N were purchased from 

EVONIK (Darmstadt, Germany). The main characteristics of the PMMAs and MAMs such as the 

thermal properties, the molecular weight, the poly(butyl acrylate) (PBA) content, among other can 

be found in the Supporting Information (Section S1, Table S1). 

On the other hand, poly(vinyl alcohol) (PVOH) MOWIFLEX C17, purchased from Kuraray 

Europe (Hattersheim am Main, Deutschland), was employed as a gas diffusion barrier on the 

polymer surfaces according to the PVOH technique [38]. Besides, a medical grade of CO2 (99.9% 

purity) was employed as a blowing agent for foaming experiments. After the foaming process, 

deionized water was employed to remove the PVOH from the surfaces of the membranes. 

2.2 Fabrication of the membranes 

The compositions of PMMA/MAM employed were selected according to the expected 

cellular structures (open- and close-cell). Following this criterion, polymer structures resulting in 

open-cell nanostructures (VT/M42) and close-cell mesostructured with open cells inside 

(8N/M53). Both formulations, VT/M42 and 8N/M53, were mixed in 15/85 weight content and 

dissolved in chloroform at 10 wt.%. Afterwards, the solid films fabricated by the solvent casting 

method were cut in3x3 cm2 pieces with thicknesses around 400 µm. Table 1 shows the 

PMMA/MAM films used as solid precursors to fabricate porous membranes. In addition, the 

external surfaces of the films with the largest area were coated with a PVOH layer by solvent 

casting method (Figure 1). A PVOH/water-based solution 1/4 was used to coat the surfaces with 

the aim of avoiding the appearance of the non-foamed solid skins in those borders during the 

foaming.  

Table 1 
PMMA/MAM formulations for producing solid films. 

PMMA/MAM Content (wt.%) Solid density (g/cm3) Thickness (µm) 

VT/M42 solid 15/85 1.096 421 ± 25 

8N/M53 solid 15/85 1.156 381 ± 19 
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Figure 1. Scheme of the methodology for incorporating the gas diffusion barrier to both top and bottom 

sides of the polymer. 

On the other hand, the porous membranes were produced by gas dissolution foaming 

using a high-pressure vessel (model PARR 4760) provided by Parr Instrument Company (Moline, 

IL, USA). Saturation conditions were fixed at 30 MPa and 40 °C and PMMA/MAM films were 

foamed in one-step foaming process. Thus, the gas barrier approach applied to gas dissolution 

foaming has allowed producing porous membranes with none, one, or two solid skins (Table 2). 

More details about the use of the PVOH technique in gas dissolution foaming can be found 

elsewhere [38]. 

Table 2 
PMMA/MAM porous membranes fabricated in this work. 

Name Gas barrier approach Thickness (µm) 

VT/M42+0PVOH No 671 ± 60 

VT/M42+1PVOH One side 1182 ± 77 

VT/M42+2PVOH Two sides 1010 ± 82 

8N/M53+0PVOH No 603 ± 47 

8N/M53+1PVOH One side 820 ± 71 

8N/M53+2PVOH Two sides 981 ± 78 

 

2.3 Characterization techniques 

2.3.1 Solid and foam densities 

Density of the solid samples was measured with a gas pycnometer (Mod. AccuPyc II 1340, 

Micromeritics, Norcross, GA, USA). Foams density was measured using the water-displacement 

method based on Archimedes’ principle, employing a density determination kit for an AT261 

Mettler-Toledo balance (Columbus, OH, USA). Relative density has been calculated from the 

relationship between the foam density and the solid density. 
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2.3.2 Cellular structure 

Cellular structure of PMMA/MAM membranes (cell density (Nv) and cell size (Φ)) was 

analyzed from micrographs by Scanning Electron Microscopy (SEM) using a Merlin SEM (Zeiss, 

Germany). The SEM was operated at an accelerating voltage of 1.5 kV and a probe current of 35 

pA, using a high efficiency Everhart-Thornley (HE-S2) and an InLens secondary electron detector. 

First, samples were cooled in liquid nitrogen and then fractured to expose the inner cellular 

structure without damage. Before the measurement, the specimens were dried in vacuum and 

the surfaces to visualize (both cross-section and external surfaces achieved in samples with or 

without PVOH barrier) were sputter-coated with 1.5 nm platinum using a CCU-010 coating device 

(Safematic, Switzerland). Cross-section SEM micrographs were used in combination with a specific 

software based on ImageJ/FIJI for the detailed characterization of the cellular structure [44]. First, 

cell density (Nv) in three dimensions was calculated using Kumar's theoretical approximation [45] 

according to Equation 1.  

𝑁𝑁𝑣𝑣 = �
𝑛𝑛
𝐴𝐴
�
3
2  Equation 1 

Where Nv is the cell density (3D), n is the number of cells, and A is the analyzed area. On 

the other hand, cell size (Φ) was calculated as the average value of the cell diameter 

measurements from SEM micrographs in two different regions for at least 50 cells in each [44].  

2.3.3 Solid skins thickness 

The solid skin thickness (l) was directly measured from the cross-section SEM micrographs 

employing ImageJ/FIJI software [46] according to a procedure previously published [38]. The 

average thickness of non-foamed skins for each top and bottom surfaces are provided in this work. 

Figure 2 shows an example of the methodology followed for measuring the solid skin thicknesses. 

 
Figure 2. Example of SEM micrographs from a porous membrane with solid skins in the borders and a 

foamed core. 
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2.3.4 Membrane thickness 

The thickness of the solid and the porous membranes was measured by a coating 

thickness measuring instrument (Dualscope® MPOR from Fischer). 

2.3.5 Time-lag measurements 

Gas permeability measurements were performed by a constant-volume gas permeator 

device based on the time-lag methodology [47]. A scheme of the gas permeator system is showed 

in the Figure 3.  

   
Figure 3. Scheme of the constant-volume gas permeator employed in gas permeability measurements. 

Time-lag methodology is based on the transient flow gas through the membrane located 

into the permeation cell due to the pressure difference between both sides (upstream and 

downstream). Gas diffusion can be considered as a Fickean behavior with a constant gas diffusion 

coefficient (D) through a constant membrane thickness (l), i.e., neglecting the possible swelling 

effects. From the pressure difference measurements between both upstream and downstream 

sides, it exits a characteristic time (time-lag, t0) which allows calculate the diffusion coefficient 

from Equation 2 [48,49]. 

𝑡𝑡0 =
𝑙𝑙2

6𝐷𝐷
  Equation 2 

On the other hand, gas permeability coefficient (P) is calculated from the flow rate in the 

downstream (Equation 3), expressed in Barrers (Ba) [1 Barrer = 10−10 (cm3 (STP) · cm) / (cm2 · s · 

cmHg)]. 

𝑃𝑃 =
273
76

·
𝑉𝑉 𝑙𝑙

𝐴𝐴 𝑇𝑇 𝑝𝑝0
·
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

  Equation 3 
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Where V is the volume of the low-pressure side, A is the effective area of the membrane, 

p0 is the pressure of the high-pressure side, T is the temperature, and dp/dt is referred to the 

pressure variation as a function of the time in the downstream side. 

For time-lag measurements, solid and porous membranes were cut in circles (2.5 cm of 

diameter) for being coupled in the permeation cell. However, the effective area of the gas flux 

through the membrane was 2.2 cm2. First, the gas permeator was maintained under vacuum 

during 24 hours for ensuring the total evacuation of the air inside itself and also in the membrane. 

Then, gas permeability measurements were carried out at a constant pressure and temperature 

(3 bar and 35 °C) for helium, nitrogen, oxygen, methane, and carbon dioxide. 

Finally, the key parameters for characterizing the membranes such as the selectivity (α) 

for a pair of gases and the permeance (G) were calculated from Equation 4 and Equation 5, 

respectively. Where the ideal selectivity for a pair of gases is defined as the permeability ratio 

between the faster permeating gas (Pa), and the slower permeating gas, (Pb). The permeance (G) 

is expressed in Gas Permeation Units, [1 GPU = 10−6 (cm3 (STP)) / (cm2 · s · cmHg)] [13]. 

𝛼𝛼𝑎𝑎/𝑏𝑏 =
𝑃𝑃𝑎𝑎
𝑃𝑃𝑏𝑏

  Equation 4 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (𝐺𝐺𝐺𝐺𝐺𝐺) =
𝑃𝑃 (𝐵𝐵𝐵𝐵)
𝑙𝑙 (µ𝑚𝑚)

  Equation 5 

3. Results  

3.1 Cellular structure 

The cellular structure of the produced PMMA/MAM membranes has been analyzed from 

the SEM micrographs. Figure 4 shows the cellular structure of VT/M42 and 8N/M53 formulations 

by employing or not the gas barrier approach. Besides, the relative density, the cell density, and 

the cell size according to those SEM micrographs are displayed in Table 3. 

VT/M42 membranes present a homogenous open-cell nanocellular structure (Figure 4a, 

Figure 4c, and Figure 4e) with cell densities over 1013 cells/cm3 and cell sizes around 130 nm (Table 

3). It is important to point out that cell density in open-cell foams is a parameter quite inaccurate 

since the morphology of one cell is clearly undefined due to its interconnection to each other. 

Therefore, slight changes are obtained in cell density (Nv) while the relative density decreases in 

VT/M42+1PVOH and VT/M42+2PVOH due to the whole foaming reached in the edges. The 

formation of a porous structure along to complete area of the film is promoted by a gas 
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concentration increment in the edges allowing the foaming also in these regions and obtaining 

samples with larger expansion [38].  

  

  

  

Figure 4. SEM micrographs of VT/M42 and 8N/M53 formulations. a) VT/M42+0PVOH, b) 8N/M53+0PVOH, 
c) VT/M42+1PVOH, d) 8N/M53+1PVOH, e) VT/M42+2PVOH, and f) 8N/M53+2PVOH. 

Table 3 
Relative density, cell density, and cell size of the PMMA/MAM membranes (VT/M42 and 8N/M53) without 
PVOH on the surfaces (+0PVOH), with PVOH on one surface (+1PVOH), and with PVOH on two surfaces 
(+2PVOH). 

Name Relative density Cell density (cell/cm3) Cell size (nm) 

VT/M42+0PVOH 0.816 ± 0.002 (1.75 ± 0.21) · 1013 131 ± 48 

VT/M42+1PVOH 0.765 ± 0.001 (2.19 ± 0.28) · 1013 123 ± 35 

VT/M42+2PVOH 0.737 ± 0.002 (2.78 ± 0.33) · 1013 130 ± 46 

8N/M53+0PVOH 0.571 ± 0.001 (6.24 ± 0.53) · 1011 1110 ± 330 

8N/M53+1PVOH 0.479 ± 0.001 (5.70 ± 0.42) · 1011 1340 ± 344 

8N/M53+2PVOH 0.387 ± 0.001 (1.66 ± 0.59) · 1011 1880 ± 594 

 

a) b) 

c) d) 

e) f) 
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On the other hand, a complex cellular structure was obtained in 8N/M53 formulations: an 

open-cell nanocellular structure (not taken into account in Nv) was formed inside of the 

micropores which build a mesostructure, apparently close-cell, presenting lower cell densities 

than VT/M42 membranes (around 1011 cells/cm3) and larger cell sizes (around 1-2 µm). Recently, 

Demewoz et al. [50] obtained similar bimodal structures from PMMA/TPU blends, affirming that 

the ‘bouquet-like structure’ was formed by a combination of spinodal decomposition from PMMA-

CO2 and nucleation from TPU particles [51,52]. However, the differences between the cellular 

structures obtained in this work (Figure 4) seem to be more related to the physical properties of 

the MAM phase. On the one hand, M53 presents higher viscoelastic properties that are associated 

to higher PBA contents (the soft phase of MAM) allowing higher expansion ratios while M42 shows 

more rigidity in the cell growth. For supporting that discussion, similar open-cell nanocellular 

structures were achieved for M42 and M53 blends at lower temperature (30 °C), demonstrating 

that the rheologic properties as a function of the saturation temperature has a decisive impact on 

the cell growth. In this way, Pinto et al. [53] attributed the relative density and cell density 

reductions to cell coalescence promoted by raising the saturation temperature in PMMA/MAM 

blends. To sum up, open-cell nanocellular structures and bimodal (open-cell nanocellular and 

close-cell mesoporous) structures were produced in all the situations (none, one, or two dense 

layers). 

3.2 Dense layers thickness 

The use of the gas barrier approach on the polymer films determinates the appearance of 

the dense layers. The thicknesses of the dense layers of the PMMA/MAM membranes are 

displayed in Table 4. 

Table 4 
Results of the top and bottom solid skin thickness of PMMA/MAM porous membranes. In ‘+1PVOH’ 
membranes the PVOH was located on the bottom surface. 

Name Top dense layer 
(µm) 

Bottom dense 
layer (µm) Top cell size (µm) Bottom cell size 

(µm) 

VT/M42+0PVOH 26.0 ± 4.2 30.6 ± 7.1 - - 

VT/M42+1PVOH 25.7 ± 5.6 2.1 ± 0.4 - 2.3 ± 1.1 

VT/M42+2PVOH 1.3 ± 0.3 1.7 ± 0.3 1.2 ± 0.9 2.5 ± 1.2 

8N/M53+0PVOH 52.9 ± 1.4 60.0 ± 4.7 - - 

8N/M53+1PVOH 39.8 ± 4.2 3.9 ± 1.7 - 1.2 ± 0.4 

8N/M53+2PVOH 3.8 ± 2.0 2.1 ± 1.5 1.0 ± 0.5 0.9 ± 0.4 
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In VT/M42 membranes the typical solid skin thicknesses without using the gas barrier 

approach are in the range between 25-30 µm in each side (Figure 5, Table 4). On the contrary, the 

thickness of the dense layer was successfully reduced until 1 µm in the side whereby the gas 

diffusion barrier was applied. Similarly, solid skins in 8N/M53+0PVOH membrane resulted above 

50 µm (Figure 6, Table 4) while the thickness was again reduced to 1 µm by employing the gas 

diffusion barrier on those surfaces (8N/M53+1PVOH and 8N/M53+2PVOH). 

 
Figure 5. Morphology of the VT/M42 membrane along the thickness: homogeneous cellular structure in 

the centre and dense layer in the edges. 

 
Figure 6. Morphology of the 8N/M53 membrane along the thickness: homogeneous cellular structure in 

the centre and dense layer in the edges. 

Moreover, the analysis of the surface morphology aroused that a porous distribution was 

obtained on the surfaces which were coated with the gas diffusion barrier, while smooth solid 

surfaces were found in the others (Figure 7). The gas diffusion barrier not only promotes an 

increase of the CO2 gas concentration next to the edges of the films, but the accumulation of the 

gas molecules in the polymer-PVOH interface allows creating pores on the surfaces by 
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heterogeneous nucleation [38]. The average diameter of the pores is around 1-2 µm, quite similar 

to the solid skin thicknesses previously measured (Table 4). Thus, we can assume that solid skins 

were completely removed (i.e., thicknesses in the same order of magnitude of the pores 

distributed along this layer) from those borders whereby the gas diffusion barrier was employed. 

Therefore, the gas dissolution foaming in combination to the gas barrier approach allows to 

achieve open porous membranes with full control on the formation of dense layers in the edges. 

  

  
Figure 7. Comparison of the surface morphology between porous membranes fabricated with and without 

using the gas diffusion barrier. a) VT/M42+0PVOH, b) VT/M42+2PVOH, c) 8N/M53+0PVOH, and d) 
8N/M53+2PVOH 

3.3 Time-lag 

Taking advantage of the cellular structures created from VT/M42 and 8N/M53 

formulations, the permeability and selectivity, the permeance, and the effect of the solid skins as 

selective layers were analysed from time-lag measurements. 

3.3.1 Permeability and selectivity 

The gas separation performances offer an idea of the applicability of a membrane in a 

specific gas separation application. Figure 8 shows the permeability of membranes derived from 

VT/M42 and 8N/M53 blends (results are listed in Table 5). First, comparing the solid polymer films 

(void squares), similar permeabilities were obtained for both PMMA/MAM compositions, being 

those of 8N/M53 a little bit higher than the obtained for VT/M42.  

a) b) 

c) d) 



 

408    

   

Chapter VII. Applications 

 

A 
So

lve
nt

-Fr
ee

 M
et

ho
do

log
y t

o 
Pr

od
uc

e O
pe

n-
Ce

ll P
or

ou
s 

M
em

br
an

es
 w

ith
 Co

nt
ro

l o
n t

he
 

De
ns

e L
ay

er
 Th

ick
ne

ss 

Comparing permeabilities between different gases, both PMMA and MAM present a very 

high CO2 affinity which explains the highest values in permeability in both VT/M42 and 8N/M53 

films. Second, the permeability values follow the kinetic diameter for helium, oxygen, and 

nitrogen. However, methane surprisingly shows higher values than expected according to its 

kinetic diameter. This is probably explained due to a combined effect of a specific interaction and 

an increase in solubility of CH4 in the soft segregated domains of the copolymer [54]. This 

permeability trend is also observed in the porous membranes. This indicates that the films and 

the dense skins of the foamed films are similar or dominant on the separation performances.   

 
Figure 8. Permeability of the VT/M42 (blue symbols) and 8N/M53 (orange symbols) membranes for CO2, 

He, CH4, O2, and N2.  

Table 5 
Permeability of all membranes for CO2, He, CH4, O2, and N2.  

Name PCO2 (Ba) PHe (Ba) PCH4 (Ba) PO2 (Ba) PN2 (Ba) 

VT/M42 solid 27 23 7 7 4 

VT/M42+0PVOH 2201 1302 954 345 150 

VT/M42+1PVOH 5400 5246 2059 1662 1308 

VT/M42+2PVOH 9368 7707 2570 2268 1386 

8N/M53 solid 72 24 12 11 4 

8N/M53+0PVOH 132 50 17 20 6 

8N/M53+1PVOH 290 96 45 45 17 

8N/M53+2PVOH 404 139 61 64 21 

 

As expected, the permeability of porous membranes increased significantly due to the 

creation of the cellular structure, existing several differences between both formulations. It is 

clear that the open-cell structures showed by VT/M42 porous membranes (Figure 4a, Figure 4c, 
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and Figure 4e) allow reaching higher increments in permeability than the close-cell mesoporous 

structures presented by the 8N/M53 membranes (Figure 4b, Figure 4d, and Figure 4f). Moreover, 

a further increase in permeability is reached by extending the foaming to the edges, reaching 333 

and 5.5 times of enhancement in VT/M42+2PVOH and 8N/M53+2PVOH with respect to 

corresponding solid film. Therefore, it seems that the dense layers are acting as selective layers 

while the cellular structure serves as a support with strong mechanical properties as it has been 

proved in nanocellular polymers [55,56].  

According to the selectivity/permeability plot (Figure 9), the selectivity of a pair of gases 

depends on the PMMA/MAM formulation used while the permeability increased with the porosity 

of the membrane. In addition, it seems that the PMMA/MAM blends selected for this work would 

present the most appropriate behavior in gas separation for the CO2/N2 pair of gases since that 

selectivity reached the highest values (Table 6). However, the objective of this work is to proof 

the concept of formation of a porous structure membrane with a defect-free thin dense layer on 

top by solvent-free method.  

 
Figure 9. CO2/N2 selectivity as a function of the CO2 permeability for all membranes. 

Table 6 
Selectivity of O2/N2, CO2/CH4, and CO2/N2. 

Name αO2/N2 αCO2/CH4 αCO2/N2 

VT/M42 solid 1.6 3.7 6.0 

8N/M53 solid 2.7 6.0 17.0 

 

3.3.2 Permeance 

The permeance or gas flux is more accurate once the membranes are formed by thin 

selective layers. Permeance gives a better overview of the capacity of a membrane to be employed 

in an industrial gas separation process, [13]. In order to prove the strength of inducing a cellular 
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structure over the gas flux in gas separation membranes, the permeance of the VT/M42 and 

8N/M53 membranes is analyzed in this section (Figure 10 and Table 7). As expected, both VT/M42 

(Figure 10a) and 8N/M53 (Figure 10b) porous membranes showed a permeance increase with 

respect to the thick films, following the same trend as in permeability regardless the gas 

employed. In addition, the reduction on the relative density, due to the elimination of the solid 

layer in the edges, allowed reaching significant increments in permeance (Figure 10c and Figure 

10d). Therefore, gas dissolution foaming in combination with the gas barrier technique has been 

validated as an excellent method to form an asymmetric membrane in a single step with a solvent-

free process. On the other hand, avoiding the formation of dense layers in the edges (membranes 

+1PVOH, and +2PVOH) seems to work better in the case of the VT/M42 than for 8N/M53, where 

the permeance for all the gases showed a lower increase (Figure 10d). Probably, the effect is due 

to the thicker and close-cell walls presented by the 8N/M53 porous membranes, hampering the 

gas flux through close-cell structures (Figure 4b, Figure 4d, and Figure 4f). Therefore, the 

permeance is controlled by the amount of porosity created in the gas dissolution foaming process 

while the selectivity will be determined by the intrinsic selectivity of the materials. 

  

  
Figure 10. Permeance of the a) VT/M42 (in blue) and b) 8N/M53 (in orange) membranes for different 
gases: CO2, He, CH4, O2, and N2. Permeance as a function of the relative density for c) VT/M42 and d) 

8N/M53 membranes for different gases: CO2, He, CH4, O2, and N2. 

 
 
 
 
 
 
 

a) b) 
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Table 7 
Permeances of all membranes for CO2, He, CH4, O2, and N2. 

Name PCO2 (GPU) PHe (GPU) PCH4 (GPU) PO2 (GPU) PN2 (GPU) 

VT/M42 solid 0.054 0.064 0.011 0.017 0.017 

VT/M42+0PVOH 1.940 3.282 0.224 1.423 0.514 

VT/M42+1PVOH 4.438 4.569 1.107 1.742 1.406 

VT/M42+2PVOH 7.631 9.276 1.373 2.544 2.246 

8N/M53 solid 0.011 0.063 0.188 0.030 0.031 

8N/M53+0PVOH 0.011 0.096 0.264 0.041 0.033 

8N/M53+1PVOH 0.021 0.117 0.353 0.055 0.055 

8N/M53+2PVOH 0.022 0.142 0.412 0.065 0.062 

 

3.3.3 Effective thickness of the dense layer  

Effectively, the gas permeance is a contribution of the dense layer and the resistance of 

the porous support. Therefore, the gas flux can be controlled by controlling the cellular structure 

of the membranes, i.e., by modifying the porosity, the cell interconnection (open-cell or close-cell) 

and the thickness of the selective layer. These kind of structures works as an electric circuit where 

the gas flux would be the intensity and the solid barriers (dense layers and cell walls) operates as 

the resistances [6]. However, the information about the real thickness of the solid layer (i.e., the 

total resistance of the circuit) cannot be directly provided. In order to calculate the resistance, the 

thickness of the effective solid layer (leff) in porous membranes was calculated from the 

relationship between the foam permeance and the solid permeability (Equation 6). 

𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒 =
𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  (𝐵𝐵𝐵𝐵)
𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝐵𝐵𝐵𝐵)
𝑙𝑙 (µ𝑚𝑚)  

=
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

  Equation 6 

Assuming the foamed sample will provide the same separation performances than the 

thick film, the differences in the gas flows must be due to the resistance of the dense layers and 

the porous substrate. Then, the permeance of the porous membranes normalized by the solid 

permeance was plotted against the thickness of the effective solid layer for each gas measured 

(Figure 11).  

First, the permeance of porous membranes with regard to the permeance of the solids 

increased significantly, reaching values up to 150 times of permeance enhancement for 
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VT/M42+2PVOH membrane. Second, the effective solid layer was reduced when the dense layers 

are eliminated from the edges, as expected. In the VT/M42+2PVOH case, the effective dense layer, 

which is around 3 µm for all gases (Figure 11a), which is in concordance with the measured dense 

layer thickness observed by SEM (Table 4). Thus, a total interconnection between cells can be 

assumed, confirming the open-cell structures seen in SEM micrographs (Figure 4e). In this case, it 

can be assumed that the gas separation is dominated by the dense layer and the porous substrate 

does not offer any resistance to the gas flux. However, in porous membranes with dense layers in 

the edges (VT/M42+1PVOH and VT/M42+0PVOH), where the PVOH gas barrier was not applied or 

only applied in one of the sides, the measured thickness of the dense skins (Table 4) resulted 

higher than the effective solid layer, showing less solid resistance than expected. In these cases, 

not only assuming that open cells are obtained but some porosity was found in the solid skin 

region (Figure 12), promoting an underrated value of the effective solid layer. 

  
Figure 11. Relative permeance as a function of the thickness related to effective dense layer of the a) 
VT/M42 and b) 8N/M53 membranes for different gases: He, N2, O2, CH4, and CO2. Black dotted circles. 

 
Figure 12. SEM micrograph from the border of VT/M42+0PVOH. Also, high magnification micrograph of 

the solid skin is provided.  

On the other hand, the effective gas flow resistance for 8N/M53 porous membranes 

resulted much higher than the measured thickness of the dense layer, showing values for the 

sample 8N/M53+0PVOH between 350 and 500 µm (Figure 11b) while the dense layer thickness 

measured was around 60 µm in each border (Table 4). As it was commented before, the solid 

resistance in this case is composed of solid skins in the borders and cell walls of the close-cell 

Solid skin

a) b) 
VT/M42+2PVOH 

VT/M42+1PVOH 

VT/M42+0PVOH 
8N/M53+0PVOH 

8N/M53+2PVOH 
8N/M53+1PVOH 
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structure (Figure 4b, Figure 4d, and Figure 4f). Moreover, assuming that 8N/M53+2PVOH 

presented no densified areas close to the edges of the membrane (around 1 µm, Table 4) the 

effective dense layer would correspond to the resistance showed by the cell walls, around 350 µm 

in the best case. Consequently, the thickness of the close-cell walls is contributing to the resistance 

for the gas flux, i.e., promoting an increase of the effective dense layer with respect to open-cell 

structures. 

4. Conclusions 

A new solvent-free methodology for processing a material into a gas separation 

membrane is presented in this work. Porous membranes with open-cell or close-cell structures 

were produced by CO2 dissolution foaming from PMMA/MAM polymer blends. Besides, the gas 

barrier approach has been employed in the foaming process in order to obtain porous membranes 

with none, one, and two dense layers in the edges of the membranes. Thus, the relative density 

of the membranes was reduced and controlled from the thickness of the dense layers and the 

porosity induced on the surfaces by the same process. 

The separation performances of the membranes were analyzed from a time-lag device 

and correlated to the cellular structures. In general, the selectivity depends on the polymer 

employed while permeability was tuned from the cell morphology. Open-cell structures showed 

a significant increase in permeability properties while close-cell structures presented strong 

resistance to the gas flux. In addition, the reduction in the relative density associated to the 

removal of the dense layers in the edges lead to an additional increment in permeance. By merging 

open-cell structures and reducing the thickness of the dense layers, the effective solid layer was 

decreased till 2 µm in total membrane thicknesses around 1000 µm. Thus, this solvent-free 

foaming methodology allows the production of membranes presenting a high-porosity and low 

resistance porous support, with tunable thickness for the selective layer. Therefore, this 

methodology has been validated as a green technique for creating, in a single foaming step, an 

asymmetric membrane for gas separation with tunable selective layer thickness and an open-

porous structure providing mechanical support, without compromising the membrane 

performances. 
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Section S1. PMMA and MAM characteristics 

Table S1 shows the main characteristics of the PMMA and MAM grades employed in this 

work. 

Table S1 
Characteristics of the polymers used. Molecular weight (Mn and Mw), polydispersity index (IP), melt flow 
index (MFI), and PBA content. 

PMMA Mn (g/mol) Mw (g/mol) IP MFI (g/10min)  PBA content (%) 

VT 43 000 83 000 1.9 1.92 - 

8N 49 000 89 000 1.8 1.66 - 

M42 85 000 165 000 2.1 0.07 36 

M53 82 000 128 000 1.6 0.21 54 

 

  

mailto:dcuadra@fmc.uva.es
mailto:jpinto@fmc.uva.es
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8.1 Conclusions 

This chapter summarizes all the conclusions from Chapter IV to Chapter VII and the 

achievements reached in them. This section has been elaborated according to the objectives 

pursued during this thesis. The conclusions comprehend the understanding of the gas dissolution 

foaming mechanisms, the use of the gas diffusion barrier approach, the production of open-cell 

structures, and the employment of porous polymers in new applications. Finally, an additional 

section which comprises some perspectives for future work is included. 

8.1.1. Chapter IV. Gas concentration as a key parameter 

In this chapter, the gas concentration in the polymer matrix, that is one key parameter in 

the gas dissolution foaming has been studied. First, the retrograde behaviour of PMMA-CO2 

system has been analysed by in-situ optical observation methodology in the Chapter IV (Analysis 

of the retrograde behavior in PMMA-CO2 systems by measuring the (effective) glass transition 

temperature using refractive index variations). From this chapter the following achievements 

should be highlighted: 

• The PMMA-CO2 system has been studied in-situ by a new optical observation method 

during the gas saturation process. Thus, the retrograde behaviour has been analysed 

by the significant change in the optical properties between rubbery and glassy state 

for the first time (Figure 8.1). 

• The first key result is that the rubbery state has been always obtained above certain 

pressure regardless the temperature. That clarifies some discrepancies in the 

previous literature about the impossibility of obtaining the rubbery state by 

decreasing the temperature till a few degrees Celsius. In fact, the PMMA-CO2 system 

increased its gas solubility by decreasing the temperature, being favourable the 

transition to rubbery state. 

• The comparative study between several PMMA grades aroused that their differences 

to achieve the rubbery state could be related to the physical properties or even to 

the chemical structure, being the commercial polymers susceptible of presenting 

some additives. 

• Although there are differences, similar trends were obtained when both pressure and 

temperature were decreased. An asymptotic behaviour with the ordinate axis was 
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discovered in this unknown region (Figure 8.1). Thus, low gas concentrations can 

promote the transition from glassy to rubbery state.  

 
Figure 8.1. Data of the retrograde behaviour studied in this thesis in comparison to the previous literature 

[1–3]. 

Another study about the importance of the gas concentration in the polymer has been 

performed in this chapter. In this case, aiming to increase the gas concentration in the polymer 

(locally and generally), a nucleating agent with noticeable CO2-philicity has been incorporated to 

the polymer matrix (Chapter IV, research article: Microcellular foams production from 

nanocomposites based on PS using MOF nanoparticles with enhanced CO2 properties as nucleating 

agent) obtaining the following results: 

• The polymer matrix employed in this work was PS, a polymer with low CO2 solubility 

(in comparison to PMMA), in order to highlight the effect of the CO2-philic 

nanoparticles. 

• As expected, based on the block copolymers approach, the addition of CO2-philic 

nucleating agents leaves a significant increase in the nucleation efficiency. Two 

mechanisms are taking place. First, the nucleating effect promoted in the 

heterogenous nucleation by incorporating nanoparticles. And second, the local 

increase in the gas concentration in wherever the location of the nanoparticles. 

• Regarding the use of CO2-philic nanoparticles, controlling the particle size, the 

particle dispersion, and the number of nanoparticles, are decisive to obtain 

homogeneous cellular structures following the heterogenous nucleation approach. 

In addition, the special feature of MOF nanoparticles acting as CO2 reservoirs 
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promotes higher nucleation efficiency and more stable cellular structures in 

comparison to similar nanoparticles without such CO2-philicity. 

Although the introduction of CO2-philic nanoparticles to enhance the nucleation effect 

shows some advantages, one of the main objectives of this thesis, i.e., increasing the gas 

concentration in the edges to avoid the formation of the solid skins, has not been accomplished 

in this chapter. Nevertheless, the knowledge acquired about the polymer-gas system and how the 

mechanisms of gas concentration and gas diffusivity affect the formation of the solid skins have 

been useful for understanding the challenge and developing new solutions.  

8.1.2. Chapter V. Gas diffusion barrier approach 

The Chapter V contains one of the main novelties of this research, an approach to avoid 

the formation of the solid skins in cellular polymers produced by GDF (research article: Production 

of cellular polymers without solid outer skins by gas dissolution foaming: a long-sought step 

towards new applications). From this chapter it can be highlighted the following achievements: 

• A new approach based on a gas diffusion barrier has been developed for keeping as 

high gas concentration as possible in the polymer matrix at the foaming time.  

• The increment of the gas concentration in the edges has allowed to overcome the 

threshold to obtain a cellular structure in those regions (Figure 8.2). Hence, the solid 

skins thickness has been extremely reduced obtaining whole foamed polymers 

(Figure 8.3). 

 
Figure 8.2. Schemes of a) gas diffusivity through the polymer sheet, b) gas concentration threshold to 

foam, and c) cellular structure with solid skins in the edges. 

• The gas diffusion barrier approach has been mainly tested in PMMA. However, 

successful results have been also obtained in other polymer matrices (PS, PC, and 

PCL) as it has been shown in the Supporting Information of the research article 

a) b) c) 
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Production of cellular polymers without solid outer skins by gas dissolution foaming: 

a long-sought step towards new applications (Chapter V).  

 
Figure 8.3. Scheme of the cellular structure by employing or not the gas diffusion barrier (GDB) approach. 

• In addition to the solid skins removal during the foaming process, the incorporation 

of the gas diffusion barrier to the polymer surfaces has allowed to generate porosity 

in those surfaces by heterogenous nucleation. 

• Moreover, the foamability in thinner samples, that was previously hindered in thin 

films, has been exceeded by the incorporation of this approach. Again, whole foamed 

polymer films were produced without solid skins and without limiting their 

expansion, being possible obtaining cellular thin films with low densities. 

• Together to all mentioned benefits of the gas diffusion barrier approach, it should be 

pointed out that this technique, and the gas dissolution foaming, meet the 

requirements for an industrial scalable process, being possible producing this kind of 

materials in larger dimensions. 

Therefore, the formation of the common solid skins in the edges of the cellular polymers 

has been avoided during the foaming process regardless the sample thickness while an additional 

cellular structure has been formed on the external surfaces. Thus, one of the main objectives of 

this thesis has been fulfilled. 

The next step was to evaluate if this approach could be used to foam even materials with 

smaller sizes such as polymer fibres with diameters in the micrometric range (Chapter V, research 

article: A new generation of hollow polymeric microfibers produced by gas dissolution foaming). 

The summary of the main achievements of this research is as follows: 

• The use of the gas diffusion barrier has allowed to obtain hollow fibres. In this case, 

the PVOH as a gas diffusion barrier is able to keep enough gas concentration inside 

of a fibre (diameter around 5 µm), being effectiveness regardless the sample 

geometry. 

• Besides, the gas dissolution foaming, has allowed tuning the morphology of the fibres 

by modifying the foaming parameters. Hollow fibres with high porosity on their 
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surface were produced by one-step foaming, while hollow fibres with smooth 

external surface were obtained by employing a two-step foaming process. In both 

cases, the superficial area of each individual fibre has been risen significantly, being 

an interesting property for drug delivery systems. 

Therefore, the gas diffusion barrier approach employed in this thesis has allowed to 

accomplish the following objectives: avoiding the formation the solid skins in bulk samples, 

obtaining whole foamed polymers (including thin films) regardless the sample thickness, foaming 

polymer microfibres, and enabling new applications for porous polymers. 

8.1.3. Chapter VI. Open-cell structures 

According to the scope of this thesis, the understanding, the production, and the 

extrapolation from bulk to film samples of open-cell structures have been carried out in this 

chapter. First, the nanostructuration of PMMA/MAM blends was studied in Chapter VI (research 

article: Nanostructure of PMMA/MAM Blends Prepared by Out-of-Equilibrium (Extrusion) and 

Near-Equilibrium (Casting) Self-Assembly and Their Nanocellular or Microcellular Structure 

Obtained from CO2 Foaming). In this research the following results have been achieved: 

• A wide study about the formation of open-cell structures by employing PMMA/MAM 

blends has been performed. Both low and high MAM contents have been used in two 

different production technologies (out of equilibrium, i.e., extrusion; and near-

equilibrium, i.e., casting), and the obtained materials have been compared to 

understand the key parameters to obtain interconnected structures. 

• The production route seemed to be more decisive than expected. At low MAM 

contents, the size of the spherical micelles formed by the copolymer presented 

significant differences between extrusion and casting (from tens to hundreds of 

nanometres, respectively). According to the heterogeneous approach, the micelles 

size will determine the cell size of the cellular structure, being appropriate the 

smallest ones to produce nanocellular polymers. 

• On the other hand, a co-continuous nanostructuration promoted by high MAM 

contents derives in open-cell nanocellular foams regardless the production route, 

being MAM the dominant phase with more stability on the nanostructuration. 

• Besides, the first direct experimental confirmation that the nucleation occurs in the 

PBA phase of the MAM copolymer is provided in this work. On the one hand, blends 

with core-shell domains evidenced that each cell is composed by PMMA walls with 
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also a PMMA core inside it, asserting that the nucleation and then, the polymer 

expansion have been located between them, i.e., in the PBA phase. On the other 

hand, nuclei formed in the PBA co-continuous domains are able to grow together 

achieving an open-cell interconnected structure along the PBA phase. 

• Regarding the solid skins, cellular structures fabricated from PMMA/MAM blends 

presented lower solid skin thicknesses than PMMA homopolymer due to the effect 

of the heterogenous nucleation. Nevertheless, those samples are still non-suitable 

for filtration applications without a further solid skin reduction. 

Therefore, the most appropriate route to produce open-cell structures in thin films (i.e., 

near-equilibrium route by casting) has resulted the use of PMMA/MAM blends at high MAM 

contents. Although these results were achieved by foaming the thin films into a metallic mould by 

limiting their expansion, the knowledge developed in this study has been extrapolated to the 

second work of this chapter (Opening pores and extending the application window: Open-cell 

nanocellular foams). In this case, the heterogenous nucleation provided from MAM copolymer 

has been combined with the gas diffusion barrier approach developed in Chapter V in order to 

produce open-cell nanocellular films without solid skins in the edges. The main achievements of 

this research are: 

• A wide selection of three PMMAs and four MAMs have been combined to study the 

production of open-cell nanostructures depending on the physical properties and 

nanostructuration of the raw materials and blends. 

• Three key aspects have been decisive to achieve open-cell structures: the MAM 

content, the PBA phase which controls the nucleation, and the strain hardening that 

determines the cell growth. 

• Firstly, high MAM content promotes a co-continuous nanostructuration which 

evolves to an open-cell structure in some cases. However, this work evidenced that 

more aspects should be taken into account depending on the MAM grade. 

• Secondly, the presence of PBA (i.e., the soft block from MAM copolymer) provides 

enough nucleation sites along its domains that allow achieving fully interconnected 

structures. 

• And thirdly, the viscosity of the polymer matrix played a critical role to achieve 

nanocellular structures being possible in those MAMs that present high strain 

hardening coefficient. In contrast, the blends from MAMs with ‘soft’ viscoelastic 
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properties (i.e., without presenting strain hardening) allow reaching higher cell 

expansions obtaining microcellular structures due to cell degeneration during the 

expansion. 

• Furthermore, the main novelty of this work was to achieve open-cell structures in 

thin films without solid skins by incorporating the gas diffusion barrier approach. Both 

goals, foaming thin films and avoiding the formation of the solid skins in the edge, 

have been successfully exceeded in order to provide suitable features for the use of 

these interconnected structures in new applications. 

Thus, in this chapter, the production of the open-cell structures has been optimized in 

bulk and film samples, studying and identifying the key parameters for that purpose. Furthermore, 

a new generation of porous materials produced by gas dissolution foaming has been developed 

by the fabrication of open-cell structures without solid skins, enabling their use in applications 

such as filtration, water remediation, sensing, catalysis, gas separation, as transparent thermal 

insulators, acoustic absorption, dampening vibrations, or in tissue engineering.  

8.1.4. Chapter VII. Applications 

Some of the questions that people ask most often about research are “what is research 

for?” and “how could your research influence their daily lives?”. In this thesis, the results achieved 

in the cellular polymers fields have been employed to provide some answers to these questions, 

pursuing new applications for these materials.  

In this chapter, the range of applicability of cellular polymers and their performance in 

some applications have been evaluated thanks to the advantages studied in this thesis and 

provided by the gas diffusion barrier approach.  

First, the hollow fibres with enhanced superficial area produced in Chapter V (research 

article: A new generation of hollow polymeric microfibers produced by gas dissolution foaming) 

have been tested as local drug delivery devices. The main results of this research are the following 

ones: 

• Taking advantage of the unique morphology of the fibres and the PCL properties 

(mechanically stable, biocompatible, and biodegradable), the fibres mats have been 

tested as drug delivery systems. 

• The drug loading has been carried out by supercritical impregnation reaching 

between 10-15 wt.% of ibuprofen load depending on their porous morphology. 



 

432 
 

   

Chapter VIII. Conclusions and Future Work 

 

   

• The drug release in water aroused that the hollow fibres with noticeable surface 

porosity showed a constant release during a long period of time (one and a half days), 

being suitable for local drug delivery applications as scaffolds surgically placed into 

the body or in extracorporeal applications as wound dressings. In contrast, solid 

fibres showed a fast drug release that it can be harmful to the health in this kind of 

applications (Figure 8.4). 

• Thus, the enhancement in superficial area promoted by the gas diffusion barrier 

approach has resulted in hollow fibres with tuneable properties for biomedical 

applications. 

 
Figure 8.4. Scheme of hollow fibres fabrication, ibuprofen impregnation, and drug delivery application. 

Furthermore, these hollow fibres have been evaluated as electrochemical sensors 

(Chapter VII, research article: Tuning the electrochemical response of PCL-PEDOT:PSS fibers-based 

sensors by gas dissolution foaming). From this work, it can be highlighted the following results: 

• Hollow microfibres with porosity on their surface have been fabricated by gas 

dissolution foaming employing the gas diffusion barrier approach. 

• A conductive polymer (PEDOT:PSS) was incorporated to the fibres as basic 

requirement to perform as electrochemical devices before and after gas dissolution 

foaming. It was proved that pristine PCL fibres cannot perform for that application 

due to their insulator behaviour. 
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• The incorporation of the conductive polymer was carried out from different ways: to 

the solid fibres without foaming, to the solid fibres prior to foaming, and to the 

foamed fibres. All of them together with the pristine PCL fibres were characterized 

by cyclic voltammetry and electrochemical impedance spectroscopy. 

• As expected, the PEDOT:PSS amount transferred to the fibres increased according to 

the superficial area of the fibres, being possible to achieve higher loads by 

incorporating it after the gas dissolution foaming. A thin layer (hundreds of 

nanometers) of PEDOT:PSS coats each fibre individually, obtaining the desired 

functionalization. 

• Although incorporating the PEDOT:PSS prior to foaming results in a minor transferred 

amount, the foaming allowed to enhance the adhesion between both polymers as 

well as to improve their dispersion. In fact, after the foaming procedure the 

conductive polymer was located both over and inside each fibre, increasing the 

electrochemical response. 

• Although all fibres mats with PEDOT:PSS coating presented good electrochemical 

responses, the foaming fibres provided the best performance. Certainly, the highest 

amount of conductive polymer transferred to fibres already foamed promotes the 

largest electrochemical responses. On the other hand, the electrochemical response, 

the sensitivity, and reproducibility of the sensors is substantially enhanced in the 

hollow fibres obtained by foaming after the coating procedure without losing 

effectiveness up to 50 cycles of measurements. 

Regarding to the applications suggested to the hollow fibres, the performance in both 

drug delivery and sensoring was increased by the foaming procedures employing the gas diffusion 

barrier approach. On the one hand, a controlled drug release was obtained, and on the other 

hand, the foaming allowed increasing the response of the sensors regardless the incorporation of 

the conductive polymer (i.e., prior or after the foaming). The improved properties given by their 

high surface area have enabled new applications for cellular polymers, which is one of the aims of 

this thesis, extending the application range of these porous materials. 

Pursuing additional new applications for cellular polymers, films with open-cell 

nanostructures and without solid skins in the edges have been evaluated in gas separation 

applications (Chapter VII, research article: A solvent-free methodology to produce open-cell porous 

membranes with control on the dense layer thickness). The most remarkable achievements from 

this work are the following: 
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• Porous membranes with controlled dense layers in the edges have been produced 

for the first time by gas dissolution foaming. Again, the gas diffusion barrier approach 

has allowed this objective. 

• The performance of these membranes in gas separation applications have been 

carried out in a time-lag device, studying the permeability, selectivity, and permeance 

of several gases. 

• Full interconnected structures have been created thanks to the open-cell structures 

provided from MAM copolymer, acting as a mechanical support of the membrane 

without any resistance to gas flow. In fact, the interconnection of the cell structure 

has been demonstrated by theoretical calculations from gas permeability 

measurements. 

• The thickness of the dense layers in the edges have been controlled by the gas 

diffusion barrier, increasing the permeance by reducing them. The dense layers acted 

as selective layer, being the pair of gases CO2/N2 the ones that showed the best 

performance for gas separation processes using these materials. 

• A new methodology based on green techniques (without using hazardous solvents or 

generating residues) has been developed to produce porous membranes that can be 

employed in gas separation applications. Therefore, these membranes could be 

employed in a CO2 cycle, where the CO2 recovery would be used to fabricate further 

membranes, being a circular and sustainable process (Figure 8.5). 

 
Figure 8.5. Scheme of the circular and sustainable CO2 cycle for gas recovery and production of new 

membranes. 

As a conclusion of this chapter, it should be noteworthy that the new generation of cellular 

polymer produced from the use of the gas diffusion barrier have proved to be valid in applications 
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as drug delivery, sensoring, and gas separation. Therefore, the objective of extending the 

application range of cellular polymers has been fully satisfied. 

8.2 Future work 

This thesis is the first investigation in CellMat focused on methods to avoid the formation 

of the solid skins in the edges of the cellular polymers and to obtain open cell structures. Although 

significant advances have been carried out by this research, this section summarizes some ideas 

for further work: 

• According to the saturation process, the influence of the molecular weight on the 

polymer-gas mixture has not been explored sufficiently. It would be interesting to 

analyse the retrograde behaviour in PMMA-CO2 systems with high molecular weights 

(> 500 000 g/mol). 

• The gas diffusion barrier approach presented in this thesis is able to be employed in 

any polymer matrix with the same purpose. Besides, the incorporation technique, as 

well as GDF, are easily scalable techniques to produce parts with  larger dimensions. 

Thus, large-scale prototypes can be produced for further testing of the applications 

proposed in this thesis. 

• Another advantage of the gas diffusion barrier approach is the possibility of foaming 

extremely thin pieces. An interesting issue could be trying to foam polymer fibres (or 

any part polymer-based) with nanometric dimensions. Generally, obtaining porous 

materials with high surface areas in the nanoscale presents as many difficulties as 

interest. This issue could be probably solved with this approach. 

• PMMA/MAM blends offers a variety of interesting nanostructurations by modifying 

the MAM content, the MAM physical properties, or the PBA phase, among others. 

Hence, more possibilities related to obtain a finer control of the cellular structure, 

with characteristics designed for specific applications are possible. 

• Regarding to the open-cell foams produced from PMMA/MAM blends, the relative 

density could be reduced by optimizing the control of the foaming parameters, for 

instance, by adding a two-step foaming process. 

• Obtaining cellular polymers without solid skins in the edges supposes a significant 

advantage in this field. Moreover, the physical properties of these improved 

materials can be investigated. For instance, lower relative densities, lower thermal 
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conductivities by reducing the solid phase contribution in the edges, enhancing their 

surface area for acting as adhesives, or even obtaining homogenous cellular 

structures enhancing the light transmission in semi-transparent nanocellular 

polymers could be achieved. 

• Some new applications for cellular polymers such as drug delivery, sensoring, and gas 

separation have been presented this thesis. However, further research about these 

applications is needed to evaluate the possibility of developing commercial products.  

For instance, more accurate control on the drug loading in order to modify it by the 

saturation conditions can be pursued. In addition, in-vivo tests in contact to alive cells 

can be performed with the aim of validating the biocompatibility and non-toxicity of 

these fibres for biomedical applications. 

Looking forward to developing better sensoring devices, both the functionalization 

procedures and foaming parameters can be further optimized to combine and 

maximize the advantages of higher conductive polymer loads and 

interaction/dispersion within the polymer porous fibres. 

In gas separation applications, the methodology to create porous membranes with 

asymmetric morphology is quite suitable in that application. Thus, this technique can 

be extrapolated to other polymers with better selective properties, choosing the 

polymer matrix for the best performance depending on the gas mixture. 

In conclusion, the limitations that have been solved in this thesis have proved to allow 

new applications for cellular polymers, but this is a path that just starts with this thesis. Certainly, 

the gas diffusion barrier approach has been developed in a  way that can be directly incorporated 

to common GDF processes without requiring significant adaptations.  The study of the physical 

properties of these enhanced porous materials and their range of applications should be deeply 

investigated with the aim of offering solutions to many industrial sectors and  society. This 

contribution in the cellular polymers field could place these porous materials at the forefront of 

the research in advanced materials in the near future.  
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APpendix A 
Patent: Procedimiento de fabricación de 

una lámina de espuma polimérica sin pieles 

sólidas no espumadas y lámina obtenida  
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