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Resumen / Abstract

RESUMEN

El diéxido de carbono se considera el principal gas contribuyente al efecto invernadero y
al cambio climatico. Durante los Ultimos afnos la concentracion de este gas en la atmosfera ha
aumentado considerablemente, de 280 ppm en la era preindustrial hasta 403 ppm en 2016. Una
manera de reducir las emisiones de CO: a la atmosfera es la captura, almacenamiento y uso de
CO2 (CCUS).

La tecnologia de membranas presenta una serie de ventajas respecto a las técnicas
convencionales de captura de CO, lo que ha dado lugar a que el nimero de investigaciones sobre
el desarrollo de membranas para la separacion de gases se haya disparado en las Ultimas
décadas. Para constituir una alternativa en captura de CO, las membranas tienen que presentar
buenas propiedades térmicas y mecanicas, asi como ser suficientemente robustas en operaciones

a largo plazo y presentar altas permeabilidades y selectividades.

En este contexto, la presente tesis doctoral tiene como objetivo la preparacion y
caracterizacion de membranas robustas con elevada permeabilidad y selectividad en la separacion
de CO2/N2, asi como el estudio del cambio de geometria de membranas planas a membranas

compuestas de fibras huecas y su integracion en procesos de captura de CO2 en post-combustion.

Se han preparado membranas de matriz mixta (MMM) basadas en polimeros de elevada
permeabilidad, el poli(1-trimetilsilil-1-propino) (PTMSP) y el quitosano (CS), dopadas con
componentes de elevada afinidad por el CO> como zeolitas, liquidos i6nicos y MOFs, para
aumentar la selectividad CO2/Nz, asi como la resistencia térmica y mecanica. Se ha estudiado la
influencia de la composicion de estas membranas, asi como la influencia de la temperatura en la
separacion de CO2/Nz y se han caracterizado mediante técnicas de microscopia electronica de
barrido, difraccion de rayos X, analisis termogravimétricos y experimentos de permeacion de CO>
y N2. Ademas, se han validado las propiedades intrinsecas de transporte de gases a través de
MMM mediante un modelado, basado en el modelo de Maxwell modificado, que considera la

influencia de la temperatura, la composicion, el tamafio y tipo de particulas de relleno.

Se ha estudiado el cambio de geometria de las MMM con mejor comportamiento en la
separacion CO2/N2 en configuracion no soportada (permeabilidad y selectividad mas altas) y
mayor resistencia térmica, recubriendo soportes poliméricos compatibles en geometria plana y
de fibra hueca. Se ha tenido en cuenta la reduccion del espesor de la capa selectiva, asi como la
influencia de la temperatura para mantener la alta permselectividad y estabilidad térmica en las
configuraciones de membrana avanzadas. Para ello, se ha realizado un estudio del nimero de
recubrimientos necesarios, asi como de la concentracidn y viscosidad de la disolucion hibrida para

conseguir una metodologia de preparacién reproducible.

Con el fin de dar relevancia a la integracién de nuevas membranas en procesos de

separacion de CO, se ha evaluado el comportamiento de las MMM desarrolladas en esta tesis
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introduciéndolas en un sistema experimental de dos etapas de membrana en serie en la
separacion de mezclas de CO2/N2, en todo el rango de concentracién y considerando el efecto de
la temperatura en la segunda etapa y el tipo de material de membrana (permeabilidad,
selectividad) en cada etapa. Se ha desarrollado un modelo matematico que valida estos
resultados experimentales y se ha estimado el drea de membrana necesaria para alcanzar una

eficacia de recuperacion de CO: del 70% y una pureza de permeado del 90% de COs.

Finalmente, con el objetivo de comprobar el efecto de impurezas en las corrientes de gas,
se ha estudiado la influencia del vapor de agua en las membranas preparadas en esta tesis sobre

su permeabilidad de CO2 y N.




Resumen / Abstract

ABSTRACT

Carbon dioxide is considered one of the major contributors to the greenhouse effect and
global warming. During last years, CO2 concentration in the atmosphere has risen considerably,
from 280 ppm in the pre-industrial era to 403 ppm in 2016. Carbon capture, utilization and storage

(CCUS) is considered one way to reduce the CO2 atmospheric emissions.

Membrane technology presents some advantages over conventional CO2 capture
technologies, which has led to the exponential increment of the interest of research in membrane
gas separation in the last decades. In order to constitute an alternative in CO: capture,
membranes have to meet good thermal and mechanical properties, as well as be robust enough

to long-term operations and present high permeabilities and moderate selectivities.

In this context, this thesis aims at the preparation and characterization of robust
membranes with high permeability and selectivity in CO2/N2 separation, as well as the study of
the change of geometry from flat to composite hollow fiber membranes and their integration in

post-combustion CO2 capture processes.

Mixed matrix membranes (MMM) have been prepared from highly permeable polymers,
poly(1-trimethylsilyl-1-propyne) (PTMSP) and chitosan (CS), filled with small amount of other
components with high affinity for CO2, such as zeolites, ionic liquids and MOFs, in order to increase
the CO2/N: selectivity, as well as the thermal and mechanical stability. The influence of membrane
composition and temperature has been studied in the CO2/N2 separation. Membranes have been
characterized by scanning electron microscopy, X-ray difraction, thermogravimetric analysis and
CO2 and N2 permeation experiments. Besides, the intrinsic properties of gas transport through
MMM have been validated through a modified Maxwell model that considers the influence of

temperature, composition, size and type of filler particles, and the crystallinity of the polymer.

The change of geometry of the best CO2 permselective and thermally resistant self-
standing MMM has been studied by coating flat and hollow fiber polymer and compatible supports.
The reduction of the selective layer thickness and the influence of temperature to keep the high
permselectivity and thermal stability in advanced membrane configurations have been taken into

account in the gas separation performance.

In order to give relevance to the integration of new membranes in CO: separation
processes, the binary CO2/N2 separation performance of the MMM developed in this thesis has
been evaluated in an experimental two-stage membrane system with a different membrane
material in each stage. A mathematical model that validates these experimental results has been
developed and the membrane area to achieve a 70% CO. removal efficiency and a 90% CO>

purity has been estimated.

In order to account for the impurities in gas streams, the influence of water vapor in the

permeability of the newly developed membranes has been studied.
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Capitulo 1. Planteamiento

CAPiTULO 1. PLANTEAMIENTO

1.1. Problematica de la captura de CO>

El cambio climatico y el calentamiento global son dos de los mayores problemas
ambientales que existen actualmente, derivados del aumento del consumo de combustibles
fosiles que da lugar a que haya altos niveles de gases de efecto invernadero en la atmdsfera. El
cambio climatico es un cambio duradero e irrevocable en las condiciones climaticas reconocidas
por las variaciones en la temperatura atmosférica, la precipitacion, la calidad del aire, el viento y
otros indicadores (Nanda et al., 2016). Esto ha provocado la experiencia de varios fenémenos
meteoroldgicos extremos en todo el mundo, que en su mayoria se atribuyen a factores
antropogeénicos (Broecker, 1975). Durante el dltimo siglo se produjo un aumento considerable de
la poblacién y una gran industrializacion, lo que ha dado lugar a mayor utilizacién de materias

primas, un elevado consumo de energia e impactos ambientales.

El diéxido de carbono (CO2) se considera el principal gas de efecto invernadero que
contribuye al cambio climatico (Haszeldine, 2009; Zhao et al., 2016). La concentracion de CO>
en la atmdsfera ha aumentado mas de 100 partes por milldn (ppm) en el dltimo siglo, pasando
de 280 ppm en los niveles preindustriales a llegar a alcanzar 384 ppm en 2007 (Merkel et al.,
2010; Zhao et al., 2016). Ademas, la Organizacion Meteoroldgica Mundial (OMM) ha publicado,
recientemente, en su boletin anual que en el ano 2016 la concentracion atmosférica de CO>
alcanzo las 403,3 ppm, superando de nuevo los 400 ppm, que se alcanzaron por primera vez en
el ano 2015. Ademas, el Panel Internacional del Cambio Climatico (IPCC, 2016) predijo que, de
seguir con la tendencia actual, la concentracion de CO: en la atmdsfera habra superado los 570
ppm para el afio 2100 (Yang et al., 2008). En la Conferencia de Paris sobre el Clima (COP21),
celebrada en diciembre de 2015, 195 paises firmaron un acuerdo para la Accién Climatica. El
Acuerdo establece un plan de accion mundial que pone el limite del calentamiento global muy
por debajo de 2°C, con el fin de evitar las consecuencias del cambio climatico (Comision Europea,
2018).

Las centrales eléctricas de combustibles fésiles son las principales fuentes emisoras de
CO: a nivel mundial, suponiendo mas del 40% de las emisiones antropogénicas de CO2 (Bains et
al., 2017; Czyperek et al., 2010), ademas de la quema de gas, el transporte y la produccion de
cemento (Abanades et al., 2015; Luis et al., 2012; Maas et al., 2016, EPA 2017).

Por tanto, algunos de los principales retos de la Unidn Europea (UE) en el siglo XXI son
satisfacer las necesidades energéticas de la poblacion, asi como desarrollar tecnologias que sean
capaces de capturar el CO: a partir de los gases de combustion de las centrales eléctricas, para

abordar la preocupacién del calentamiento global (Comision Europea, 2017).

La captura, almacenamiento y uso de CO2 (CCUS) es una alternativa reciente propuesta

para reducir las emisiones de CO> a la atmosfera (Bains et al., 2017; Stolten y Scherer, 2011). El
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proceso CCUS consta de tres etapas, en la primera se captura el CO: de la fuente emisora,
separandose de otros componentes y es concentrado y comprimido a 100 — 150 bares.
Posteriormente, el CO2 capturado se transporta hasta el lugar de almacenamiento y finalmente
el gas se almacena (Page et al., 2009; Ramasubramanian et al., 2012; Rubin et al., 2012).
Ademas, mediante la captura y uso del CO», este se puede emplear como materia prima, ya que
una vez en concentracion suficiente tiene el potencial para ser utilizado como reactivo en la
fabricacion de combustibles, carbonatos, polimeros y productos quimicos, ser usado como CO:
supercritico o en aplicaciones alimentarias y asi contribuir a una economia circular en la que el
CO: proveniente de emisiones antropogénicas se pueda valorizar y servir como materia prima
para obtener productos de valor anadido (Del Castillo et al., 2014; Garcia-Herrero, 2015; Merino-
Garcia et al., 2016).

Existen tres vias principales para la captura de diéxido de carbono, cada una de las cuales
implica una separacion de un par de gases principal (Lecomte et al., 2017). En la figura 1.1 se

muestra un esquema de las tres principales rutas de captura de CO..

Post-combustion: La captura en post-combustioén consiste en extraer el CO2 que esta
diluido en el gas de combustion. Actualmente, la tecnologia convencional empleada en post-

combustion es la absorcion quimica con aminas, principalmente monoetanolamina (MEA).

Pre-combustion: La captura en pre-combustion implica conversion del gas de combustion
en el gas de sintesis, que se hace reaccionar con vapor para convertir el CO en COz o en otras
sustancias organicas. El proceso produce una corriente de alta concentracion de CO. que se

puede eliminar por absorbentes fisicos.

Oxicombustion: En los procesos de oxicombustion el combustible es quemado en
presencia de oxigeno de elevada pureza dando una corriente compuesta principalmente por CO>
y agua. El CO: es recuperado mediante condensacion del vapor de agua. La tecnologia

convencional que se usa es la destilacion criogénica.

Actualmente, la Unica opcidon demostrada de captura de CO; para ser implementada a
larga escala es la post-combustion (Kuramochi et al., 2012), ya que permite un redimensionado
de las plantas, es decir, minimas modificaciones del proceso y equipamiento de combustion. Por

lo tanto, la post-combustion es la estrategia en la que se ha centrado esta tesis.

10
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N, l l — CO,+ H,0

Figura 1.1. Estrategias de captura de CO:. (Adaptado de Czyperek et al. (2010)).

1.1.1. La tecnologia de membranas en la separacion de diéxido de carbono en

post-combustion

La captura de CO: de los gases de post-combustion presenta una serie de retos debido
a las propiedades de estas corrientes de gases, como son la baja presion parcial del gas, la baja
concentracion de CO, la pequefia diferencia entre el tamaio de las distintas moléculas de gas y
el gran volumen de los gases de combustion. La corriente de gases generada en la combustion
se compone principalmente de entre 10 — 15% de CO2, 70 — 75 % de N2z, 10 — 14 % de vapor de
agua, 3 — 4 % de O2 y otros componentes en menores cantidades (CO, NOx, SOx, Ar, ...). Todos
estos factores, como la presencia de humedad, ademas de la temperatura de la corriente, reducen
la eficacia de las tecnologias convencionales de captura de CO (Maas et al., 2016; Zhao et al.,
2016).

Actualmente, las plantas de captura de CO. de post-combustion mas maduras se basan
en la absorcion mediante disolventes quimicos, principalmente aminas (Zhao et al., 2016). La
primera planta a gran escala de captura de CO> esta en operacidon desde 2014 en Saskatchewan,
(Canada) (Lecomte et al., 2017). Sin embargo, la absorcion quimica con aminas presenta una
serie de problemas como son los altos requerimientos energéticos (Chabanon et al., 2015), las
pérdidas o desactivaciones de los disolventes (Rochelle, 2012), el manejo de liquidos corrosivos,

e incluso la produccién secundaria de CO: (Favre, 2007), asi como los grandes voliumenes de

11
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equipos necesarios (Wang et al., 2015). Por lo tanto, estos problemas, junto con sus altos costes,
dan la oportunidad al desarrollo de nuevas tecnologias emergentes para la captura de CO>
(Bhown, 2014; Low et al., 2013).

La tecnologia de membranas se ha estudiado durante la ultima década como una
alternativa a los procesos convencionales de captura de CO2. Una membrana es una barrera
semipermeable que permite el paso preferencial por uno de los componentes de una mezcla. En
la figura 1.2 se muestra un esquema de la separacion de una corriente de gases basado en una
membrana selectiva. Por lo tanto, la tecnologia de membranas presenta una serie de ventajas
respecto a las técnicas convencionales como la simplicidad mecanica, facilidad de escalado, bajo

consumo de energia o simplicidad de operacion (Roussanaly et al., 2016).

Gas de Corriente pobre
combustion en CO,
(alimentacion) @ (retenido)
Membrana selectiva al o
o Co,
|
o o
o
Corriente rica
en CO,
(permeado)

Figura 1.2, Esquema de un proceso general de separacion de gases con membranas. (Adaptado de Zhai y
Rubin, (2013)).

La membrana debe presentar buen comportamiento frente a una separacion dada y ser
lo suficientemente robusta para operaciones a largo plazo (Bredesen et al., 2004). Ademas, debe
presentar altos valores de permeabilidad (productividad), asi como buenos valores de selectividad
para su utilidad en aplicaciones industriales de separacion de gases (Zhang et al., 2013). Una alta
permeabilidad hace que disminuya el area de membrana requerida para tratar un caudal de gas
dado, mientras que una selectividad (grado de separacidon) alta implica mayor pureza del gas en
el permeado. Es por ello que los principales criterios a la hora de seleccionar el material de
membrana son que presente un elevado flujo de permeacién y una alta selectividad. Otros
factores importantes son que posea una buena resistencia mecanica y térmica, asi como buena
reproducibilidad a la hora de la fabricacion y un buen comportamiento frente a impurezas (Park
et al., 2017). Materiales de membrana que sean estables en la presencia de vapor de agua a
temperaturas de hasta 473 K serian excelentes candidatos para ser empleados en procesos de
captura de post-combustion. Sin embargo, su integracion en procesos de separacion a alta

temperatura sigue siendo un reto. Por lo tanto, el tipo de material de membrana utilizado es tan
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importante como las condiciones del proceso para obtener un buen comportamiento en la
separacién de CO2 (Koros, 2002; Low et al., 2013).

Actualmente, las membranas de separacion de gases disponibles a escala comercial para
la captura de CO: todavia se limitan a estudios en plantas piloto (Lin et al., 2014; Pohlmann et
al., 2016; Scholes et al., 2012). La sensibilidad de los materiales de membrana existentes frente
a condiciones adversas, como la temperatura, la presion o la presencia de impurezas, ha
impedido, hasta ahora, el desarrollo de la tecnologia de membranas a niveles altos de TRL (niveles
de madurez de la tecnologia) y justifica una blisqueda mundial del desarrollo de materiales de
membrana (Roussanaly et al., 2016) y disefio de procesos (Gabrielli et al., 2017; Mat y Lipscomb,
2017).

Las membranas inorganicas, como las membranas de zeolita o las ceramicas (Bredesen
et al., 2004), se han estudiado durante las Ultimas décadas, debido a la capacidad de las particulas
inorganicas de discriminar entre moléculas pequeiias, asi como debido a su estabilidad quimica y
térmica (Gascon et al., 2012). Sin embargo, su aplicacion como membranas de separacion de
gases a nivel industrial esta fuertemente limitada debido a las dificultades de fabricacion que
presentan, lo que complica su reproducibilidad y elevado coste. Muchos estudios se han basado
en las caracteristicas basicas de estas membranas y, sin embargo, se sabe poco sobre su
aplicacién en procesos a gran escala (Li et al., 2015; Rangnekar et al., 2015). Ademas, la
fabricacion de las membranas inorganicas y su incorporacion en mddulos de membrana, es,
todavia, demasiado cara para competir con los modulos de membranas poliméricas actuales, cuya

fabricacion es mas sencilla (Scholes et al., 2012).

Es por ello que actualmente, los polimeros son los materiales de membrana mas
avanzados para procesos de separacion de CO. (Ramasubramanian et al., 2012). Sus principales
ventajas son su bajo precio, buena reproducibilidad y facilidad de fabricacion, comparada con las

membranas inorganicas (Adewole et al., 2013).

Sin embargo, a pesar de que hay varias membranas poliméricas comerciales como se
muestra en la tabla 1.1 (Brinkmann et al., 2015) y existen trabajos con plantas piloto (Brinkmann
et al., 2015; Pohlmann et al., 2016), alin no son una alternativa para la captura de CO: a gran
escala (Ramasubramanian et al., 2013). Esto es debido a problemas relacionados con la
resistencia quimica y mecanica, asi como a su comportamiento en presencia de vapor de agua
(Khulbe et al., 2016), su resistencia a ambientes severos de pH (Powell y Qiao, 2006) y a que
sufren plastificacion por el CO: (Lee et al., 2010; Suleman et al., 2016), lo que genera

incertidumbre respecto a la estabilidad a largo plazo.

13



Preparacion y caracterizacién de membranas planas y de fibras huecas para la separacion de CO2

Tabla 1.1. Membranas poliméricas comerciales para la captura de CO:.

Membrana Proveedor Material de la membrana

Polyactive ® GKSS (Alemania) Silicona

PDMS 4060 Sulzer (Alemania) Polidimetilsiloxano
Separex UOP (EE.UU.) Acetato de celulosa
Polaris ® MTR (EE.UU.) Silicona

PEEK-SEP™ | PoroGen Corp. (EE.UU.) Poli(éter éter quetona)

La permeacion de gases a través de las membranas poliméricas tiene lugar por el
mecanismo de disolucion-difusion, mediante el cual el gas se adsorbe en el lado de alimentacion
de la membrana, se difunde a través del espesor de esta y se desorbe en el lado del permeado
(Baker, 2004; Wijmans y Baker, 1995). La permeabilidad (P) representa la cantidad de moléculas
de gas que atraviesan a una unidad de area de la membrana por unidad de tiempo y se define
mediante la ecuacion (1.1), donde Des el coeficiente de difusion y Sel coeficiente de solubilidad.
La difusividad es un factor cinético y define la movilidad de las moléculas que pasan a través del
volumen libre (espacio disponible del polimero que no esta ocupado por la cadena polimérica) de
la membrana, mientras que la solubilidad es un factor termodinamico relacionado con el nimero
de moléculas disueltas en el polimero y depende, principalmente, de la solubilidad de los gases

en el material de la membrana, y por tanto define la afinidad de estos con la matriz polimérica.
P=D-S§ (1.1)

Las membranas poliméricas se suelen clasificar como viscoelasticas o vitreas dependiendo
del valor de su temperatura de transicion vitrea. El transporte de gases de las membranas
viscoelasticas se basa, generalmente, en la solubilidad, mientras que el de las membranas vitreas,
en la difusividad (Robeson et al., 2015).

Ademas, las membranas poliméricas presentan un compromiso entre su permeabilidad y
selectividad en una separacion de gases especifica. De tal forma que una membrana que tiene
una permeabilidad elevada tiende a presentar una selectividad baja y, viceversa (Park et al.,
2017). Robeson (2008, 1991) resumid la informacién publicada sobre las membranas poliméricas
en términos de selectividad de pares de gases y su permeabilidad, proponiendo un limite superior
que se ha convertido en referencia y punto de partida para la comparacion y el desarrollo de
nuevos materiales. En la figura 1.3 se muestra el diagrama de Robeson para la separacion CO2/N>
publicado en 2008.
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Figura 1.3. Diagrama de Robeson para la separacion COz/Nz (Robeson, 2008).

1.1.2. Membranas selectivas en la separacion de CO2: membranas de matriz

mixta

La investigacién con las membranas de matriz mixta (MMM) esta emergiendo en las
Ultimas décadas para hacer frente a los retos de la captura de CO. (Rezakazemi et al., 2014), ya
que combinan el efecto de tamizado molecular y las propiedades adsorbentes de la fase dispersa
de relleno con la buena procesabilidad de la matriz continua de polimero, para obtener un nuevo
material con propiedades mecanicas y funcionales mejoradas (Jusoh et al., 2016; Vinoba et al.,
2017). Durante el transcurso de esta tesis se han publicado mas de 20 revisiones de MMM o de
membranas para la captura de CO2 (Jamil et al., 2016; Jusoh et al., 2016; Khalilpour et al., 2015;
Khulbe et al., 2016; Rezakazemi et al., 2014; Vinoba et al., 2017).

En la figura 1.4 se muestra un esquema de una MMM de dos componentes para la

separacién de COz y Na.

co, N,
Matriz polimérica
B
n 1 [
O N [ | r
Particula inorganica_____— [ | B 1
!

Figura 1.4. Esquema de una MMM. Adaptado de Chung et al. (2007).
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La seleccion de los componentes de la membrana, tanto de la matriz polimérica continua,
como de los rellenos dispersos, es crucial en el desarrollo de MMM (Mahajan et al., 2002; Yuan
et al., 2016). El tamafio, forma, composicién y la dispersion de las particulas, asi como la interfase
entre estas y la matriz polimérica son muy importantes en la reproducibilidad y en la ausencia de
defectos de las MMM (Dong et al., 2013; Zhou et al., 2017). Ademas, la cantidad de las particulas
no debe superar un cierto nivel o carga, que depende del tipo de particula o relleno introducido
y su afinidad con la matriz, con el fin de evitar la aparicion de huecos o defectos. De esta forma,
el transporte de gases a través de la membrana esta dominado por la fase polimérica y la adicion
de los tamices moleculares apropiados puede mejorar la selectividad de la membrana sin defectos
(Dong et al., 2013; Lin y Freeman, 2005; Zhang et al., 2013).

Aungque la interfase entre la fase dispersa y la matriz continua polimérica es una pequeia
parte de la fraccién volumétrica de la MMM (menos de 1010 %), tiene un significante efecto en
el comportamiento de las MMM (Li et al., 2006). En la figura 1.5 se muestra un esquema de las
diferentes estructuras que pueden surgir en la region de la interfase polimero/fase dispersa. En
el caso 1 se muestra una dispersion homogénea y buen contacto entre los tamices y el polimero,
presentado como la morfologia ideal. El caso 2 muestra la separacion de la matriz polimérica de
la superficie de los rellenos provocando la aparicién de huecos. El caso 3 indica que la cadena
polimérica en contacto directo con la superficie de las cargas se puede rigidificar y el caso 4
muestra aquel en el que los poros de los rellenos se ocupan parcialmente por el polimero (Chung
et al., 2007; Vinh-Thang y Kaliaguine, 2014).

Polimero
Partlcula/ £
Morfologia ideal Huecos de la interfase
Caso 1 Caso 2
it
i
Aty
Capa polimérica rigidificada Poros blogueados total o
parcialemente
caso 3 caso 4

Figura 1.5. Esquema de las estructuras de /a interfase entre la fase dispersa y la matriz polimérica posibles
en MMM, Adaptado de (Bastani et al., 2013; Moore y Koros, 2007).
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El comportamiento de las MMM se puede ajustar a varias expresiones tedricas como
funcion de la morfologia de la membrana impuesta por la carga de los rellenos (Shen y Lua, 2013;
Vinh-Thang y Kaliaguine, 2013).

La ecuacion de Maxwell es la que estd, cominmente, mas aceptada a la hora de
interpretar las propiedades de transporte de las MMM. El calculo tedrico de la permeabilidad

global en estado estacionario se realiza a partir de la ecuacion (1.2),

p . _p. [t -—mF -1 -n)0u(F — Pa) (1.2)
eff — e nPy + (1 —n)P, + nd, (P, — P,)

donde Per es la permeabilidad efectiva de la membrana, @ la fraccion volumétrica de la fase
dispersa y P la permeabilidad de los componentes individuales, refiriéndose d'y ¢ a las fases

dispersa y continua, respectivamente.

Generalmente, se asume a las particulas de relleno como esferas ideales, n=1/3, y la

ecuacion (1.2) se convierte en la expresion mas popular del modelo de Maxwell (ecuacion (1.3)).

b _p P, +2P. — 20,4(P. — P,) (1.3)
off = ¢ | 'p,+2P. + 0,(P. — Py)

El valor minimo de la permeabilidad efectiva ocurre cuando se considera un mecanismo

de transporte en serie a través de las dos fases (n=1), expresado en la ecuacion (1.4).

err Q)dpc + Q)cPd

El valor maximo de la permeabilidad efectiva se toma cuando se estima que las dos fases

trabajan en paralelo a la direccion del flujo (n=0) (ecuacién 1.5).
Peff = Q)dpc + Q)CPd (1-5)

Actualmente, el principal desafio en la buena preparacion de MMM es obtener una buena
interaccién y adhesién entre los rellenos y la matriz polimérica con el fin de evitar la aglomeracion
de las particulas, la aparicién de defectos o la rigidificacion de la cadena polimérica (Dong et al.,
2013; Goh et al., 2011; Zhang et al., 2013). Por tanto, se deben tener en cuenta las no idealidades
y los defectos interfaciales que afectan al comportamiento de la MMM derivados de la
heterogeneidad del sistema. Las ecuaciones (1.2) a (1.5) se corresponden a cargas de relleno
diluidas en una morfologia ideal como la figura 1.5 (a). Cuando estas no ajustan los resultados
del sistema se usa el modelo de Maxwell de dos fases modificado que Moore y Koros (2004)
plantearon para ajustar la permeabilidad de una pseudointerfase inducida por el contacto
interfacial entre el relleno y la matriz. En la figura 1.6 se describe el sistema polimero, interfase

y relleno.
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Contorno interfase

Figura 1.6, Diagrama esquematico del modelo modificado de Maxwell. (Adaptado de Li et al. (2006) y
Moore y Koros (2005)).

La permeabilidad Psum de este sistema se obtiene prediciendo la permeabilidad a través

de la fase “pseudo-insertada” (ecuacién (1.6)),

Py + 2P, — 205(P, — Py) (1.6)
Perr =P
P;+ 2P, + @s(P, — Py)

donde A es la permeabilidad de la interfase, Ps es la permeabilidad a través de la fase dispersa
y oses la fraccion volumétrica de la fase insertada dada por la ecuacion (1.7).
Bq r3 (1.7)

R P Ml NS E

Aqui, ¢u y ¢rson la fraccion volumétrica de la fase dispersa en la membrana y en la
interfase, respectivamente, sz es el radio de la fase dispersa y #1es la distancia de la interfase. El
valor de la permeabilidad Per de la ecuacion (1.2) se usa otra vez en la ecuacion (1.8) para

predecir la permeabilidad P del gas a través de la MMM.

Pesy + 2P = 2(Bq + 8 (P — Pesy) (1.8)
Peps + 2P + (B + @) (P. — Pegy)

P3ym = Py

P-es la permeabilidad a través de la matriz polimérica. Como ¢ + ¢rdan lugar a un valor
proximo a la unidad, la matriz polimérica se rigidifica, por lo que hay que tener en cuenta un

factor de rigidificacion, 8, que varia segun el tipo de gas (Hao et al., 2013; Li et al., 2006).

Como la seleccién del polimero determina el comportamiento minimo en la separacion,
en esta tesis se ha trabajado con polimeros altamente permeables como matrices poliméricas,
situados a la derecha del limite de Robeson (Robeson, 2008), el poli(1-trimetilsilil-1-propino)
(PTMSP) y el quitosano (CS) (figura 1.7).
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Figura 1.7. Polimeros muy permeables situados en el gréfico de Robeson (2008).

El PTMSP es un polimero vitreo que presenta la permeabilidad mas alta conocida a gases
y vapores. En la figura 1.8 se muestra la estructura del PTMSP. La permeabilidad del PTMSP
publicada en la bibliografia cubre un rango entre 16000 y 38000 Barrer, a 298 K (Nakamura et
al., 2013; Wang et al., 2008), probablemente debido a las diferentes etapas de envejecimiento
fisico que afectan su comportamiento, derivado de la relajacion del elevado exceso de su volumen
libre 0 a la oxidacion de los dobles enlaces de su cadena principal a elevadas presiones
(Starannikova et al., 2004).

Su alta permeabilidad se basa en una alta solubilidad y difusividad y esta relacionada
con el alto volumen libre que presenta (0,29) debido a la presencia de microhuecos, asi como su
baja densidad (0,75 g cm3) (Morisato et al., 1996; Nagai et al., 2001), comparada con la de otras
poliimidas vitreas (Powell y Qiao, 2006). Su estructura vitrea estd relacionada con la baja
movilidad de sus cadenas, que da lugar una temperatura de transicion vitrea mayor de 523 K, lo
que le convierte en un material prometedor para separaciones de membrana a alta temperatura
(Matteucci et al., 2008). Sin embargo, la alta permeabilidad del PTMSP estd ligada a una
selectividad ideal baja y disminuye con el tiempo, debido al citado envejecimiento fisico (Rose et
al., 2017).

Figura 1.8. Formula molecular del poli(1-trimetilsilil-1-propino) (PTMSP).
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El quitosano (CS), poli[B(1=>4)-2-amino-2-deoxy-D-glucopiranosa], es un material
biodegradable, biocompatible y no tdxico que se adquiere de recursos renovables, como es el
caso de las conchas de algunos crustaceos abundantes en la naturaleza (Kausar, 2017). Su
férmula molecular se muestra en la figura 1.9. El CS se ha estudiado como material de membrana
para la deshidratacion en procesos de pervaporacion (Xiao et al., 2007), asi como en aplicaciones
en variados campos desde la biomedicina, cosmética, alimentacion y tratamiento de aguas
(Zargar et al., 2015). El CS presenta una alta hidrofilicidad que hace posible que mediante la
hidratacion se puedan preparar membranas hinchadas de agua con propiedades mejoradas de
permeabilidad y selectividad de CO2/N2 debido a la alta solubilidad del CO2 en agua (Liu et al.,
2008; Pillai et al., 2009). Sin embargo, el CS presenta una baja selectividad, asi como baja
resistencia mecanica, que en otros trabajos se ha intentado mejorar mediante el recubrimiento
sobre un soporte de polisulfona (Huang et al., 1999; Kai et al., 2008), entrecruzamiento (Xiao et
al., 2007) y mediante la introduccion de particulas de zeolita (Patil y Aminabhavi, 2008; Wang et
al., 2010), titanosilicatos (Casado-Coterillo et al., 2014a) o metal-organic-frameworks (MOF) (Li
et al., 2017). La alta hidrofilicidad del CS hace que sea posible su hidratacion y preparar

membranas hinchadas en agua con propiedades mejoradas en la separacion CO2/Nz.

CH20H
o) CH20H
OH o &
OH 5
NH, %
NH,

Figura 1.9. Formula molecular del quitosano (CS).

Las zeolitas son aluminosilicatos cristalinos hidratados con estructuras compuestas por
tetraedros de [AlO4] y [SiO4] enlazados a través de atomos de oxigeno (Cejka et al., 2010). El
empaquetado de la estructura de las zeolitas permite la formacion de cavidades regulares unidas
por los canales, donde las moléculas con un tamarfio determinado como el CO: pueden penetrar.
La relacion Si/Al de las zeolitas puede variar en un rango muy amplio (Gascon et al., 2012),
aunque no todas las zeolitas pueden fabricarse a valores altos de Si/Al (Pera-Titus, 2014). La
capacidad de adsorcion de CO: de las zeolitas depende de varios factores, como su tamano, su
forma, el tamafio de sus poros, su polaridad, la distribucion y el nimero de cationes en su
estructura porosa, asi como de la relacion Si/Al que presentan. Esta relacion influye, en gran
medida, en el caracter hidrofilo o hidrofobo de la zeolita (Bonenfant et al., 2008). A mayor
contenido de Si, mayor sera el caracter hidrofobo de la zeolita, y menor sera la basicidad de esta
(Cejka et al., 2010).
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Las membranas de zeolita pura se han estudiado durante décadas debido a su capacidad
de discriminacion entre moléculas pequefias y resistir altas temperaturas. Sin embargo, ain no
estan disponibles comercialmente debido a la gran dificultad de preparacion y reproducibilidad
de estas membranas. Las zeolitas fueron los primeros tamices moleculares usados como rellenos
en matrices poliméricas para MMM en la separacion de gases (Zimmerman et al., 1999). Las
nanoparticulas de zeolita 4A se han usado para aumentar la permselectividad de CO»/N2> de
polimeros vitreos como Matrimid (Chaidou et al., 2012), P84 (Karkhanechi et al., 2012), polivinil
acetato (PVAc) (Mahajan y Koros, 2002), policarbonato (Pc) (Sen et al., 2007), polietersulfona
(PES) (Li et al., 2007), polidimetilsiloxano (PDMS) (Clarizia et al., 2004; Hussain y Kdnig, 2012),
6FDA o PEBAX (Surya Murali et al., 2014), ya que el pequefio tamafio de poro (0,4 nm) y las
propiedades de selectividad CO2/N: relacionadas con la forma ayudan a aumentar la estabilidad
mecanica y a la selectividad de estos polimeros. Sin embargo, la adhesion entre las zeolitas con
los polimeros que estan disponibles comercialmente aln es un reto y se han llevado a cabo varios
métodos como el cebado (Li et al., 2007), la modificacion de las zeolitas con aditivos organicos
(Mahajan et al., 2002; Nasir et al., 2013) o con pretratamientos térmicos (Ahmad y Hagg, 2013).
Kosinov et al. 2015 prepararon una fibra hueca selectiva al CO2 puramente inorganica de CHA,

pero no lograron alcanzar una relacion Si/Al de 5 en una capa de zeolita sin defectos.

Los liquidos ionicos (LIs) son compuestos que, generalmente, poseen un catiéon organico
y un anion inorganico y que presentan una gran variedad de propiedades tales como una presion
de vapor despreciable o una elevada estabilidad térmica y mecanica (Clark et al., 2017). Sin
embargo, la propiedad mas importante de los LIs es su estructura modular catidén-aniéon que
permite ajustar sus propiedades fisico-quimicas y optimizarlas para una aplicacion especifica, por
lo que se les considera como “disolventes de disefio” (Privalova et al., 2012). Es por ello que
entre las multiples aplicaciones que poseen los LIs como aplicaciones analiticas, catalisis o
electroquimica (Alvarez-Guerra., et al 2015), su empleo en procesos de separacion es una de las

mas significativas (Han y Row, 2010).

Los LIs han recibido un interés creciente en aplicaciones relacionadas con la separacion
de CO2, debido a que el CO: presenta una elevada solubilidad en ciertos LIs. Los LIs comerciales
con el anién acetato han mostrado una elevada solubilidad de CO.. El acetato 1-etil-3-
metilimidazolium, [emim][Ac], es el LI con la solubilidad publicada mas alta al COz, incluso al
aumentar la temperatura (Shiflet y Yokozeki 2009) y se han abordado los aspectos de la
ecotoxicidad de los LIs, no encontrandose el [emim][Ac] (Alvarez-Guerra e Irabien, 2011). Su

estructura se muestra en la figura 1.10.
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Figura 1.10. Estructura del [EmimJ[Ac].

Ademas, el grupo de investigacién en el que se ha desarrollado esta tesis doctoral
presenta una larga experiencia en la intensificacion de procesos de captura de CO, (Gomez-Coma,
2016). Se han publicado trabajos que han preparado membranas soportadas en liquidos idnicos
(SILM) para aprovechar la alta absorcién al COz de LIs no téxicos (Santos, 2014). También se
han propuesto MMM que contienen LI para mejorar el comportamiento en la separacion CO2/CH4
de membranas basadas en SAPO-34 (Hudiono et al., 2011; Mohshim et al., 2014). Ademas, es
posible la polimerizacion de algunos LIs formandose polimeros idnicos con capacidades de
absorcion de CO2 mayores que las de sus LIs precursores debido a mayores velocidades de
absorcién y desorcion (Supasitmongkol y Styring, 2010). Bhavsar et al. (2012) publicaron que los
LIs con el anidon acetato presentan una elevada solubilidad por el CO; asi como buenas

selectividades CO2/N, pero dificil fabricacion de membranas.

Debido a los fuertes enlaces de hidrégeno formados con los grupos OH en la cadena
polimérica, los LIs basados en el anidn acetato se han considerado como buenos disolventes para
el CS (Ding et al., 2012), ademas de proporcionar una buena interaccion y un incremento de la
solubilidad del CO: y flexibilidad del material (Casado-Coterillo et al., 2014b; Santos et al., 2016).

Los reticulos porosos organometalicos (metal-organic-frameworks, MOF), consisten en
agregados o iones metalicos unidos mediante moléculas organicas conocidas como ligandos,
originando una estructura cristalina porosa. Los MOF son candidatos prometedores para el
desarrollo de MMM novedosas de alto rendimiento en la separacion de gases debido a
propiedades como alta area superficial, porosidad, tamafio de poro controlable, y alta afinidad de
adsorcion por el CO2, asi como a que su naturaleza organica permite esperar una buena

compatibilidad con las cadenas poliméricas (Li et al., 2012; Lin et al., 2016; Zornoza et al., 2013).

El HKUST-1 (Hong Kong University of Science and Technology-1) o Cu3(BTC)2 (cobre(u)-
benceno-1,3,5-tricarboxilato) se caracteriza por contener dimeros metdlicos en los que dos
atomos de cobre estan coordinados por cuatro grupos carboxilato del ligando organico y dos
moléculas de agua terminales que pueden ser eliminadas mediante un tratamiento térmico sin
comprometer la estructura cristalina del material, dando lugar a la obtencién de sitios libres de
coordinacion en el metal (Chen et al., 2001; Chui et al., 1999). El HKUST-1 presenta alta adsorcion
al CO, asi como estabilidad térmica (Chen et al., 2001). Los ZIF (Zeolite Imidazolate Framework)

estan compuestos por metales de transicion e imidazolatos como ligandos organicos y presentan
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topologias zeoliticas. Sin embargo, la sustitucion de los atomos de O por moléculas organicas da
lugar a una expansion de la estructura y por tanto a una porosidad mucho mayor que las zeolitas.
Los ZIF son compuestos muy prometedores y estudiados en los Ultimos afnos debido a la gran
estabilidad quimica y térmica, a su facilidad de obtencion, a su elevada porosidad y a la afinidad
hacia gases como el CO>, (Park et al., 2007; Seoane, 2014; Wang et al., 2008). El ZIF-8 (Zn(2-
metilimidazolio).) presenta cavidades de 11,6 A conectadas a través de pequefias aperturas de
3,4 A y tiene topologia tipo SOD, ademds de presentar una gran estabilidad térmica y quimica
(Seoane, 2014).

Ademas, tanto el HKUST-1 como el ZIF-8 se han empleado en MMM con el objetivo de
mejorar la resistencia a la plastificacion en membranas de poliimida para la separacion de CO»
(Dai et al., 2012; Hao et al., 2013; Shahid y Nijmeijer, 2014). Car et al. (2006) prepararon MMM
a partir de HKUST-1 y PDMS para la separacion de diferentes gases. Las nanoparticulas de ZIF-8
pueden aumentar el volumen libre de la Matrimid a expensas de la plastificacion del polimero y
la pérdida de selectividad (Song et al., 2012). Adams et al. (2010) estudiaron un MOF basado en
cobre y acido tereftalico (TPA) que mejord el comportamiento del acetato de polivinilo (PVAC).
Yilmaz y Keskin (2014) propusieron un enfoque computacional que permite predecir el
comportamiento de MMM basadas en distintos MOF y ZIF para la separacion de CO2/N.. Li et al.
(2012) afiadieron ZIF-7 a los polimeros permeables PEBAX y PTMSP y Nafisi y Hagg (2014)
formaron una membrana de dos capas con ZIF-8 y PEBAX consiguiendo aumentar la
permeabilidad de CO: a expensas de disminuir la selectividad. Kanehashi et al. (2015) prepararon
MMM mediante la incorporacion de particulas de ZIF-8 y HKUST-1 en la poliimida comercial
Matrimid y consiguieron sintetizar MMM sin defectos en la separacion de CO2/N2 y CO2/CHa. Lin
et al. (2016) prepararon MMM de tres componentes mediante la inmovilizacion de un LI en
particulas de HKUST-1 con el fin de eliminar los huecos interfaciales no selectivos de las MMM,
Las particulas de HKUST-1 con el LI inmovilizado se introdujeron en la matriz polimérica de 6FDA-
Dureno para la preparacion de las MMM. Se observo una buena interaccién entre el MOF/LI y el
LI/polimero, y como el LI actuaba como ligante se mejord la afinidad entre el MOF y el polimero

y la selectividad CO2/CH4 resultante de las MMM mejoré la de las MMM de dos componentes.
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1.2. Importancia del cambio de geometria para la separacién de CO>

Las publicaciones en MMM se han centrado, principalmente, en membranas no
soportadas trabajando en general a una Unica presion y temperatura para mejorar las
propiedades de transporte intrinsecas de los materiales selectivos (P, «), sin embargo, sus
ventajas han dado lugar a una abundante bibliografia (Chung et al., 2007; Dong et al., 2013).
Las membranas densas tienden a tener un espesor mas grueso que el de la capa selectiva de las
membranas compuestas, lo que hace que las membranas planas no soportadas presenten flujos
de permeacion considerablemente menores que las estructuras de membrana alternativas (Yang
et al., 2008; Zhang et al., 2014). Sin embargo, la construccion de un mddulo de membranas
adecuado para aplicaciones industriales de separacion de gases requiere una estructura de
membrana mas compleja. EI comportamiento de una membrana en una separacion de gases no
solo depende de su permeabilidad y selectividad, sino también de su estructura geométrica, ya
que procesar los materiales de membrana en geometrias escalables es tan importante como
desarrollar nuevos materiales de membrana (Zhang et al., 2014). La configuracién de membranas
de fibras huecas (FH) permite una mayor area de membrana efectiva por volumen del médulo,
lo que da lugar a una mayor intensificacion (disciplina que se basa en el desarrollo de tecnologias
de menor tamano, mas limpias y mas eficientes energéticamente) y escalabilidad del proceso
(Mubashir et al., 2017; Peng et al., 2012).

Se necesitan membranas que presenten permeabilidades y selectividades altas, asi como
buenas resistencias térmicas y mecanicas para aplicaciones practicas. Para ello, y hacer que la
tecnologia de membranas sea competitiva con las técnicas convencionales de captura de CO, es
necesario sintetizar membranas con elevados flujos y una estructura asimétrica (Beuscher y
Gooding, 1997). Las membranas asimétricas pueden estar formadas por una capa de
revestimiento integral generada sobre un soporte poroso del mismo material, 0 membranas
compuestas con una capa superior densa y libre de defectos sobre una capa de soporte porosa
que, generalmente, estd hecha de un material diferente (Ji et al., 2009). Las membranas
poliméricas con estructura asimétrica son los materiales mas adecuados para aplicaciones
industriales de separacion de gases basados en membranas (figura 1.11) (Zulhairun et al., 2015).
Las membranas asimétricas planas, donde el material costoso y responsable de la separacion

recubre un soporte poroso y mas econdmico, constituyen un primer paso para el desarrollo.

24



Capitulo 1. Planteamiento
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Figura 1.11. Diagramas de los principales tipos de membranas sintéticas. (Adaptado de Baker (2004)).

Las membranas compuestas de fibras huecas (CFH) para la captura de CO; se pueden
preparar mediante la técnica del hilado (Chen et al., 2011) o la técnica del recubrimiento como
un procedimiento escalable para obtener una capa fina del material permselectivo sobre un
soporte de FH mas procesable y econdmico (Sandru et al., 2010; Sutrisna et al., 2017). Para ello,
se necesita tener en cuenta el tamano de poro y la porosidad del soporte para evitar la
penetracion y minimizar la resistencia al transporte de gases (Ji et al., 2009; Peng et al., 2012;

Zulhairun et al., 2015). En la figura 1.12 se muestra un esquema de una membrana mixta CFH.

Fase dispersa

Capa selectiva fina de matriz

mixta

Soporte poroso

Figura 1.12. Esquema de una membrana mixta compuesta de fibras huecas. Adaptado de (Chung et al.,
2007; Goh et al., 2011).
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Kattula et al. (2015) observaron que cuando se selecciona un material con permeabilidad
muy alta como responsable del mecanismo de transporte, la permeacion se puede mejorar
disefiando una capa selectiva con materiales mas permeables que el soporte, asi como reduciendo

el espesor de la capa responsable de la separacion.

Carruthers et al. (2003) estudiaron el efecto del cambio de geometria de membranas
poliméricas en forma plana a geometria de FH. Sutrisna et al. (2017) también analizaron el
comportamiento de MMM compuestas por ZIF-8 y Pebax-1657 en geometria plana no soportada
y CFH en la separacion CO2/CHs4. También se han estudiado MMM de FH con diferentes
combinaciones de polimeros y rellenos y con procesos de hilado a escala de laboratorio (Koros y
Mahajan, 2000), pero aun no se conoce bien el mecanismo de formacion (Feng et al., 2013). Por
tanto, se necesita una capa selectiva densa libre de defectos para mantener la selectividad
intrinseca del material (Adewole, 2016).

Favvas et al. (2014) estudiaron las propiedades estructurales y de separacion de gases
de membranas mixtas asimétricas de FH compuestas por el polimero P84 como matriz polimérica
y nanotubos de carbono de pared multiple como rellenos. He et al. (2002) recubrieron una capa
fina de polietersulfona sulfonatada (SPES) sobre un soporte hidréfobo de polisulfona. Jiang et al.
(2006) estudiaron el comportamiento de MMM CFH en la separacion de O2/N2 y CO2/CHa. La capa
responsable de la separacion consiste en una MMM de zeolita B y PSf soportada sobre un soporte
de Matrimid. Zulhairun et al. (2014) prepararon MMM de FH de cloisita 15A mediante la técnica
de hilado para estudiar la separacion de CO2/CHas. Suzuki et al. (1998) prepararon membranas
CFH mediante la técnica del hilado. Las membranas consistian en una capa fina densa exterior
de poli(oxidoetileno) y una capa interior de polisulfona para la separacion de CO2/No..
Lasseuguette et al. (2013) recubrieron soportes de FH de PES y otros de Oxypan mediante capas
de PTMSP y Teflon y obtuvieron altos flujos de permeacion en la separacion de CO2/N.. Dai et al.
(2016) prepararon membranas CFH de una capa selectiva de poli(fluoropropilmetilsiloxano)
(PTFPMS) sobre soportes de polieterimida (PEI) y analizaron el efecto de la concentracion de
(PTFPMS), el método de recubrimiento, el espesor de la capa selectiva, asi como la presion y

temperatura de operacion en el comportamiento en la separacion de CO2/N2 y CO2/CHa.

1.3. Integracion de membranas en el proceso de separaciéon de CO>/N>

Los principales problemas en la separacion de CO2/N2 son la baja concentracion de CO>
en la alimentacion, lo que da lugar a presiones bajas y va ligado con los enormes flujos de gas
emitidos por las centrales de combustion (Pires et al., 2011). El uso de la tecnologia de
membranas en la separacion de CO: esta muy relacionado con las condiciones de la corriente que
se va a tratar (Brunetti et al., 2010) y, de hecho, la tecnologia de membranas esta mas
desarrollada para gas natural que para gases de combustién (Bhown, 2014). Cuando se trata de

separar mezclas de CO2/N, los principales factores que influyen en el comportamiento de un
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proceso de separacion de gases con membranas son las propiedades intrinsecas de la membrana,
las propiedades fisicas y quimicas de la composicion de la alimentacion, pero también las
condiciones de operacion del proceso global, asi como un disefio ingenieril adecuado que permita
la integracion de las membranas en la captura de CO2 (Abanades et al., 2015; Aspelund y Jordal,
2007; Mat y Lipscomb, 2017; Merkel et al., 2010; Roussanaly et al.,, 2016). Una mayor
permeabilidad de la membrana dara lugar a un flujo mas alto, mientras que una alta selectividad
dara lugar a una mayor pureza de CO: en el permeado, como se habia comentado previamente.
En la figura 1.13 se muestran los factores clave que influyen en la separacién de gases con

membranas.

Seleccion de

los materiales

Separacion de gases mediante
membranas exitosa:
 Alta productividad

+ Alta selectividad
* Alta estabilidad

>~

Sintesis de las Moédulos de membrana

membranas Configuracion de los procesos

Figura 1.13. Factores clave que influyen en la separacion de gases con membranas. Adaptado de (Koros y
Fleming, 1993).

Otro de los pilares importantes en la integracion de nuevas membranas en el proceso de
captura es el disefio de proceso. Los trabajos realizados con simulaciones y modelados
matematicos demuestran que las membranas actuales no pueden alcanzar una alta pureza y
eliminacién de CO: al mismo tiempo en una sola etapa siendo ademas necesario un gran esfuerzo
de compresion (Huang et al., 2014), debido a la baja presion parcial de COz, para aumentar la
fuerza impulsora del gas a través de la membrana, independientemente de la permeabilidad y
selectividad de esta (Arias et al.,, 2016; He y Hagg, 2011; Khalilpour et al.,, 2015;
Ramasubramanian et al., 2012; Zhao et al., 2012). Ramasubramanian et al. (2013) demostraron
la imposibilidad de alcanzar los requisitos de separacion de CO> mediante una etapa, debido a la
limitacién de la fuerza impulsora de la presién parcial, independientemente de la selectividad y

permeabilidad de la membrana.

Por lo tanto, varios trabajos han simulado diferentes configuraciones de procesos multi-
etapa con el fin de entender cdmo se alcanzaria una alta eficacia de eliminacién y concentracion
de CO: en el permeado que permita a la tecnologia de membranas ser competitiva con los

procesos convencionales de captura de CO2 (Merkel et al., 2010). Muchos enfoques de simulacion
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y optimizacién emplean los parametros caracteristicos de la membrana comercial Polaris ® o la
membrana Polyactive ® (alta permeabilidad y moderada selectividad, 1000 GPU y a=40) a
relaciones de presion razonables (Franz et al., 2013; Huang et al., 2014). En la figura 1.14 se

muestra el esquema simplificado de un proceso de separacion mediante dos etapas de

membrana.
Gas de Enfriador
combustion :I i Membrana 1 Retgnido
Compresor Permeado 1

Membrana 2
i [——

Compresor Enfriador
Permeado 2 Co,

Compresor Enfriador

Figura 1.14. Proceso de separacion de dos etapas de membrana simplificado. Adaptado de (Hussain y
Hagg, 2010).

Respecto al uso de diferentes materiales de membrana en cada etapa, Van Der Sluijs et
al. (1992) fueron los primeros en simular un sistema de membranas de dos etapas considerando
materiales de membrana que presentan diferente permeabilidad y selectividad en cada etapa.
Usando datos de membranas poliméricas comerciales, también constataron que es necesario un
sistema de dos etapas de membrana en serie para alcanzar una pureza de CO2 mayor al 80%.
Sin embargo, afirmaron que un proceso con una etapa simple de membranas es mas econdmico,
si se requiere una concentracion de CO2 menor del 70%. Gerber (2015) patentd el concepto de
un sistema de dos etapas en serie, combinando una membrana de alta permeabilidad en la
primera etapa y una membrana de diferente material y con alta selectividad en la segunda etapa,
con el fin de mejorar la captura de CO2 de gas natural para alcanzar un 90% como objetivo de
pureza a la salida. Usando este concepto, Brunetti et al. (2015) simularon la intensificacién de un
proceso de captura de CO:; a partir de gas natural considerando los valores intrinsecos de una
membrana de alta permeabilidad Hyflon AD60 y una membrana de Matrimid de alta selectividad

en dos configuraciones diferentes de tres etapas de membrana.

Los resultados de todas estas simulaciones se deben tomar con precaucion ya que
existen, relativamente, pocos articulos que comparan las simulaciones con experimentos reales
de mezclas de CO2/N:2 a escala de laboratorio o de planta piloto. Hasta esta tesis se han publicado
pocos trabajos que realizan experimentos de mezclas de CO2/N2 para sistemas multi-etapa de
membrana a escala piloto (Pohlmann et al., 2016). Esta falta de demostracion de la captura de
CO: de las plantas industriales, fuera de los trabajos con simulaciones matematicas, implica que
aun es demasiado pronto para identificar qué tecnologias de captura de CO. pueden convertirse

en dominantes (Koc et al., 2014).
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1.4. Influencia del vapor de agua en la separaciéon CO>/N>

Las corrientes de gases de combustion presentan, ademas de CO: y Nz, otros
componentes en menor medida, asi como impurezas, que pueden variar dependiendo del origen
del gas de combustion y pueden afectar a las propiedades de transporte de la membrana. En
concreto, una corriente de combustién procedente de una central térmica contiene una gran
cantidad de agua (10 — 14 mol%), oxigeno (3 — 4 mol%) y también NOx y SOx a niveles de ppm
(Merkel et al., 2010).

El efecto de los componentes minoritarios que estan presentes, frecuentemente, en
separaciones industriales, puede afectar al comportamiento de las membranas poliméricas en
gran medida (Ansaloni et al., 2015; EI-Azzami et al., 2009; Li et al., 2005; Potreck et al., 2009).
En concreto, la influencia del vapor de agua en la permeabilidad y selectividad de la membrana
es mayor que la de otros componentes minoritarios, debido a la solubilidad competitiva, la
plastificacion y el envejecimiento en polimeros hidréfobos (Abanades et al., 2015; Dong et al.,
2013). El agua también puede tener un fuerte impacto en las propiedades de transporte de la
membrana. Ademas, esta influencia depende del caracter hidroéfobo o hidréfilo del material de
membrana o de la afinidad del agua con los diferentes gases (Chen et al., 2015; Giacinti Baschetti
et al., 2013; Lasseuguette et al., 2016). En polimeros hidrdfilos, la permeabilidad de los gases
aumenta con la actividad del vapor de agua, debido a la expansion de la membrana por el agua
(Metz et al., 2005; Sijbesma et al., 2008).

En polimeros hidrofobos la presencia del vapor de agua induce una disminucion de la
permeabilidad del gas debido a la solubilidad competitiva (Ansaloni et al., 2014; Chen et al.,
2011). En este caso, las moléculas de agua interaccionan de tal forma que dan lugar a la
formacion de agrupaciones que puede resultar en un aumento de la permeabilidad o a una

disminucién debido al bloqueo de los poros (Azher et al., 2014).

A pesar de la cantidad de trabajos publicados sobre membranas poliméricas, (Merkel et
al., 2001; Mizumoto et al., 1993; Yave et al., 2007), por lo que se sabe, solo se esta estudiando
el efecto del agua en la permeabilidad de gases a través de membranas como PTMSP (Lee et al.,
2017; Scholes et al., 2015, 2014). En polimeros hidrofobos de alto volumen libre, la presencia de
la humedad redujo la permeabilidad del gas y afectd en menor medida a la selectividad. Por lo
tanto, todavia hay poca informacion sobre el efecto del vapor de agua en el transporte de gases
a través de membranas poliméricas, e incluso menos a través de MMM (Nakamura et al., 2013;
Wang et al., 2008).

Por consiguiente, el estudio del efecto del vapor de agua en el comportamiento de una
nueva MMM frente a la separacién de CO/N: se tiene que tener en cuenta con el fin de llevar a
cabo un andlisis preciso del potencial real de la separacidn y asi disefar procesos de captura de
diéxido de carbono basados en la tecnologia de membranas que puedan vencer las

incertidumbres antes de que permitan escalar la tecnologia. Ademas, es particularmente
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interesante para el caso de materiales hibridos de membrana, como los estudiados en esta tesis,
ya que estan compuestos por rellenos y matrices poliméricas de diferentes caracteres hidréfobos

e hidrofilos.

1.5 Objetivos y estructura de la tesis

La presente tesis se ha desarrollado principalmente en el marco del proyecto CTQ2012-
31229 “Nuevas membranas selectivas para la separacion de CO." y el proyecto CTQ2016-76231-
C2-1-R “Diseno multiescala de proyectos de captura y utilizacion de didxido de carbono”, liderados
por la Dra. Clara Casado Coterillo y el Prof. Angel Irabien Gulias, respectivamente, en el grupo
de investigacion Desarrollo de Procesos Quimicos y Control de Contaminantes (DePRO) en el
Departamento de Ingenierias Quimica y Biomolecular de la Universidad de Cantabria. El objetivo

final es el desarrollo de nuevos materiales de membranas selectivas para la separacion de CO».

En este contexto, el objetivo general de la presente tesis doctoral es la preparacion y
caracterizacion de membranas robustas con elevada productividad y selectividad, el estudio del
cambio de geometria de membranas planas a membranas compuestas de fibra hueca y la

integracion en el proceso de separacion de CO2/N..
Para alcanzar este objetivo general, se han abordado los siguientes objetivos especificos:

Estudio de la correlaciéon estructura-funcionamiento de los materiales de membrana,
ademas de la aplicacién de un modelado de transporte de gases a través de membranas

mixtas considerando la influencia de la temperatura y la composicion.

- Estudio de las variables para el cambio de geometria de membranas planas a fibras
huecas (concentracion, viscosidad y temperatura). Preparacion de fibras huecas
compuestas a partir de soportes porosos comerciales y capas activas de los nuevos
materiales de membranas selectivos al COx.

Evaluacion experimental de la separacion de mezclas de CO2/N2 con uno y dos modulos
de membranas en serie. Desarrollo de un modelado matematico y la validacion de estos

resultados experimentales. Analisis de sensibilidad.

Estudio de la influencia del vapor de agua en las MMM desarrolladas para la separacion
de COz. Aplicacién de modelos termodinamicos para la obtencion de parametros que

ayuden a predecir el comportamiento de la permeabilidad de gases en presencia de agua.

De acuerdo con los objetivos especificos, y considerando la normativa para una tesis
basada en un compendio de articulos, el presente trabajo se desarrolla en cuatro capitulos

distribuidos de la siguiente forma:

El Capitulo 1 incluye el planteamiento de la tesis.
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El Capitulo 2 incluye una descripcion detallada de los procedimientos y materiales
empleados para la realizacion de la tesis, asi como un resumen de los resultados y la

discusion de los mismos.

El Capitulo 3 resume las principales conclusiones obtenidas y el progreso de la

investigacion.

El Capitulo 4 supone el nlcleo central de la tesis e incluye una copia de los articulos

cientificos que la sustentan.
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CAPITULO 2. DESARROLLO

2.1. Preparacion y caracterizaciéon de membranas selectivas al CO,, mecanica y

térmicamente resistentes! 23

La separacion con membranas se ha convertido en una tecnologia prometedora, para la
separacion de CO: de otros gases ligeros y asi reducir la concentracion de los gases de efecto
invernadero en la atmosfera y reducir el cambio climatico. Para ser competitivos frente a las
tecnologias convencionales, los materiales de membrana tienen que presentar buen
comportamiento (productividad alta y selectividad moderada) y ser lo suficientemente robustos
para operaciones a largo plazo, asi como presentar buena resistencia mecanica y térmica. De ahi
la necesidad de desarrollar nuevos materiales de membrana para poder ser integrados en

procesos de captura de COa.

Uno de los principales retos en la sintesis de nuevos materiales de membrana para la
separacion de gases es obtener una buena compatibilidad y adhesion entre los diferentes
componentes. Como el comportamiento de las membranas mixtas de separacién de gases se
estudia en funcién de su permeabilidad y selectividad, en esta tesis se ha partido de polimeros
de alta permeabilidad. Se pretende mejorar la selectividad de estos polimeros sin perjudicar a la
permeabilidad, mediante la introduccion de materiales de probada solubilidad. En este contexto,
para la sintesis de membranas de matriz mixta (MMM), se han seleccionado algunos de los
polimeros mas permeables disponibles, y otros componentes con elevada afinidad por el CO>
(liquidos idnicos (LIs), zeolitas, reticulos porosos organometdlicos o MOF) para aumentar la

selectividad CO2/N: vy la resistencia mecanica y térmica.
2.1.1. Metodologia experimental

Materiales utilizados

Se han preparado membranas de matriz mixta planas basadas en dos polimeros
diferentes, el poli(1-trimetilsilil-1-propino) (PTMSP) y el quitosano (CS). El PTMSP es el polimero

conocido mas permeable a los gases y el CS es un biopolimero semicristalino procedente de la

! Fernandez-Barquin, A., Casado-Coterillo, C., Palomino, M., Valencia, S., Irabien, A. 2015. LTA/Poly(1-
trimethylsilyl-1-propyne) Mixed-Matrix Membranes for High-Temperature CO2/N2 Separation. Chemical
Engineering & Technology. 38, 4, 658 — 666.

2 Fernandez-Barquin, A., Casado-Coterillo, C., Palomino, M., Valencia, S., Irabien, A. 2016. Permselectivity

improvement in membranes for CO2/N2 separation. Separation and Purification Technology. 157, 102 — 111.

3 Casado-Coterillo, C., Ferndndez-Barquin, A., Zornoza, B., Téllez, C., Coronas, J., Irabien, A. 2015. Synthesis

and characterisation of MOF/ionic liquid/chitosan mixed matrix membranes for CO2/N: separation. RSC
Advances, 5, 102350 — 102361.
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quitina, el segundo polimero mas abundante obtenido por fuentes naturales (Santos et al., 2016).
El PTMSP fue suministrado por ABCR GmbH (Alemania) con una pureza del 95%, mientras que

el CS fue adquirido a través de Sigma Aldrich (Espafia), con una pureza del 93%.

A las MMM de PTMSP, se les ha afiadido como carga inorganica diferentes tipos de zeolitas
de tamafio de poro pequefio, mientras que, a las MMM de CS, materiales compatibles por su
naturaleza organica como metal organic frameworks (MOF) vy liquidos ionicos (LIs), para
aumentar la selectividad y resistencia mecdnica. Las caracteristicas principales de los principales

materiales utilizados para hacer las membranas mixtas estan recogidas en la tabla 2.1.

Las zeolitas de tamafio de poro pequefio utilizadas fueron la Zeolita 4A (LTA1) (Si/Al=1)
de Sigma Aldrich (Espana), asi como las zeolitas ITQ-29 (Si/Al=o0), Rho (Si/Al=5), chabazita
(CHA) (Si/Al=5), LTA5 (Si/Al=5), que se sintetizaron en el Instituto de Tecnologia Quimica en
Valencia, de acuerdo a procedimientos descritos en bibliografia (Lozinska et al., 2014; Palomino,
et al., 2012). Las zeolitas LTA1, ITQ-29, CHA, LTA5 y Rho presentan un tamafo de particula de
2,5 uym, 2,5 pm, 1 ym, 0,5 ym, y 1,5 pm, respectivamente y han sido estudiadas como
adsorbentes en la separacion CO2/CH4 por estos y otros autores (Kim et al., 2014; Palomino et
al., 2012, 2010).

El liquido idnico (LI) 1-etil-3-metilimidazolio acetato [emim][Ac] también fue suministrado
por Sigma Aldrich (Espafia) con una pureza del 97%. Se selecciond este LI debido a que presenta
alta solubilidad de COz, incluso al aumentar la temperatura, ademas de no presentar toxicidad
conocida (Alvarez-Guerra e Irabien, 2011) y debido a la experiencia previa en el grupo de
investigacion como absorbente de COz en contactores de membrana (Gomez-Coma et al., 2014,
2016a, 2016b). Los MOF son agregados o iones metalicos unidos mediante moléculas organicas
conocidas como ligandos, originando una estructura cristalina porosa (Seoane, 2014), con una
gran capacidad de adsorcion de CO», y debido a su naturaleza organica, compatibles para la
preparacion de MMM (Andirova et al., 2016; Hao et al., 2013; Huang y Caro, 2011; Kanehashi et
al., 2015b; Lin et al., 2016; Zhang et al., 2016). Las particulas de HKUST-1 también se prepararon
de acuerdo a métodos descritos previamente (Sorribas et al., 2015; Wee et al., 2012). Los
nanocristales de ZIF-8 se prepararon en disoluciones acuosas de acuerdo a procedimientos
publicados en bibliografia (Burmann et al., 2014; Pan et al., 2011). El tamafio medio de las
particulas de MOF es de 0,16 = 0,02 um y 0,34 * 0,20 ym para ZIF-8 y HKUST-1,

respectivamente.

Preparacion de las membranas mixtas no soportadas

Para la sintesis de las MMM de PTMSP, el polimero se secd a 343 K durante varias horas
para eliminar la humedad. Posteriormente, se disolvid en tolueno a reflujo durante 24 horas a
343 K, para conseguir una disolucion del 1,5 % (m/m). Después, la disolucion se filtrd a vacio
para eliminar impurezas insolubles y el volumen seleccionado para el espesor deseado, en torno

a 100 um, se desgasificd en un bafio de ultrasonidos (Selecta, Espaina) durante 10 minutos. Las
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zeolitas, una vez secadas a 373 K durante 2 horas y dispersadas en el mismo disolvente para
eliminar la humedad residual, se afiadieron a la disolucion polimérica. La carga de las zeolitas se
vario entre el 5y el 20 % (m/m) con respecto al polimero. Finalmente, se depositd un volumen
conocido de la disolucion selectiva sobre un substrato (solution casting, en inglés), que en este
caso fueron placas Petri de vidrio. Las membranas se dejaron secar lentamente durante varios
dias cubiertas con la tapa de la placa Petri en condiciones ambientales en la campana de
extraccion. Antes de los experimentos de permeacion, las membranas se sumergieron en metanol
liguido durante 5 minutos con el fin de prevenir y controlar el envejecimiento fisico de estas y

obtener resultados de permeacion reproducibles.

En la preparacion de las MMM de CS, se disolvid el polimero para conseguir una
concentracion del 1,5 % (m/m) en una disolucidén acuosa de acido acético glacial 2 % (m/m).
Para ello, la disolucion se agitd a 353 K a reflujo durante 24 horas. Posteriormente, se filtro para
eliminar las impurezas insolubles y en este punto se afiadio el liquido idnico en un 5 % (m/m) en
relacién con el del polimero, debido a que en un trabajo anterior habia demostrado ser la
proporcion mas estable térmica y mecanicamente (Santos et al., 2016). La mezcla se dejo agitar
durante 2 horas y después se anadié el MOF, bien HKUST-1 o ZIF-8, previamente dispersado en
1 — 2 mL de disolvente. Se realizd el casting de las membranas en placas Petri de poliestireno y
se dejaron evaporar durante 2 — 3 dias a condiciones ambientales, parcialmente descubiertas.
Las membranas se sumergieron entonces en una disolucion de NaOH 1 M durante una hora
aclarandose a continuacion con abundante agua destilada, con el fin de realizar el intercambio
ionico de los grupos funcionales NHs*/Ac de la matriz polimérica por OH con afinidad por el COz,
antes de realizar los experimentos de permeacion (Santos et al., 2016). El exceso de agua se

elimind cuidadosamente secandose con papel absorbente de laboratorio.

El area efectiva de las membranas es 15,55 cm?. En la figura 2.1 se muestra una imagen

de una membrana de PTMSP y una membrana de LI-CS.

(a) (b)

Figura 2.1. Imagen de una membrana de (a) PTMSP y (b) LI-CS.
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Tabla 2.1. Propiedades de los materiales componentes de las membranas.

Material Estructura Propiedades
CHs
| =0,75 g cm™3
PTMSP gi " P _ g
Hac/ | \CH3 (Nagai et al., 2001)
CHj
CH20H
e - 0 ) cmo; p=1,43 g cm3
OH
I8 0\ (Santos et al., 2016)
NH,

p=1,098 g cm3
(Santos et al., 2016)

LI

p=1,530 g cm3
tamano de poro=0,4 nm
LTA1 tamano de particula=2,5 pm

relacion Si/Al=1

(Fernandez-Barquin et al., 2015)

p=1,420 g cm3
tamafio de poro=0,4 nm
ITQ-29 tamanio de particula=2,5 um

relacion Si/Al=co

(Fernandez-Barquin et al., 2015)

p=1,508 g cm3
tamafio de poro=0,38 nm
Chabazita tamaiio de particula=1 pm

relacion Si/Al=5

(Fernandez-Barquin et al., 2016)

p=1,498 g cm3
tamaiio de poro=0,40 nm
LTAS tamafio de particula=0,5 pm
relacion Si/Al=5

(Fernandez-Barquin et al., 2016)
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p=1,442 g cm
tamaiio de poro=0,36 nm
Rho tamanio de particula=1,5 um
relacion Si/Al=5

(Fernandez-Barquin et al., 2016)

p=0,93 g cm3
tamaio de poro=0,34 nm (Basu et al.,
2011)
tamano de particula=0,16 pm
(Casado-Coterillo et al., 2015)
p=1,032 g cm3

ZIF-8

tamafio de poro=0,35 nm (Basu et al.,
2011)
tamanio de particula=0,34 um (Casado-
Coterillo et al., 2015)

HKUST-1

Caracterizacion de las membranas

Permeacion de gases

El sistema de permeacién de gases consiste en un médulo de membrana de acero
inoxidable (figura 2.2) compuesto por dos partes neumaticamente prensadas entre si mediante
juntas de Viton que sellan la membrana, la cual se coloca sobre un soporte poroso de acero de
porosidad 20% (Mott Corp., EE.UU.). La celda se coloca en un sistema a volumen constante cuyo
esquema esta representado en la figura 2.3, conectado mediante varias valvulas, desde la
alimentacion al permeado. Un transductor puntual (PT) y uno diferencial (DPT) (Omega, Reino
Unido) miden los niveles de presion en la alimentacién al inicio y a ambos lados de la membrana,
durante todo el experimento, lo que permite monitorizar el volumen de gas que atraviesa la

membrana. El mddulo se sitUa en un bafio termostatico, para trabajar a condiciones isotermas.

Figura 2.2. Modulo de membranas planas.

Los experimentos de permeacion se llevaron a cabo en un rango de temperaturas de 298
a 373 K. Los gases fueron alimentados a presion de 3 + 0,5 bares, a los compartimentos de
alimentacion y permeado mediante las valvulas F y P, respectivamente. El permeado se evacud,

mediante la valvula de venteo, VP, al inicio del experimento de permeacion para generar la
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diferencia de presion necesaria para que el gas difunda a través de la membrana. Se midid la
permeabilidad de N2 y COz, en este orden, evacuando tanto el lado de alimentacién como el de

permeado antes de cada medida.

CO, VF

<t

N, X I .

IBafd termostatizad
A 4

£ E ' ©

L=
—

=

P VP

—> >~

Figura 2.3, Esquema experimental para los experimentos de permeacion de gases puros.

La permeacion de gases a través de las membranas poliméricas densas tiene lugar por

el mecanismo de disolucion-difusion de la ecuacion (2.1) (Wijmans y Baker, 1995),

P=D-S 2.1)

donde la permeabilidad (P) representa la cantidad de moléculas de gas que atraviesan la
membrana, por lo tanto, es una medida de la productividad, D (cm? s') es el coeficiente de
difusion y S (cm3-(STP)'cm3-cmHg™!) el coeficiente de solubilidad. La difusividad (D) es un factor
cinético que mide la movilidad de las moléculas que pasan a través de los huecos del material de
membrana. La solubilidad (S) es un factor termodinamico que esta relacionado con el nimero de
moléculas disueltas en el material de membrana y determina la afinidad del mismo por uno de
los componentes de la mezcla. Por lo tanto, la diferencia de permeabilidades de distintos gases
a través de una membrana no se debe Unicamente a la difusividad, sino que también influyen las
interacciones fisicoquimicas de estos gases con el material de la membrana, que determina la

cantidad de gas que pasa por unidad de volumen.

La difusidn de un gas a través de una membrana semipermeable se presenta en la figura
2.4.
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Permeado (p) T

—

Alimentacion (f)

Figura 2.4. Mecanismo de difusion a través de una membrana semipermeable.

Aplicando un balance de masa en los compartimentos de alimentacion y de permeado de

la figura 2.4, resultan las ecuaciones (2.2) y (2.3) (Cussler, 1997):

dp;, . 2.2
Vf dtf_ —Ap " Ji (2.2)

dpi,p . (23)
Vp dt = —An i

Multiplicando las ecuaciones (2.2) y (2.3) por el inverso del volumen de alimentacion y
permeado, respectivamente, se obtiene la ecuacion (2.4),

d P 11
o) -r(+ 2)

2.4)

donde B es un factor geométrico que depende del volumen de los compartimentos de
alimentacion y de permeado y del area efectiva de la membrana. En esta tesis, B» ha tenido un
valor en el rango de 81 — 110 m, tras ajustes sucesivos del sistema experimental, y se calcula
a partir de la ecuacion (2.5), donde Am, J, pr, pi, Vry Vo son el area, el espesor de la membrana,
la presion parcial de 7en la alimentacién, la presién parcial del gas 7 (/= CO2, N2, en esta tesis)
en el permeado, el volumen del compartimento de alimentacion y el volumen del compartimento

de permeado, respectivamente.

1 1> (2.5)

= An[=+ —

Reorganizando las ecuaciones (2.4) y (2.5) e integrando, se obtiene la ecuacion (2.6)
que, cuando se alcanza el estado estacionario, permite calcular la permeabilidad de los gases
puros, usando los datos de diferencia de presion entre los compartimentos de alimentacion y

permeado (Cussler, 1997).
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()

Donde pry pp son la presién de alimentacidn y de permeado, respectivamente. A es la

(ptf pi p) (2.6)

—In |AP0
(plf plp)

permeabilidad de j se obtiene de la pendiente de la recta de representar la ecuacion (2.6) en
estado estacionario, 0 es el espesor de la membrana. La permeabilidad intrinseca de una

membrana se suele expresar en unidades de Barrer, definida como:

cm3(STP) - cm (2.7)

1B =101
arrer cm? -s -cmHg

La selectividad ideal es un parametro intrinseco del material que define la capacidad de
una membrana para separar dos moléculas de una mezcla y se calcula a partir del cociente de

sus permeabilidades, definido por la ecuacion (2.8):

_ Pcoz (2.8)
Py,

Espesor de las membranas

El espesor de las membranas es una caracteristica geométrica que influye en la
permeabilidad de un gas a través de una de membrana. El espesor de las membranas se midid
experimentalmente usando un micrémetro digital (Mitutoyo digimatic micrometer, IP 65, Japén)
con una precision de 0,001 mm, en cinco puntos del area efectiva de la membrana para conocer

la media y la desviacion estandar.
Anaélisis termogravimétricos

La resistencia térmica de los materiales de membrana se ha estudiado mediante andlisis
termogravimétricos (DTA-TGA) de las muestras usando una termobalanza (DTG-60H, SHIMADZU,
Japodn). Las muestras, de aproximadamente 2 — 5 mg, se midieron en crisoles de alimina en aire,

con una velocidad de calentamiento de 10 K/min hasta 973 K.
Difraccion de rayos X

La estructura cristalina de los materiales de membrana se estudié por medio de difraccion
de rayos X a temperatura ambiente. Las muestras de las membranas de PTMSP y zeolita se
midieron mediante un difractometro X'Pert PRP MPD (Philips, Paises Bajos) operando a 45 kV y
40 mA y equipado con un monocromador que provee una radiacién de Cu Kal (A = 1,5406 A), y
un angulo detector sélido PIXcwl con un tamafio de paso de 0,05° en la Universidad Politécnica

de Valencia. Las muestras de las MMM de MOF/LI-CS se midieron en un difractrometro D/max
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2500 (Rigaku, Japdn) con un tamafo de paso de 0,03° a 40 kV y 80 mA, en el rango 2,5 — 40°

en el Servicio General de Apoyo a la Investigacion de la Universidad de Zaragoza.

Microscopia electronica de barrido

La morfologia de las membranas se analizd6 mediante microscopia electrénica de barrido
con el equipo JEOL (JSM 5410, EE.UU.) a 20 kV de la Universidad Politécnica de Valencia, y el
equipo Inspect F (HITACHI S2300, Japdn), del Instituto de Nanociencia de Aragdén de la
Universidad de Zaragoza, sobre muestras sumergidas en N2 (L) para su fracturacién y recubiertas

en oro a vacio (15 nm) a 10 kV para su observacion.
Volumen libre y densidad

La densidad experimental de las membranas se midid gravimétricamente a través de la

medida electrdénica de su peso en una balanza de precision 0,001 g (JP Selecta, Espana).
A partir de estas medidas se puede calcular el volumen libre, mediante la ecuacion (2.9),

Pm (2.9)

B, =1-
v Padd

siendo paas la densidad tedrica, calculada a partir de la ecuacion (2.10).

_ 1 (2.10)

Pada = m
Pc Pa

La porosidad de las membranas de CS se puede calcular por el volumen ocupado por el

agua y el volumen ocupado por la membrana, teniendo en cuenta la densidad del agua a 298 K

(0,997 g cm?3) y la densidad de la membrana en estado seco (Casado-Coterillo et al., 2014). Por

lo tanto, la fraccion de huecos se puede calcular a partir de la ecuacion (2.11).

<Wh1'1medo - Wseco) + Wseco (2-11)

Phimedo

®v=

Pagua

Capacidad de adsorcion de agua

La adsorcion de agua de las membranas se midid sumergiendo las membranas en agua
desionizada durante 24 horas. El peso himedo se obtuvo secando rapidamente la membrana con
papel para eliminar el exceso de agua. La adsorcion total de agua en el material de membrana

se calculd a través de la ecuacion (2.12),

W. =100 <Wseco - Whﬁmedo) (2.12)
y = .

Whimedo
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donde wseco€s €l peso seco de la membrana y whmumel peso de la membrana con contenido de

agua (g).

2.1.2. Resultados

Influencia de la relacién Si/Al en las MMM de LTA/PTMSP

Como uno de los principales retos en la preparacion de membranas mixtas es obtener
una buena interaccion entre las zeolitas y la matriz polimérica, se prepararon, en primer lugar,
membranas de matriz mixta a partir de PTMSP y zeolitas de tamafio de poro pequefio con
estructura tipo LTA, estudiando el efecto de la relacion Si/Al de las zeolitas en su adhesion con el
polimero rigido. Se utilizaron la zeolita A (LTA1) con relacién Si/Al=1 y la ITQ-29, de Si/Al=c0
(tabla 2.1).

Como se observa en la figura 2.5, la degradacion térmica de las membranas empieza a
573 Ky se mantiene baja hasta 623 K. La forma de las curvas de las MMM es muy similar a la
del polimero puro debido a la baja carga empleada de la zeolita (5 — 20 % (m/m) con respecto
del polimero), lo que indica el potencial de estos materiales de membrana para ser usados en
procesos de separacion a alta temperatura. De forma general, la carga real de la zeolita en la
membrana coincide con el valor nominal, siendo 7,06 £ 2,07 y 20,04 + 1,36 % (m/m) para las
MMM de 5y 20 % (m/m) LTA1/PTMSP, respectivamente. En el caso de las membranas mixtas
de ITQ-29/PTMSP, la carga real de la zeolita es 11,8 £ 6,86 y 28,6 £ 8,84 % (m/m) para 5y 20

% (m/m), respectivamente.

100 100
Zeolita ITQ-29
— 997 Zeolita LTA1 80+
—~ —
E T
E 60 ~ 601
£ 3
L °
S, 40 2 0l 20 % m/m ITQ-29
8 20 % m/m LTA1 °
] a
o i [ 5 % m/m ITQ-29
20 o 5
PTMSP
0 T T T T T T
300 400 500 600 700 800 900 1000 0

300 400 500 600 700 800 900 1000
Temperatura [K]

(a) (b)

Temperatura [K]

Figura 2.5. Andlisis termogravimétricos de las MMM de (a) LTA1/PTMSP y (b) ITQ-29/PTMSP.

En la figura 2.6 (a) se observan los diagramas de difraccion de rayos X de las MMM
LTA1/PTMSP. Las reflexiones caracteristicas de la zeolita LTA1 se hacen mas fuertes a medida

que aumenta la carga de esta, lo que revela su presencia en la matriz polimérica. De forma
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general, la estrechez de una banda de difraccion con alta intensidad indica una naturaleza
cristalina, mientras que, si la banda es mas ancha, la naturaleza del polimero sera amorfa. Los
principales picos de difraccion de la zeolita LTA1 se presentan en angulos alrededor de 79, 100,
240 y 27° (Baerlocher y McCusker, 2013). El PTMSP es un polimero amorfo, pero a medida que
aumenta la carga de la zeolita LTA1, se observa que las bandas se desplazan a angulos mas hacia
la derecha. Este comportamiento puede derivar de la fuerte interaccion entre el polimero y la
zeolita LTA1, lo que no se observa en el caso de la zeolita ITQ-29 en la figura 2.6 (b), donde las
bandas mas anchas e irregulares pueden revelar algunos cambios de orientacion de las particulas

debido a la aparicion de huecos por el peor contacto entre la zeolita ITQ-29 (Si/Al=c0) y el PTMSP.

Zeolita LTA1 I U L. Hl 0 Zl?olit? ITQ-29
e

20 % m/m LTAL 20 % m/m ITQ-29

wl ’__J/‘M Uy 10%mim ITQ-29
0 -
N ™ S%mmLTAL \,.M\A_ 5% m/mITQ-29
A PTMSP ’/\_ PTMSP
T T T T T T T T T T T T T T T T 1 T T T T T T T T T T T T T T T T 1
0O 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
(@ (b)

Figura 2.6. Difractogramas de rayos X de las MMMs de (a) LTA1/PTMSP y (b) ITQ-29/PTMSP.

Esta interaccion entre el PTMSP y las particulas depende de la relacion Si/Al, lo que
también se puede observar a través de las imagenes de microscopia electronica de barrido en la
figura 2.7 donde se muestra la morfologia de las secciones transversales de las MMM LTA1/PTMSP
e ITQ-29/PTMSP. En las figuras 2.7 (d) y (e) se muestra que la buena dispersion de la membrana
ITQ-29/PTMSP con 5 % (m/m) de carga desaparece cuando esta aumenta, dando lugar a huecos
y defectos debido a una peor interaccién entre la zeolita ITQ-29 y el polimero PTMSP (figura 2.7
(e)). Al aumentar la relacion Si/Al, la concentracion maxima de zeolita que mejora el
comportamiento de la membrana disminuye, dando lugar a huecos y haciendo menos selectiva
la membrana (Chaidou et al., 2012). Las diferencias en la composicién de las zeolitas también
dan lugar a diferentes morfologias. Por un lado, en las membranas de ITQ-29/PTMSP, las zeolitas
se acumulan en el fondo de la membrana, debido a la mayor densidad de las zeolitas (1,42 g
cm3) que la del polimero (0,75 g cm™). Esto ocurre en mayor medida que en MMM de ITQ-29/PSf
(Casado-Coterillo et al., 2012), debido a la mayor diferencia de densidades. Por otro lado, como
la densidad de la zeolita LTA1 (1,53 g cm3) también es mayor que la del PTMSP (tabla 2.1), estas
también se acumulan en el fondo y se aprecian dos capas diferenciadas. Para la MMM de 20 %
(m/m) LTA1/PTMSP, se observa una capa en la parte superior, practicamente de polimero puro,

y una capa de zeolita en el fondo, donde el PTMSP actia como adhesivo entre las fases.
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(d) (e)

Figura 2.7. Morfologias de las secciones transversales de las MMM: (a) Membranas de PTMSP puras, (b) 5
% (m/m) LTA1/PTMSP, (c) 20 % (m/m) LTA1/PTMSP, (d) 5 % (m/m) ITQ-29/PTMSP, y (e) 20 % (m/m)
ITQ-29/PTMSP.

La permeabilidad de las membranas puras de PTMSP disminuye con la temperatura
debido a que el alto volumen libre, la rigidez y la estructura del PTMSP son mas propensos a
cambios en solubilidad que en difusividad (Merkel et al., 2001; Rowe et al., 2009), lo que se
puede observar en la figura 2.8. La influencia de la temperatura en la permeabilidad de las MMM
cambia con la carga y el tipo de zeolita utilizado. Las energias de activacion de permeabilidad del
PTMSP son -7,1 + 1,4y -12,6 = 4,1 kJ mol! para COz2 y N2, respectivamente, lo que estd de
acuerdo con otros valores de la bibliografia (Merkel et al., 2001). Las energias de activacion de
permeacion de las MMM se muestran en la tabla 2.2 y aumentan con la carga de la zeolita LTA1,
revelando un fendmeno de interaccién entre las zeolitas y el PTMSP (Lau et al., 2014). Estas
membranas obtuvieron valores de permeabilidad de CO, de 15590 + 4760 Barrer, asi como
selectividades de 33 * 11, lo que prueba la buena adhesion y compatibilidad de las zeolitas de
baja relacion Si/Al con este polimero. Las energias de activacion para las membranas de ITQ-
29/PTMSP aumentan considerablemente para una carga del 5 % (m/m) y luego vuelven a
disminuir a altas cargas, lo que es similar al fendmeno de entrecruzamiento (Qiu et al., 2006) y
demuestra lo que se ha comentado antes relativo a la carga optima para zeolitas de mayor
relacion Si/Al y por compatibilidad con el PTMSP.
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Figura 2.8. Influencia de la temperatura en (a) la permeabilidad del CO: y en (b) la selectividad COz/N-.

Tabla 2.2. Energias de activacion de permeacion para las MMM [kJ mol*] con zeolitas de diferente Si/Al.

Carga de zeolita LTA1/PTMSP ITQ-29/PTMSP
[% (m/m)] CO2 N2 CO2 N2
5 -3,25+1,35 | -4,41 +2,03 | 3590+ 7.65 | 16,08 £+ 1,53
20 17,21 £7,92 | 19,96 + 10,70 15,19 3,01

La disminucién de la permeabilidad se debe a la rigidificacion de la cadena polimérica con
las zeolitas o al blogueo parcial de los poros de la zeolita por la cadena polimérica (Ozturk y
Demirciyeva, 2013; Sen et al., 2007).

La selectividad de las MMM es mayor que la del polimero puro, especialmente a altas
cargas de zeolita LTAL. Por esta razon, cabe pensar que las particulas de zeolita introducen un
mecanismo de tamizado molecular (Hussain y Kénig, 2012; Li et al., 2007; Nasir et al., 2013),
que da lugar a una mayor selectividad en un punto éptimo de carga de zeolita. Sin embargo, la
selectividad de las MMM del 20 % (m/m) de ITQ-29 disminuye en comparacion con las del 5 %
(m/m). Esto es debido a la aparicion de huecos provocados por la peor interaccion entre la zeolita
de elevado Si/Al y la matriz polimérica. La relacién Si/Al y la composicién de la zeolita, influyen

directamente en la afinidad e interaccidn entre los diferentes componentes de la membrana.

En el caso de las membranas de LTA1/PTMSP, la selectividad aumentd con la carga de la
zeolita, siendo considerablemente mayor que la del polimero puro. Cuando la zeolita empleada

es la ITQ-29, el valor de carga que dio mayor selectividad era inferior (5 %(m/m)).

La permselectividad del CO2, que es el producto de la permeabilidad y la selectividad,

aumentd mucho mas que la del N2 al aumentar la carga de la zeolita LTA1 en las MMM. Esto es
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de nuevo debido al tamizado molecular impartido por las zeolitas, que se ha mantenido, incluso

al aumentar la temperatura.

En la tabla 2.3 se muestran los valores de compactacion de las MMM con zeolita LTAL e
ITQ-29. Estos valores se han calculado como la diferencia entre la densidad de las membranas
antes y después de la serie de experimentos de permeacion de gases puros. Se observa que en
el caso de las MMM de LTA1/PTMSP, la compactacion de las membranas puras de PTMSP se
reduce mediante la incorporacion de las zeolitas, aumentando a altas cargas de zeolita de nuevo.
Sin embargo, la compactacion de las MMM de ITQ-29/PTMSP es mayor que la del polimero puro,
lo que se atribuye a que no existe una buena adhesidn e interaccién entre las particulas de pura

silice y el polimero hidrdfobos.

Tabla 2.3. Valores de compactacion de las MMM con LTA1 e ITQ-29.

Densidad [g cm3]
Membrana Antes de Ia Después de la Compactacion [%]
permeacion permeacion

PTMSP 0,692 0,587 15,17

5 % (m/m) LTA1/PTMSP 0,692 0,628 9,25
10 % (m/m) LTA1/PTMSP 0,608 0,574 5,59
20 % (m/m) LTA1/PTMSP 0,904 0,618 31,64
5 % (m/m) ITQ-29/PTMSP 0,901 0,717 20,45
10 % (m/m) ITQ-29/PTMSP 0,721 0,542 24,82
20 % (m/m) ITQ-29/PTMSP 0,730 0,529 27,42

El adsorbente ideal de CO2 debe ser un material con afinidad alta por el CO, alta
capacidad de adsorcién, combinada con alta selectividad (Kosinov et al., 2015). En este contexto,
se ha observado en esta tesis que dentro de las MMM con zeolitas de topologia de tipo LTA,
presentaron mejores resultados aquellas membranas que contenian zeolitas con una relacion
Si/Al mas inferior. Sin embargo, a menor relacion Si/Al, mayor es la hidrofilicidad de la zeolita, y
esto puede dar lugar a que las membranas presenten inestabilidad en presencia de humedad,
componente principal en una corriente de gases de post-combustion (Ahmad y Hégg, 2013) o a
que los poros de las zeolitas adsorban agua durante la preparacion de las membranas mixtas
(Chaidou et al., 2012) y el vapor de agua esta presente en, practicamente, todas las corrientes
industriales de gases (Kanehashi et al., 2015a; Bains et al., 2017). La zeolita LTA1 presenta una
fuerte hidrofilicidad, lo que puede dar lugar a que el agua adsorbida por la zeolita no sea
facilmente liberada a las temperaturas de la separacion de CO2 y N2 (Huang y Caro, 2011). De
hecho, el contenido de agua de las MMM de LTA1/PTMSP es del 2,57% mientras que el de las
MMM ITQ-29/PTMSP es del 1,34% (figura 2.5). Por ello, se ha medido la adsorcion de agua de
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las membranas puras de PTMSP y de las MMM de LTA1/PTMSP, resultando en valores de
adsorcion de agua del 9,48% y 33,05%, respectivamente, después de estar durante diez dias
sumergidas en agua, lo que demuestra la mayor hidrofilicidad de las MMM en comparacién con

las membranas puras de PTMSP.

En la figura 2.9 se resume la relacién entre las permeabilidades de las MMM y su
selectividad en funcion de la carga de la zeolita, comparadas con el limite de Robeson para
membranas poliméricas (Robeson et al., 2008). En el caso de las membranas de LTA1/PTMSP,
su relacion permeabilidad/selectividad mejora a medida que aumenta la carga de la zeolita,
llegando incluso a superar el limite de Robeson las membranas que contienen un 20 % (m/m) de
zeolita LTA1 en PTMSP. Este comportamiento permite comprobar que existe buena interaccion
entre la zeolita de baja relacion Si/Al y el PTMSP. Esta conducta no se observa en el caso de las
membranas que contienen la zeolita de pura silice ITQ-29, donde la permselectividad del PTMSP
solo se mejora por las MMM con el 5 % (m/m) de zeolita. Esto también se ha observado por
Cheng et al. (2007) en otras MMM basadas en polimeros vitreos, donde existia un contacto
interfacial pobre que fomentaba la aparicion de huecos al aumentar la carga de la zeolita, en su
caso ZSM-5. Estas diferencias en el comportamiento de las MMM con LTA1 e ITQ-29 se atribuyen
a las diferentes relaciones de Si/Al que pueden afectar a la interaccién entre el disolvente y la
cadena polimérica durante el mezclado, y por lo tanto al comportamiento de las MMM (Moore et
al., 2004). A menor relacion Si/Al de las zeolitas mayor serd su hidrofilicidad y basicidad y esto

es lo que aumenta su compatibilidad con un polimero hidréfobo como el PTMSP.
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Figura 2.9. Limite de Robeson para la separacion de COz/Nz a 298 K. Se incluyen para comparacion
valores de la bibliografia para polimeros altamente permeables: PTMSP (Merkel et al., 2001), CS (El-
Azzami y Grulke, 2009), Polifosfenceno (PPZ) (Jha y Way, 2008) y polidimetilsiloxano (PDMS) (Hussain y
Kdnig, 2012).
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Influencia de la topologia de las zeolitas con Si/Al=5 en las MMM de PTMSP

Una vez que se ha observado que la menor relacion de Si/Al de la zeolita favorece la
afinidad con el polimero PTMSP, se estudio la influencia de las distintas topologias (CHA, LTA5 y
Rho) de zeolitas de pequefio tamafo a un mismo valor de Si/Al=5, aln bajo, pero algo superior
al de la zeolita LTA1, todas ellas con buena capacidad de adsorcion del CO2y cuyas caracteristicas
estan recogidas en la tabla 2.1.

Se ha estudiado la estabilidad térmica de estas MMM (figura 2.10), con temperaturas de
descomposicion de 556 + 35 K muy similares a la de las membranas de PTMSP puro. Al igual que
en la figura 2.5, a través de esta imagen, también se ha podido obtener la carga real de estas
zeolitas en la matriz polimérica, siendo 7,58 + 7,30, 12,26 + 3,26 y 20,35 + 3,25 para 5, 10y 20
% (m/m) de las MMM CHA/PTMSP, respectivamente. En el caso de las MMM LTA5/PTMSP, la
carga real de las zeolitas es 8,48 + 3,55, 10,48 + 1,69 y 22,09 £+ 2,09 para 5, 10y 20 % (m/m),
respectivamente. Para las MMM Rho/PTMSP, la carga real de las zeolitas es 7,65 + 2,72, 10,30
+ 2,14y 19,71 £ 2,90 para el 5, 10 y 20 % (m/m), respectivamente. Las MMM CHA/PTMSP
presentan un contenido de agua del 1,55%, las MMM LTA5/PTMSP del 2,38% vy las MMM
Rho/PTMSP del 1,35%. Hay una menor desviacion de los valores nominales que la presentada
por las MMM de ITQ-29/PTMSP, lo que sefala la mejor dispersion y adhesion de las particulas de

Si/Al de 5 en la matriz de la membrana, como se comprobara a continuacion.
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Figura 2.10. Andlisis termogravimétricos de las MMMs (a) CHA/PTMSP, (b) LTA5/PTMSP y (c) Rho/PTMSP.
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Los difractogramas de rayos X de las membranas, que se muestran en la figura 2.11,
revelan la presencia de las zeolitas en la matriz polimérica, marcandose los principales planos
correspondientes al patron de cada zeolita. Ademas, los picos se hacen mas intensos a medida
que aumenta la carga de estas. En el caso de la membrana 20 % (m/m) CHA/PTMSP, el ancho
de los picos se atribuye a la aparicion de huecos a altas cargas de zeolita, lo que es habitual con
zeolitas grandes a cargas elevadas, y que de nuevo refleja que hay un valor éptimo de carga para
estas zeolitas, como en otros trabajos (Chaidou et al., 2012; Ozturk y Demirciyeva, 2013). Otra
informacién que se obtiene de la figura 2.11 es que el patrén primario de PTMSP se ve afectado
por la introduccion de las zeolitas, sin importar la tipologia de estas, porque la banda ancha
principal del PTMSP disminuye al aumentar la carga de zeolita. La cristalinidad de la MMM se ve
modificada con la adicion de las zeolitas (Ahmad y Hagg, 2013), lo que afectara a la permeabilidad

de las MMM porque solo la parte amorfa es permeable (Shen y Lua 2013).
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Figura 2.11. Difractogramas de rayos X de las MMM (a) CHA/PTMSP, (b) LTA5/PTMSP y (c) Rho/PTMSP,
con Si/Al=5.

En la figura 2.12 se muestran las imagenes de las secciones transversales de las distintas
MMM con zeolitas Si/Al=5 en PTMSP. Aunque se observa una distribucion heterogénea de las
zeolitas, debido a que sedimentan en el lado de la membrana que esta en contacto con la placa,

lo que da lugar a una morfologia asimétrica (Clarizia et al., 2004; Sen et al., 2007), también se
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observa una mejor dispersion de las zeolitas tipo LTA5, probablemente debido al menor tamano
de estas particulas. Las particulas de CHA son demasiado grandes por lo que no se consiguieron
membranas de 20 % (m/m) CHA/PTMSP sin defectos, confirmando un valor 6ptimo de carga a

menores valores (10 % (m/m)), para esta zeolita.

Figura 2.12. Morfologia de las secciones transversales de las MMM de: (a) 5 % (m/m) CHA/PTMSP, (b) 5
% (m/m) LTA5/PTMSP, (c) 20 % (m/m) LTA5/PTMSP, (d) 5 % (m/m) Rho/PTMSP y (e) 20 % (m/m)
Rho/PTMSP.

Influencia de la temperatura en las propiedades de transporte de MMM de zeolitas de
Si/AI=5 y PTMSP

La permeabilidad de CO: a través de las MMM aumenta con la temperatura,
independientemente del tipo de zeolita y carga empleada. En la figura 2.13, se puede observar
cémo la relacion entre la permeabilidad y selectividad de las MMM ha mejorado tanto a 298 K
como a 323 K, con respecto a la del polimero puro. A 298 K la permeabilidad de CO, de las MMM
se reduce ligeramente en comparacion con la del polimero puro. Esto se atribuye al aumento de
cristalinidad observado en la figura 2.11 ocasionado por la introduccion de las zeolitas en la
membrana, asi como a la buena interaccion con las cadenas del PTMSP, que previene la aparicion
de huecos, como se vio por microscopia en la figura 2.12. La permeabilidad de CO: disminuye
para LTA5 y Rho como ocurria para LTA1 e ITQ-29 a 298 K en la figura 2.9, pero este efecto se

suaviza al aumentar la temperatura. Para la membrana de CHA de poros mas grandes, el efecto
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es inverso y al aumentar la temperatura no mejora porque los huecos o defectos son mayores
que la mayor flexibilidad del polimero a 333 K. Ademas, el efecto de tamizado molecular hace
gue la selectividad CO2/N: ideal de las MMM sea mayor que la de las membranas de polimero
puro, en todo el rango de temperatura estudiado. De forma general, la selectividad de CO2/N2
aumenta hasta el 10% (m/m) de zeolita y luego vuelve a disminuir, debido a la aparicién de
huecos a partir de un vapor éptimo de carga (Mahajan et al., 2002; Rezakazemi et al., 2014).
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Figura 2.13. Limite de Robeson a (a) 298 K y (b) 323 K. Los simbolos rellenos por la mitad representan las
cargas del 5 % (m/m) (@) v del 10 % (m/m) M) respectivamente. Los simbolos rellenos completamente

corresponden a la carga del 20 % (m/m) (Robeson, 2008; Rowe et al., 2010).

En la tabla 2.4 se muestran los valores de compactacion de las MMM con zeolitas de
Si/Al=5. Se observa que las zeolitas de menor tamano tienen menor efecto a menor carga de
zeolita en la compactacion de la membrana, al igual que ocurria con las MMM de LTA1 e ITQ-29
en la tabla 2.3 cuando hay una buena interaccion entre PTMSP y los aditivos (Smith et al., 2016).
Se puede esperar una mayor resistencia al envejecimiento fisico ya que la estructura de elevado
volumen libre se mantiene durante mas tiempo en las MMM que en las membranas puras de
PTMSP.

67



Preparacion y caracterizacién de membranas planas y de fibras huecas para la separacion de CO2

Tabla 2.4. Valores de compactacion de las MMM con zeolitas (Si/Al=5) y PTMSP.

Membrana Densidad antes de | Densidad después de | Compactacion
experimentos experimentos [%]
[g cm™3] [g cm™3]

5 % (m/m) CHA/PTMSP 0,771 0,571 25,94
10 % (m/m) CHA/PTMSP 0,896 0,739 17,52
5 % (m/m) LTA5/PTMSP 0,745 0,566 24,03
10 % (m/m) LTA5/PTMSP 0,969 0,785 18,99
20 % (m/m) LTA5/PTMSP 0,961 0,861 10,41
5 % (m/m) Rho/PTMSP 0,899 0,688 23,47
10 % (m/m) Rho/PTMSP 0,638 0,517 18,97
20 % (m/m) Rho/PTMSP 1,051 0,900 14,37

De igual manera, la permeabilidad de CO2 y N2 con la temperatura se ajusta a la ecuacion

de Arrhenius, en el rango estudiado. Las energias de activacién de permeaciéon de las MMM con

las zeolitas Si/Al=5 se muestran en la tabla 2.5. Se aprecia que presentan valores mayores que

las del polimero puro, ya que la solubilidad de las zeolitas también esta desempefiando un papel

en el transporte de gases y son positivos en todos los casos menos en LTA5 al 5y 20 % (m/m),

lo que se asemeja con la energia de activacion de la LTA1 al 5% (m/m) de la tabla 2.2. Sin

embargo, la LTA5 no se comporta exactamente igual que la LTA1, debido a que la interaccién
con el PTMSP no es tan buena. Cabe destacar que las MMM de LTA5/PTMSP dan las

permeabilidades mas altas, probablemente debido a los poros grandes interconectados

tridimensionalmente de las zeolitas LTA5 (Bastani et al., 2013; Ozturk y Demirciyeva, 2013) lo

gue aumenta la contribucion de la difusividad a la permeabilidad de estas membranas.

Tabla 2.5. Energias de activacion de permeabilidad para el CO: y el N> a través de las MMM con las

zeolitas con Si/Al=5.

Membrana | €arga de zeolita Ep [kJ mol]
[% (m/m)] CO: N2
PTMSP 0 -7,10+ 1,4 -12,6 £ 4,1
CHA/PTMSP 5 46,53 + 14,72 | 12,13 + 3,17
10 16,53 £8,75| 7,19 * 2,67
5 -11,23 + 9,18 [ 42,29 + 13,05
LTA5/PTMSP 10 18,76 + 16,18 | 42,46 + 15,17
20 -5,88 £ 1,38 | 23,14 + 16,14
5 14,64 £ 3,68 | -5,04 £ 0,69
Rho/PTMSP 10 26,43 £ 2,75 | 21,38 £ 8,54
20 18,33 10,14
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Estudio de la separaciéon CO2/N> en MMM de LI-CS

A partir de trabajos previos del grupo con MMM de tres componentes (3MMM), ETS-10,
LIy CS, se observo que la adicion del ETS-10 mejoraba la resistencia mecanica de las membranas,
ademas de la selectividad (CO2/N:), debido a la compatibilidad idnica de los componentes
(Casado-Coterillo et al., 2014).

En aras de la busqueda de materiales compatibles y selectivos al CO con potencial en la
preparacion de MMM de LI y CS, con el fin de aumentar la estabilidad térmica y mecanica de
estas membranas, en esta tesis se decidid preparar MMM de tres componentes afiadiendo
nanoparticulas de ZIF-8 y HKUST-1 en diferentes cargas (5 — 20 % (m/m)) a la matriz de LI-CS,

con el fin de mejorar su selectividad CO2/N>.

Los parametros de solubilidad de Hansen (HSP), son una herramienta practica para
predecir la compatibilidad de los materiales y la buena adhesion entre los componentes (Zhu
Ryberg et al., 2011), asi como a la diferente afinidad por el CO2 o N2 (Hansen, 2007). Los HSP se
basan en parametros de dispersién y en energias de enlaces polares y de hidrégeno, para

identificar la interaccion entre los componentes y los gases, segun la ecuacion (2.13),

EN2  [Ep\? [(Ep\’ (2.13)
2 _ D p HY _ 2 2 2
=(—) +(=) +(=) =y2+y2+
4 (Vm) (Vm) (Vm) Yo YP TV

donde y es el parametro de solubilidad total y I/ el volumen molar, los parametros se dan en
MPa”. Esta solubilidad total corresponde a un punto en el espacio de Hansen y la distancia entre

dos puntos estd dada por R, a través de la ecuacion (2.14).

Raz = 4(yp; — VDz)2 + (vpr — YPz)2 + Y — VH2)2 (2.14)

Como a menor distancia Ra entre dos componentes, mejor es la compatibilidad entre
ellos, esta aproximacion se ha utilizado para estimar la compatibilidad de las MMM de tres
componentes basadas en MOF/LI-CS. En la tabla 2.6 se muestran los parametros de solubilidad
de Hansen de los materiales empleados en la fabricacién de las 3MMM. Dado que Raentre el LI
y ZIF-8 y HKUST-1 tiene valores de 11,8 y 9,7 MPa'/?, respectivamente, se puede esperar mejor
adhesion entre HKUST-1 y LI-CS.
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Tabla 2.6. Parametros de solubilidad de Hansenyp, vp Yy VY para CS, [emim][Ac] LI, HKUST-1 y ZIF-8 y

él factor de interaccion R» con CS y LI (columnas A y B, respectivamente).

Yo Yr YH Ra[-CS] Ra[-LI]
[MPa 2] [MPa 2] [MPa *:] A B

(o 17,8 14,2 24,1 0 11,4
LI 14,2 8,8 17,0 11,4 0,0
HKUST-1 17,9 9,9 10,7 14,1 9,7
ZIF-8 20,8 8,6 16,4 11,2 11,8
CO: 15,7 6,3 5,7 20,5 11,9
N2 11,9 0,0 0,0 30,4 19,7

En la figura 2.14 se muestran los analisis termogravimétricos de estas 3MMM. Se observa
que las curvas siguen las tres etapas de degradacion térmica tipicas del CS: primero una etapa
hasta 392 K, que corresponde a la eliminacion del agua libre, posteriormente, una segunda etapa
hasta 700 K para la eliminacion del agua enlazada o estructural y finalmente una etapa de
descomposicion del polimero. En la figura 2.14 (a) a medida que aumenta el contenido de ZIF-8,
la temperatura de descomposicion de las membranas aumenta de 441 K (5 % (m/m) ZIF-8) a
559 K (20 % (m/m) ZIF-8), probablemente debido al aumento del nimero de enlaces de
hidrégeno y la disminucion del contenido organico en la matriz de la membrana (Wang et al.,
2008). La descomposicién térmica de las MMM de HKUST-1/LI-CS (figura 2.14 (b)) es un poco
mas baja que la de las membranas de ZIF-8/LI-CS, siendo 430 + 12 K la de HKUST-1/LI-CS y
453 £ 10 K la de ZIF-8/LI-CS.

100 100

LI/Cs

80 804

604

20 % m/m ZIF-8 60 -

10 % m/m HKUST-1

404 404
5 % m/m HKUST-1

20 % m/m HKUST-1

Peso [% m/m]
Peso [% m/m]

20 204

5 % m/m ZIF-8

0 T T T T T T T T T T v
100 200 300 400 500 600 700

D T T T T T
100 200 300 400 500 600 700

Temperatura [°C] Temperatura [°C]

(a) (b)
Figura 2.14. Andlisis termogravimétricos de las 3MMM: (a) de ZIF-8/LI-CS y (b) de HKUST-1/LI-CS.

En la figura 2.15 se muestran las difracciones de rayos X de estas 3MMM. Los picos
anchos que se sitan alrededor de 12° y 20° se corresponden con las formas cristalinas I y II del

CS. Estos picos se observan en las membranas de CS, en los angulos 11,2 y 189 (I) y 20,90 y 280
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(I1) (Casado-Coterillo et al., 2014), mientras que en aquellas que contienen LI practicamente
desaparecen. Esto se debe a la alteracion de la naturaleza semi-cristalina del CS tras la adicion
del liquido idnico (Xie y Li, 2006). Los picos caracteristicos del ZIF-8 y el HKUST-1 no se aprecian.
Esto puede atribuirse al tamafio nanométrico de las particulas y la buena interaccion y mezcla a
nivel molecular entre las nanoparticulas y la matriz polimérica de CS (Casettari et al., 2012). Hao
et al. (2013) atribuyeron la desaparicién de los picos caracteristicos de las particulas de ZIF-8 a
la destruccion de la estructura semicristalina por el ambiente acido inducido por el LI libre, que
en su caso era [emim][BF4], lo que en esta tesis puede haberse acentuado por el uso del acido
acético diluido como disolvente del CS en la sintesis de las membranas (Casado-Coterillo et al.,
2014).

20 % m/m ZIF-8-LI/CS 20 % m/m HKUST-1-LI/CS
L/cs pr—— s
.....»*-#"IM i

Cs s
l HKUST-1
ZIF-8 simulado l l\ HKUST-1 simulado
l Jll " _~ 1 - B e S P — — S
10 20 30 40 10 20 30 40
20 9] 20 []
(a) (b)

Figura 2.15. Difractogramas de rayos X de las 3MMM de LI-CS con (a) ZIF-8 y (b) HKUST-1. Los
diagramas simulados se obtuvieron usando DIAMOND 3.2k y ficheros de informacion cristalografica (CIF)
4118891 y 2300380 para ZIF-8 y HKUST-1, respectivamente.

En la figura 2.16 se muestran las imagenes de microscopia de las secciones transversales
de estas 3MMM, donde también se puede apreciar la dispersion e interaccion de los componentes.
Se observa que incluso en las 3MMM con menor carga de HKUST-1 ocurre algo de sedimentacion
de las particulas en el fondo, quiza por la proximidad entre los valores de densidad de CS, LI,
ZIF-8 y HKUST-1 (tabla 2.1). Sin embargo, a partir de la Figura 2.17 (a), se puede distinguir la
presencia homogénea de Cu a lo largo del espesor de la membrana, con un contenido real de
19,6 = 2,7 % (m/m) para la membrana de 20% (m/m) de HKUST-1/LI-CS. La difraccion de
electrones también revela que existe homogeneidad en la dispersidn del Zn a lo largo del espesor
de la membrana de 20% (m/m) ZIF-8/LI-CS, con un contenido real de 17,7 £ 0,1 % (m/m), en
la figura 2.17 (b).
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30 pm

Figura 2.16. Morfologia de las secciones transversales de las 3MMM de LI-CS: (a) 5 % (m/m) HKUST-1,
(b) 20 % (m/m) HKUST-1, (c) 10 % (m/m) ZIF-8 y (d) 20% (m/m) ZIF-8, respectivamente. Las escalas
corresponden a 20 um, a no ser que se indique lo contrario.

30 pm

(a) (b)

Figura 2.17. Imdgenes de microscopia electronica de barrido con difraccion de electrones (EDX) de las
3MMM de (a) HKUST-1 y (b) ZIF-8, con una carga del 20 % (m/m).

La fracciéon de volumen de huecos, @, calculada a partir de la ecuacién (2.11), es una
medida del volumen libre al calcular la fraccion de volumen real que las particulas de ZIF-8 o
HKUST-1 ocupan en las 3MMM, para tener en cuenta las no idealidades en el comportamiento de
las 3MMM en la permeacion de gases, como en las tablas 2.3 y 2.4 se tuvieron en cuenta las
diferencias de densidad en las MMM de zeolita/PTMSP. En las 3MMM, la fraccion de volumen de
huecos disminuye tanto con el contenido de ZIF-8 como de HKUST-1, de 37 % (v/v) en las
membranas de LI-CS al 24 % y 33 % para las MMM de 20 % (m/m) de ZIF-8/LI-CS y 20 %

(m/m) de HKUST-1/LI-CS, respectivamente. En cuanto a la adsorcién de agua, que es una medida
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de la hidrofilicidad y estabilidad mecanica en presencia de corrientes himedas, calculada segun
la ecuacion (2.12), sigue la misma tendencia que la fraccion de volumen de huecos, coincidiendo
con lo publicado para 3MMM de ZIF-8/PIM-1 (Bushell et al., 2013). La adsorcién de agua
descendié desde el 93% para las membranas de LI-CS a 26% y 57%, respectivamente, para las
3MMM de 20 % (m/m) de ZIF-8/LI-CS y 20 % (m/m) HKUST-1/LI-CS.

En la figura 2.18 se muestra la permeabilidad y la selectividad de las membranas frente
al limite de Robeson para la separacién CO2/N2 a 298 K y a 323 K. Aunque la selectividad ideal
de estas membranas alin queda por debajo de este limite, el rendimiento en la separacion CO2/N2
de las MMM de 10 % (m/m) ZIF-8/LI-CS y 5 % (m/m) HKUST-1/LI-CS aumenta con el contenido
de los MOF y con la temperatura, en contraposicion con las membranas de LI-CS cuya selectividad
era 4,25 £ 0,5 e independiente de la temperatura en todo el rango estudiado (Santos et al.,
2016). EI mayor aumento frente a la separacién de CO2/N2 se ha obtenido para las 3MMM de 10
% (m/m) ZIF-8/LI-CS y 5 % (m/m) HKUST-1/LI-CS. Esto se atribuye a la buena adhesién y
compatibilidad entre el liquido idnico, las particulas microporosas y la matriz polimérica (Basu et
al., 2011; Hao et al., 2013). Se consigue una mejor adhesion entre la matriz continua de LI-CS y
las particulas de ZIF-8 debido a la mayor similitud entre la composicién quimica de ZIF-8 y el LI.
Este motivo, junto con el mayor tamafio de particula de HKUST-1 que ZIF-8 hace que el mejor
comportamiento de las MMM basadas en HKUST-1 se haya obtenido con la carga mas baja
empleada (5 % (m/m)). De nuevo los valores éptimos de carga comunes en MMM de los que se

ha hablado antes aparecen en esta tesis.
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Figura 2.18. Limite de Robeson para la separacion de COz/N- a 298 K (Robeson, 2008) y 323 K (Rowe et
al., 2010). Los simbolos vacios corresponden a 298 K, mientras y los rellenos a 323 K. Los datos de las
membranas soportadas de liquido ionico (SILM) se han tomado de (Santos et al., 2014) y las LI-CS de

(Santos et al., 2016) para comparar. Las lineas representan la evolucion de cada material de membrana al

aumentar la temperatura.

73



Preparacion y caracterizacién de membranas planas y de fibras huecas para la separacion de CO2

Mecanismo de transporte a través de MMM

El comportamiento de las MMM se ha ajustado a varias expresiones tedricas que
relacionan el transporte de gas a través de la MMM con la morfologia de la membrana impuesta
por la carga del relleno. Aunque el modelo mas comin en MMM es el basado en la ecuacion de
Maxwell, con el fin de tener en cuenta las no idealidades de las MMM que afectan al
comportamiento de la membrana, se aplicé el modelo de Maxwell de dos fases modificado
(Kanehashi et al., 2015b; Moore et al., 2004).

La permeabilidad Psmm de este sistema se obtiene estimando la permeabilidad a través
de la fase “pseudo-insertada”, (figura 1.6) (Li et al., 2006; Moore y Koros, 2005). Cuando se
asume a los rellenos como esferas ideales, n=1/3, la ecuacion (1.2) se convierte en la ecuacion
(2.15),

Py + 2P, — 205(P, — Py) (2.15)
Perr =P
Py + 2P, + @5(P; — Py)

donde A es la permeabilidad de la interfase, Ps es la permeabilidad a través de la fase dispersa
que, en esta tesis para las LTA1 se ha tomado a partir de Shen y Lua (2013), para la ITQ-29 a
partir de Nguyen et al. (2011), para ZIF-8 a partir de Bushell et al. (2013) y para HKUST-1 a
partir de Varela-Guerrero et al. (2010), gs es la fraccion volumétrica de la fase insertada dada la
ecuacion (2.16):

3 Dy 3 T3 (2.16)
S 0a+ 0 (g3

Aqui, ¢u y ¢rson la fraccidén volumétrica total en la membrana de la carga y la interfase,

Ds

respectivamente, 7z es el radio de la particula y el espesor de la interfase entre el polimero y el
relleno es ¥;. El valor de la permeabilidad Per de la ecuacién (2.15) se usa otra vez la ecuacion
(2.17) para predecir la permeabilidad Psum para las membranas de matriz mixtas de dos y tres
componentes.

Posr + 2P, — 2(@g + @) (P. — Pejy) (2.17)
Porf+ 2P+ (@4 + 0)(P. — Posy)

Psym = Py

P:es la permeabilidad a través de la matriz polimérica de PTMSP o LI-CS, que para esta
tesis se ha obtenido experimentalmente. Como ¢i + ¢ dan lugar a un valor proximo a la unidad,
la matriz polimérica se rigidifica, por lo que hay que tener en cuenta un factor de rigidificacion,

B, que varia segun el tipo de gas (Hao et al., 2013).

La naturaleza semicristalina del polimero se tiene en cuenta por un factor, 1, que
representa la fraccion volumétrica del polimero amorfo responsable del transporte de gas (Shen
y Lua, 2013),

A=1—y (2.18)
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donde y es la cristalinidad de la membrana, siendo 0,18 para la membrana LI-CS medida a partir
del espectro FTIR (Casado-Coterillo et al., 2014) y 0 para el PTMSP.

La permeabilidad de la interfase, P; segun la ecuacion (2.15) tiene en cuenta el factor
de inmovilizacion para representar el grado de rigidificacién en los segmentos inter-cristalinos,

que se define como lo mostrado en la ecuacién (2.19):

P.=P- ,12/’3 (2.19)
Este modelo se basa en dos parametros que se pueden estimar de forma iterativa para
ajustar la permeabilidad experimental y la calculada. Estos dos parametros son el espesor de la
interfase 1 (um), que tiene en cuenta la posible presencia de los huecos que dan lugar a un
aumento de permeabilidad y disminucién de selectividad y el factor de inmovilizacion de la cadena
B, que tiene en cuenta la rigidificacion de la matriz polimérica, lo que da lugar a un aumento de

la selectividad y a una disminucion de la permeabilidad.

La precision de estas ecuaciones para ajustar los datos experimentales se evalla
mediante la media minimizada del error absoluto, AARE, entre la permeabilidad calculada y

experimental del COz y N2, respectivamente (ecuacién (2.20)).

100 2 (2.20)

i=1

ex
Picalc _ PL 14

exp
Pi

Para las MMM basadas en PTMSP, los valores calculados de permeabilidad se compararon
con los valores experimentales en funcion de la temperatura, la carga de la zeolita y la relaciéon
Si/Al, con errores menores al 10%. El parametro g depende de la naturaleza de la molécula de
gas, debido a que presenta valores diferentes para CO2 y para N2 (Li et al., 2006) y disminuye
con la temperatura de operacion, como se muestra en las tablas 2.7 y 2.8. El parametro 1. esta
afectado por la relacion Si/Al de las zeolitas (Chaidou et al., 2012), lo que puede atribuirse a la
diferente interaccion de las zeolitas con la matriz polimérica. El espesor de la interfase #1 de las

MMM con zeolitas con relacion Si/Al=1 es independiente del tipo de gas y temperatura.

Tabla 2.7. Parametros estimados del modelo de Maxwell modificado para ajustar el comportamiento de las
MMM de LTA1/PTMSP dentro de un error menor al 10%.

5 % (m/m) LTA1/PTMSP 20 % (m/m) LTA1/PTMSP
T[K] o1 B (COz) B (N2) I B (COz) B (N2)
[um] [-] [-] [um] [-] [-]

298 5,4 1,20 55 2,5 1,20 5,10
303 5,4 0,94 48 2,5 0,88 5,12
313 5,4 0,93 42 3,6 0,88 1,88
323 5,4 0,32 7,2 2,5 0,19 1,35
333 5,4 0,31 4,5 2,2 0,16 2,00
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Tabla 2.8. Parametros estimados del modelo de Maxwell modificado para ajustar el comportamiento de las

MMM de ITQ-29/PTMSP dentro de un error menor al 10%.

5 % (m/m) ITQ-29/PTMSP 20 % (m/m) ITQ-29/PTMSP

T [K] £1 B (CO2) B (N2) £1 B (CO2) B (N2)
[um] [-] [-1 [um] [-] [-]
298 1,8 4,10 18 0,8 0,36 0,47
303 1,8 2,70 15 0,8 0,23 0,51
313 1,8 2,05 12,3 0,8 0,17 0,43
323 1,8 0,32 2,4 1,2 0,18 0,22
333 1,8 0,21 1,76 1,2 0,17 0,19

Para las 3MMM basadas en LI-CS, los valores calculados se ajustan con los experimentales

con un error menor al 1% (ecuacién (2.20)). Los parametros 1y  se muestran en la tabla 2.9

y 2.10. Se observa, que las distancias de la interfase, €1, son independientes de la temperatura
y tienen valores mucho menores que algunos publicados en la bibliografia para la MMM de ITQ-
29/polisulfona (2,14 um) (Casado-Coterillo et al., 2012). Esto se relaciona con la relativa buena
compatibilidad de las fases continua y dispersa (figura 1.5), de acuerdo con la teoria de la
solubilidad de Hansen como se comento al principio de esta seccién. Las particulas ZIF-8 son tan
miscibles en el LI como en el CS, en mejor medida que el HKUST-1, lo que sugiere una mejor
afinidad entre el ZIF-8 y el CS (tabla 2.6).

Tabla 2.9. Parametros estimados del modelo de Maxwell modificado para ajustar el comportamiento de las

3MMM de ZIF-8/LI-CS,
20 % (m/m) ZIF-8/LI-
5 % (m/m) ZIF-8/LI-CS | 10 % (m/m) ZIF-8/LI-CS
CS
T [K]

1 | B(CO2) | B(N2) | £ | B(CO2) | B(N2) f1  |B(CO2)| B (N2)

[um] [-] [-] [um] [-] [-] [um] [-] [-]

298 0,20 1,095 0,77 0,15 0,46 0,23 0,10 0,51 0,58
303 - - - 0,15 0,25 0,46 0,10 0,16 0,52
313 0,20 0,80 0,06 0,15 0,19 0,44 0,10 0,24 0,37
323 0,20 0,88 0,27 0,15 0,24 0,66 0,10 0,28 0,38

La distancia de la interfase ¢ para las membranas de HKUST-1/LI-CS es mas alta que

para las membranas hibridas de LI-CS y esto explica que las mejores membranas con este MOF
se obtengan a valores bajos de carga. Los factores de rigidificacion de la cadena son bajos para
las membranas hibridas de LI-CS, debido a una buena compatibilidad entre los diferentes
componentes, y generalmente aumentan con la carga de las particulas, debido a la rigidificacion

que aportan a la matriz continua.
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Tabla 2.10. Parametros estimados del modelo de Maxwell modificado para ajustar el comportamiento de

las 3MMM de HKUST-1/LI-CS.
5 % (m/m) HKUST-1/LI-CS | 10 % (m/m) HKUST-1/LI-CS
TIKI | ¢ [ B(CO2) | B (N2) £1  |B(CO2)| pB(N2)

[pm] [-] [-] [pm] [-] [-]
298 0,46 0,37 0,34 0,46 0,72 0,34
303 0,46 0,40 0,36 0,46 0,69 0,35
313 0,46 0,23 0,32 0,46 0,59 0,26
323 0,46 0,30 1,40 0,46 0,59 0,27

Conclusiones de la seccién 2.1

Se han preparado MMM no soportadas a partir de dos polimeros respectivos de alta
permeabilidad y potencial en la separacion de CO>, el PTMSP y el CS y se han incorporado zeolitas
de tamafio de poro pequefio y Si/Al variable y morfologia en el primer caso, y un LI, y dos tipos
de MOF, ZIF-8 y HKUST-1, en el segundo, con el fin de aumentar su selectividad y resistencia

mecdnica sin disminuir demasiado la permeabilidad.

Las MMM de zeolita/PTMSP mantienen la misma resistencia térmica que el polimero puro,
mientras que las 3MMM de ZIF-8/LI-CS y HKUST-1/LI-CS superan ligeramente la resistencia
térmica de las membranas LI-CS, lo que hace esperar el uso potencial de estas membranas en

operaciones de separacion de gases a mayor temperatura.

La selectividad de las membranas de LTA1/PTMSP aumenta con la carga de LTAl y la
temperatura, sobre todo a 20% (m/m) de carga. Para las MMM CHA/PTMSP se observa esto a
un valor inferior de carga, 10% (m/m) y en el caso de las MMM ITQ-29/PTMSP, el comportamiento
empeora respecto del PTMSP a partir del 5% (m/m) por menor compatibilidad entre los

componentes.

Para las 3MMM, las que han presentado mejor permeabilidad y selectividad respecto del
LI-CS son las 3MMM de 10% (m/m) ZIF-8/LI-CS y 5% (m/m) HKUST-1/LI-CS, respectivamente.

Se ha ajustado la permeabilidad de CO2 y N2 de las MMM y 3MMM mediante el modelo
modificado de Maxwell, en funcién de la cantidad y tipo de carga, la temperatura y el gas, con

errores menores al 10%.
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El comportamiento de un moddulo de membranas no depende Unicamente de la
permeabilidad y selectividad, sino también de la configuracion del modulo de la membrana, ya
que el procesado de los materiales de membrana en geometrias practicas es tan importante como
el desarrollo de nuevos materiales porque las membranas asimétricas presentan una capa fina,
gue es la responsable de la separacion, sobre un soporte poroso, robusto y mas econémico. En
este sentido, la configuracion de fibras huecas permite una mayor area efectiva de membrana
por volumen de mddulo lo que da lugar a una mayor intensificacion y escalabilidad del proceso

de separacion de gases.

En esta seccion se presenta el estudio el cambio de geometria de las MMM térmicamente
resistentes que presentaron mejor comportamiento en la separacion CO2/N2 en configuracion no
soportada, como se discutid en la seccién anterior, como capas selectivas delgadas sobre soportes
poliméricos compatibles planos y de fibras huecas, teniendo en cuenta la reduccion del espesor
de la capa selectiva, y la influencia de la temperatura para mantener la alta permselectividad y

estabilidad térmica en configuraciones de membrana avanzadas.

2.2.1. Metodologia experimental

Preparacion de las membranas compuestas

Las composiciones del material de la capa selectiva se eligieron de acuerdo a los
materiales de membrana que presentaron las mejores permselectividades en forma de
membranas no soportadas: LI-CS/PES, 5 % (m/m) HKUST-1/LI-CS/PES y 20 % (m/m)
LTA1/PTMSP/PES, donde % (m/m) se refiere al contenido relativo de fase dispersa respecto del
polimero. También se prepararon membranas de PTMSP/PES para comparacion. Los soportes
planos que se seleccionaron eran de Polietersulfona (PES) y Nylon y fueron suministrados por
PALL Corp. (EE.UU.) con porosidades de 0,1 pm y 0,4 um, respectivamente y se colocaron sobre
las placas Petri. Los soportes de Nylon se descartaron debido a que su tamario de poro resultd
ser demasiado grande y a la incompatibilidad con los disolventes usados, sobre todo en el caso
del PTMSP, ya que se degradaba en tolueno. El recubrimiento del soporte plano poroso se realiza
de manera similar a las MMM, no soportadas (seccion 2.1.1), colocando el soporte seleccionado
sobre la placa de vidrio. Las membranas se dejan secar en condiciones ambientales, también de

forma similar a las membranas no soportadas.

4 Fernandez-Barquin, A., Casado-Coterillo, C., Etxeberria-Benavides, M., Zufiiga, J., Irabien, A. 2017.

Comparison of Flat and Hollow-Fiber Mixed- Matrix Composite Membranes for CO. Separation with
Temperature. Chemical Engineering & Technology. 40, 5, 997 — 1007.
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Al preparar las membranas asimétricas planas de LI-CS sobre soporte de PES se
observaron grietas debidas a la aparicion de escamas (defectos) por cristalizacion en los poros.
Ademas, resultaba complicado obtener un espesor uniforme (Verissimo et al., 2005). De forma
que, en esta tesis se ha empleado un método derivado del conocido como polimerizacion
interfacial (PI) (Sridhar et al., 2007), en el que la fase organica, n-hexano con 0,1 % (m/m) de
cloruro de trimesoilo (TMC), se deposita sobre el soporte y posteriormente se seca durante 10
minutos a 323 K. Finalmente, la fase hidrofila, que consiste en la disolucion hibrida de LI-CS, se
deposita sobre la organica. Las membranas se dejaron secar a temperatura ambiente durante 48

horas y finalmente se sometieron a una etapa de secado a 323 K durante 90 minutos.

De forma similar a las membranas compuestas planas, las membranas compuestas de
fibra hueca (CFH) se han preparado recubriendo el exterior del soporte con la disolucion selectiva.
Los polimeros que se han seleccionado para los soportes de fibra hueca han sido: polisulfona
(PSf) para las membranas basadas en quitosano y la copoliimida 3,3',4,4"-benzofenona
tetracarboxilica dianhidrida (P84) para las membranas basadas en PTMSP. Los soportes de PSf
presentan un diametro exterior y un didmetro interior de 397 + 58 ym y 248 £+ 65 um,
respectivamente, mientras que los soportes de P84 un didmetro exterior y un diametro interior
de 363 £ 8 pm y 207 £+ 18 pm, respectivamente. Estas elecciones se han debido a la
compatibilidad y morfologia como se comentara en la seccién 2.2.2. Ambos soportes se
prepararon en Tecnalia por técnicas de hilado convencionales (Etxeberria et al., 2012). Los
extremos de la fibra se cubrieron con Parafilm para evitar que la disolucion selectiva entrase en
el interior de esta. Los polimeros para los soportes de fibra hueca se sumergieron en la disolucién
selectiva durante 60 segundos. Las membranas CFH se extraen de la disolucion y se dejan secar
durante al menos 24 horas, en las mismas condiciones que las membranas planas, antes de ser
sometidas a un segundo recubrimiento. El nUmero de recubrimientos necesarios se estudié para
las primeras membranas CFH basadas en LI-CS, observando que eran necesarios dos
recubrimientos para obtener un espesor liso y uniforme de la capa selectiva a lo largo de toda la
longitud del soporte. Finalmente, las membranas CFH se dejaron secar otras 48 horas. En la
figura 2.19 (a) se muestra un esquema del secado de una membrana CFH y en la figura 2.19 (b)
el modulo construido para medir su comportamiento en transporte y separacion de gases. Para
gue el secado de las membranas CFH fuera lo mas similar posible al seguido con las membranas
planas, las membranas se colocaron verticalmente en el interior de una probeta, cubierto en el
extremo superior. De esta forma, la disolucion selectiva recubre toda la longitud de la fibra y la
evaporacién del disolvente se realiza lentamente. La longitud efectiva de las membranas en el

modulo es de 15 cm.

Las membranas CFH se sellaron, mediante una resina epoxi adhesiva (DP105, 3M Scotch-
Weld™, EE.UU.), en un modulo de permeacién de acero inoxidable con un didmetro de 1,27 cm

construido para ello y mostrado en la figura 2.19 (b).
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Campana extractora

e

| Papel parafilm r ‘
- f W

~Fibra

Probeta :

(a) (b)

Figura 2.19. (a) Esquema de secado de una membrana compuesta de fibras huecas y (b) modulo de
fibras huecas.

Caracterizacion de las membranas

Permeacion de gases

La permeacion de gases puros a través de las membranas compuestas se ha realizado
mediante el sistema experimental de permeacion de gases simples descrito en la seccion 2.1.1,

adaptandolo para el madulo de la figura 2.19 (b) en el caso de las membranas CFH.

Como se ha comentado anteriormente, la unidad cominmente aceptada para definir la
permeabilidad es el Barrer. Sin embargo, en membranas compuestas el espesor de la membrana
es dificil medir directamente, por lo que se emplea el flujo de permeacion (J=£/J). En este caso,

la unidad de permeacién que normalmente se utiliza es el GPU:

cm3(STP) gas (2.21)
cm? membrana - s - cmHg

1GPU =107°

La selectividad entre dos componentes viene determinada por el cociente entre sus flujos

(p /6) (2.22)
("),

de permeacion (ecuacién (2.22)).

a =
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Espesor de las membranas

El espesor de la capa selectiva de una membrana compuesta libre de defectos, es decir,
una membrana que presenta la selectividad intrinseca de la ecuacion (2.8), se calcula a partir de
la relacion entre la permeabilidad de la membrana no soportada y el flujo de permeacion de la

membrana asimétrica, como se define en la ecuacion (2.23) (Ji et al., 2009; Zulhairun et al.,

2015). La diferencia entre 8.4;c Y 6exp se utiliza como indicador de la presencia de defectos o

no-idealidades en la membrana compuesta.

P (membrana densa) (2.23)

5calc -

J (membrana asimétrica)

Microscopia electronica de barrido

La morfologia de la seccion transversal de las membranas se observd a través de
microscopia electrénica de barrido de electrones de campo en el equipo FE-SEM MERLIN™ (Zeiss,
Alemania) de la Universidad de Zaragoza a 15 kV. Esto permiti6 medir el espesor de la capa
selectiva de las membranas compuestas, (Sexp, y compararlo con el resultante de la ecuacion
(2.23) y asi estimar la calidad del recubrimiento. Para los soportes y membranas de geometria

tubular se tomaron dos cortes de cada membrana CFH, de la parte superior e inferior de la

longitud de la fibra, respectivamente, mediante inmersion en etanol y N2 (l).
Viscosidad

En esta tesis, se ha medido la viscosidad de diferentes disoluciones de LI-CS y PTMSP
con distintas concentraciones de polimero y a diferentes temperaturas. Las viscosidades de las
disoluciones hibridas se midieron mediante un viscosimetro rotacional (Smart Series Fungilab,
Espafia) con una velocidad de cizalladura de 20 — 100 rpm y en el rango de temperatura de 293
-323 K.

2.2.2. Resultados

Anadlisis del numero de recubrimientos necesarios y de la viscosidad de la disolucién

La viscosidad de la disolucion de recubrimiento es esencial para obtener una capa
selectiva libre de defectos sobre el soporte y evitar penetracion en los poros del mismo. En
especial en la geometria de fibras huecas, es importante que el recubrimiento esté distribuido
homogéneamente alrededor de todo el perimetro y de la longitud de la fibra. Ademas, la
concentracion de la disolucion influye en el espesor de la capa selectiva, tanto en configuracion
plana como de fibra hueca (Esposito et al., 2015; Woo et al., 2015). Para ello, la concentracion

de la disolucion de recubrimiento tiene una importancia esencial (Chen et al., 2014). Se ha
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observado que las viscosidades de diferentes disoluciones de LI-CS y PTMSP son independientes
de la velocidad de cizalladura, lo que indica que las disoluciones presentan comportamiento

caracteristico de fluidos newtonianos.

Las viscosidades que se recogen en la figura 2.20 se tomaron a 100 rpm. El aumento de
la concentracion, tanto de CS, LI-CS, como del PTMSP en la disolucion a depositar da lugar a un
incremento de la viscosidad siguiendo una ley potencial experimental clasica (Lasseuguette et al.,
2013), mostrada en las ecuaciones (2.24) y (2.25) para el CS y el PTMSP, respectivamente, y
como era de esperar disminuye al aumentar la temperatura.

Por lo tanto, teniendo en cuenta la viscosidad de las disoluciones y buscando un
compromiso entre la viscosidad de la disolucion y la cantidad de polimero usada, se seleccionaron
unas concentraciones del 1,5 % (m/m) y 2 % (m/m) para el LI-CS y el PTMSP, respectivamente,

ya que el PTMSP presenta una viscosidad mas baja que el LI-CS.

La menor viscosidad de la disolucion de PTMSP fue una de las razones por las que se
seleccion6 P84 como material de soporte para las membranas CFH basadas en PTMSP como capa
selectiva, y evitar que los poros presentes en los soportes de PSf se impregnaran de la disolucion
de recubrimiento limitando el flujo. Ademas, otra de las razones por las que se selecciono el
soporte de P84 fue porque no presentaba el aparente colapso o contraccion por plastificacion que

se observaba en los soportes de PSf cuando se recubrian con disoluciones de PTMSP en tolueno.

250 250
| m 298K o 298K a 308K v 313K ¢ 323K
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© v ©
[-¥ a 4
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0 T T T T T T T
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(a) (b)

Figura 2.20. Viscosidad de las disoluciones frente a la concentracion del polimero (a) LI-CS, (b) PTMSP.
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Para obtener una membrana compuesta libre de defectos, es muy importante conocer el
minimo numero de recubrimientos necesarios (Madaeni et al., 2007). En la figura 2.21 (a) y (b)
se observa que se necesitan al menos dos recubrimientos para cubrir todo el perimetro de la

superficie exterior a lo largo de toda la longitud de la fibra con la disolucion hibrida de LI-CS.

Ademas, los datos de flujos de permeacion presentados en la tabla 2.11 muestran que
mediante la aplicacion de solamente un recubrimiento no se consiguid la selectividad intrinseca
de las membranas no soportadas de LI-CS (Santos et al., 2016). En la tabla 2.11 también se
muestra el espesor aparente de la capa selectiva medido por microscopia. Como se necesitaron
dos recubrimientos para que el material de LI-CS cubriese de forma homogénea y bien adherida
toda la longitud del soporte de FH de PSf, también se utilizaron dos recubrimientos en el resto

de membranas CFH preparadas en esta tesis (figura 2.21 (c) y (d)).

Figura 2.21. Imdgenes FE-SEM de las CFH de (a) LI-CS con un recubrimiento y (b) LI-CS con dos
recubrimientos, (c) LTA1/PTMSP arriba de la fibra y (d) LTA1/PTMSP debajo de /a fibra. El recuadro
muestra un detalle de la capa selectiva.
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Tabla 2.11. Influencia del numero de recubrimientos con la disolucion hibrida de LI-CS en las propiedades

de las membranas compuestas de FH.

Concentracion | Viscosidad N° veces Espesor J(CO2) | a(CO2/N2)
disolucion [MPa s] recubrimiento | aparente [GPU] [-1
[% (m/m)] (303 K) [pm]
1,5 206,4 1 0,16 3120 1,35
2 0,53 4226 2,48

Caracterizacion de las membranas mixtas compuestas mediante microscopia electrénica

de barrido

En la figura 2.22 se muestran las imagenes FE-SEM de las MMM en todas las geometrias.
Las membranas compuestas basadas en LI-CS revelaron una capa densa homogénea sobre el
soporte en todas las geometrias (figura 2.22 (a)), como se ha observado ya en la figura anterior.
En la figura 2.22 (b) se observa como las particulas de HKUST-1 se dispersan homogéneamente
en LI-CS a lo largo del perimetro de la superficie exterior de las membranas CFH. En relacion a
las membranas de LTA1/PTMSP (figura 2.22 (c)), se observa que la doble capa presente en las
membranas no soportadas parece transformarse en cavidades dispersadas regularmente que
contienen la zeolita LTA1, como también observaron con las particulas de ZIF-8 en 6FDA-DAM
(Zhang et al., 2014).

Figura 2.22. Imagenes FE-SEM de las membranas preparadas a partir de capas selectivas de(a) LI-CS, (b)
5 % (m/m) HKUST-1/IL-CS, (c) 20 % (m/m) LTA1/PTMSP. Las columnas de la izquierda, del medio y de la
derecha corresponden a las membranas no soportadas, compuestas planas y compuestas de fibra hueca,

respectivamente.
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Estudio del espesor de la capa responsable de la separacidn

En la tabla 2.12 se muestra el espesor de la capa selectiva de las diferentes
configuraciones de membrana, tanto el obtenido experimentalmente, medido con el micrometro
digital o por microscopia, como el calculado a partir de la ecuacion (2.23) (Ji et al., 2009;
Zulhairun et al., 2015). La capa selectiva de una membrana compuesta no puede ser mas fina
que el diametro de una sola particula sin crear defectos no deseados y una MMM CFH
conceptualmente viable debe poseer un espesor de la capa selectiva <200 — 500 nm para permitir
una alta permeacion y minimizar el coste del material (Zhang et al., 2014), lo que puede explicar
la morfologia de las membranas CFH de LTA1/PTMSP (figura 2.22 (c)).

A partir de los datos de la tabla 2.12, se observa que el espesor de la capa responsable
de la separacion de las membranas compuestas de PTMSP y LTA1/PTMSP disminuye de no
soportada a compuesta plana un 24 y un 54%, respectivamente y un 93 % de geometria plana
a geometria de fibra hueca. El espesor de la capa selectiva se reduce un 87% de membrana no
soportada a compuesta plana y un 99 % de geometria plana a fibra hueca para el caso de las
membranas basadas en LI-CS. En las membranas basadas en HKUST-1/LI-CS se reduce el
espesor de la capa selectiva un 17% y un 98% de geometria no soportada a compuesta plana y
compuesta de fibras huecas, respectivamente. Los valores calculados del espesor de la capa
selectiva a partir de la ecuacion (2.23) aportan valores mas homogéneos para las membranas
compuestas basadas en LI-CS que las membranas compuestas basadas en PTMSP. En el caso de
las membranas basadas en LTA1/PTMSP, no se consiguieron transferir la alta selectividad y
estabilidad térmica (Fernandez-Barquin et al., 2015) a geometria compuesta plana y compuesta
de fibras huecas, debido a la aparicion de defectos e irregularidades, como se ha comentado a
raiz de la figura 2.22. Por el contrario, se comprueba una mayor compatibilidad entre los
materiales de los componentes de las membranas basadas en LI-CS que permiten una MMM
compuesta libre de defectos, donde coincide el espesor experimentado con el calculado con la
ecuacion (2.23), en mayor medida que con las membranas basadas en PTMSP, lo que indica la
presencia de huecos o defectos en la capa selectiva de estas Ultimas y no en las primeras (Jansen
et al., 2006).
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Influencia de la temperatura en la separacion de CO2/N2

Al igual que en la seccion anterior, para las membranas no soportadas, que se incluyen
en la tabla 2.13 como referencia, se ha estudiado la influencia de la temperatura en la separacion
de CO2/N2 de estas membranas en el rango de 298 K a 333 K. En la tabla 2.13, se observa que
el flujo de permeacién de CO2 aumenta considerablemente en las membranas compuestas planas
y de fibras huecas en comparacién con la membrana no soportada plana del mismo material.
Esta mejora se atribuye a la reduccion del espesor de la capa selectiva (tabla 2.12). Como la
permeacion es el cociente entre la permeabilidad y el espesor, cuanto mas fina es la capa

selectiva, mayor serd la permeacion (He et al., 2002; Liu et al., 2013).

Con respecto a las membranas basadas en LI-CS, a 298 K la permeacion de CO2 aumenta
de 8,49 GPU para las membranas no soportadas hasta 102 GPU y 4226 GPU, respectivamente,
en geometria compuesta plana y de fibras huecas, respectivamente. Este incremento se mantiene
en todo el rango de temperatura estudiado, en la misma proporcidon. Ademas, en las membranas
basadas en HKUST-1/LI-CS, PTMSP y LTA1/PTMSP también se aprecia este aumento de la

permeacion de CO: de hasta dos 6rdenes de magnitud.

En cuanto a la selectividad, Unicamente las membranas compuestas basadas en LI-CS y
HKUST-1/LI-CS mantienen la selectividad intrinseca del material no soportado, lo que pone de

manifiesto la obtencion de una capa selectiva libre de defectos en estos casos.

En la figura 2.23 se observa que el efecto de la temperatura en la permeacion de gases
a través de membranas mixtas compuestas se describe bien con la relacion tipo Arrhenius (r?=0,9
+ 0,1). La influencia de la temperatura en las membranas compuestas de LTA1/PTMSP es opuesta
a la de las membranas compuestas de PTMSP, tal y como ocurria en las membranas no soportadas
(seccion 2.1). De forma general, las membranas mixtas compuestas cuya capa selectiva esta
hecha de LTA1/PTMSP siguen un mecanismo de transporte de difusion activado, atribuido al

efecto de las zeolitas de tamafio de poro pequefo en la capa selectiva.

En cuanto a las membranas compuestas de LI-CS, se observa que el efecto de la
temperatura en ellas es practicamente despreciable, tal y como ocurria en las membranas no
soportadas. Las particulas de HKUST-1 parecen aportar una ligera activacion con la temperatura,
debido a su estructura porosa. En ambos casos, la influencia de la temperatura en las membranas

compuestas no cambia con respecto a la que presentan las membranas no soportadas.
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Figura 2.23. Relacion de Arrhenius con la temperatura de las membranas no soportadas (triangulos),
compuestas planas (cuadrados) y CFH (circulos), capa selectiva de (a) PTMSP puro, (b) 20 % (m/m)
LTA1/PTMSP, (c) LI-CS, (d) 5 % (m/m) HKUST-1/LI-CS. CO: simbolos rellenos, N: simbolos huecos.

En la tabla 2.14 se presentan las energias de activacion de las diferentes membranas en

todas las configuraciones.

Si el aumento de las energias de activacion de las MMM basadas en PTMSP, en
comparacion con las de PTMSP puro, significaba una interaccién entre las zeolitas y la matriz
polimérica de PTMSP (Fernandez-Barquin et al., 2015; Fernandez-Barquin et al., 2016; Qiu et al.,
2006), las MMM de LTA1/PTMSP presentan energias de activacion de permeacion positivas en
todas las geometrias. La energia de activacion de las membranas compuestas de PTMSP es

negativa como en el polimero puro.

Las energias de activacion de las membranas de LI-CS y HKUST-1/LI-CS son similares en
todas las geometrias. Las energias de activacion de las membranas basadas en LI-CS son
relativamente bajas debido a que la introduccion del LI mejora la afinidad al CO2 de la membrana
y reduce la influencia de la temperatura en la difusividad, y por tanto también en la permeabilidad
(Santos et al., 2016). En las membranas compuestas de HKUST-1/LI-CS, la influencia de la
temperatura aumenta respecto a la de las membranas de LI-CS, por lo que las energias de

activacion de estas membranas son mayores que las de las membranas de LI-CS en todas las
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configuraciones. Este comportamiento se atribuye a la buena adhesion y compatibilidad entre el
LI, las nanoparticulas de HKUST-1, la matriz polimérica de CS y el soporte poroso de PSf, que
hace posible la transferencia del tamizado molecular del HKUST-1 a la capa selectiva de la

membrana.

Tabla 2.14. Energias de activacion del CO: y Nz de las diferentes membranas y geometrias.

. . . ., Ep (COZ) Ep (NZ)
Material selectivo Soporte | Configuracion
[k3/mol] [k3/mol]
PES Plana 8,31 + 2,85 541 + 1,06
- pSf FH 9,24 + 0,68 9,43 + 0,15
P84 FH -6,85 + 1,56 -8,04 £ 2,41
PTMSP PES Comlpuesta -7,00 £3,57 | -13,13 £ 3,22
plana
20 % (m/m) R No soportada 15,34 + 4,41 20,21 + 7,96
LTA1/PTMSP PES Comlpuesta 23,39 + 3,78 13,78 + 4,57
plana
P84 Compuesta FH 528 1,15 1,54+0,62
LI-CS PES Compuesta 6,20 £ 1,15 8,48 + 2,12
plana
5 % (m/m) C
PES ompuesta 14,77 + 4,51 9,92 + 2,87
HKUST-1/LI-CS plana
psf Compuesta FH 8,29 £ 0,64 13,67 £+ 4,42

Conclusiones de la seccién 2.2

Se han preparado MMM compuestas planas y de fibras huecas recubriendo con los
mejores materiales permeables y selectivos seleccionados en la seccidon 2.1, soportes porosos
compatibles. Con ellos se han estudiado el nimero de recubrimientos necesarios, y la
concentracion y viscosidad de la disolucion hibrida para conseguir una metodologia de

preparacion reproducible.

El espesor de la capa responsable de la separacion de las membranas compuestas de
PTMSP y LTA1/PTMSP ha disminuido de no soportadas a compuesta plana un 24 y un 54%,
respectivamente y un 93 % de geometria plana a geometria de fibras huecas. El espesor de la
capa selectiva se ha reducido un 87% de membrana no soportada a compuesta plana y un 99 %
de geometria plana a fibra hueca para el caso de las membranas basadas en LI-CS, mientras que

el espesor de la capa selectiva de las membranas basadas en HKUST-1/LI-CS se ha reducido un
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17% y un 98% de geometria no soportada a compuesta plana y compuesta de fibras huecas,
respectivamente. En todos los casos, la reduccion del espesor ha dado lugar a un importante
aumento de la permeacion de CO.. Ademas, la selectividad de las MMM compuestas de LI-CS y
HKUST-1/LI-CS se ha mantenido similar a la que presentaban en geometria no soportada, incluso

al aumentar la temperatura. El efecto de la temperatura es similar en todas las configuraciones.

2.3. Evaluacion experimental y modelado de la separacion de CO>/N>°

La integracion de las membranas de matriz mixta preparadas en esta tesis en procesos
de separacion de CO;, se ha evaluado experimentalmente en un sistema de dos etapas de
membrana en serie para la separacion de mezclas de CO2/N2, con el fin de dar relevancia a la
integracion de nuevas membranas en procesos de separacion de COz, debido a la importancia

del desarrollo de nuevos materiales de membrana y su integracién en el disefo de proceso.

Gerber (2015) patentd el concepto de un sistema de dos etapas de membrana
combinando una membrana de alta permeabilidad en la primera etapa y una membrana diferente,
de alta selectividad, en la segunda etapa, con el fin de mejorar la captura de CO: a partir de gas
natural y alcanzar una pureza del 90% a la salida, ante la falta de evaluacion experimental entre

la bibliografia de este tipo de sistemas.

En esta tesis se ha usado una modificacion del concepto de combinar una membrana de
alta permeabilidad y moderada selectividad en la etapa 1 y una membrana de alta selectividad
en la etapa 2, resistente a la temperatura, para evaluar de forma experimental el comportamiento

de la separacién CO2/N> de los nuevos materiales descritos en la seccion 2.1.

2.3.1. Metodologia experimental
Membranas

Las membranas que se seleccionaron para la etapa 1 fueron la membrana comercial
Pervap 4060 (Sulzer, Alemania), con una permeabilidad de mas de 1000 Barrer y una selectividad
en torno a 10 (Scholes et al., 2012) y la membrana hibrida LI-CS con una permeabilidad en torno
a los 1000 Barrer y una selectividad moderada de 4,25 + 0,5. Para la etapa 2, se selecciond la
MMM no soportada LTA1/PTMSP con una permeabilidad mayor de 5000 Barrer y una selectividad

entre 20 y 50 en el rango de temperatura 298 — 343 K. El espesor de las membranas es 128 + 4

5 Fernandez-Barquin, A., Casado-Coterillo, C., Irabien, A. 2017. Separation of CO2-N2 gas mixtures:

Membrane combination and temperature influence. Separation and Purification Technology. 188, 197 -
205.
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pm, 101,6 £ 7,3 pm y 180 = 5 pym para LI-CS, LTA1/PTMSP y Pervap 4060 (Sulzer GmbH,

Alemania), respectivamente.

Sistema experimental de separacion de gases

Para realizar la evaluacion experimental de la separacion de gases con las membranas
desarrolladas en esta tesis ha sido necesario construir un sistema experimental en el laboratorio
representado en la figura 2.24. En este sistema se pueden conectar modulos de diferente
geometria, pero esta seccion describira el estudio de la integracion de nuevas MMM, usando las
membranas planas no soportadas y los médulos descritos en la seccién 2.1.1. El permeado de la
etapa 1, que trabaja a temperatura ambiente, se alimentd al médulo de membrana de la etapa

2, la cual se encontraba dentro de una estufa de conveccion a 343 K (Memmert UNE 200,

co,
X 2 4 E ﬁ Retenido 2
N,

Figura 2.24. Sistema experimental. (1) Caudalimetros masicos, (2) reguladores de presion, (3)

Alemania).

soliclic

manometros, (4) modulo para la membrana de la etapa 1, (5) modulo para la membrana de la etapa 2,
(6) medidor de flujo de burbujas, (7) analizador de CO: y (8) borboteador de agua.

La mezcla de alimentacion se regula usando dos controladores de flujo masicos (1) (Alicat
Scientific, EE.UU.), y se varia entre 5 y 66 % mol CO2. Los gases usados son diéxido de carbono
(99,97%) y nitrégeno (>99,9999%) (Air Liquide, Espaiia). La presion se regula en la alimentacion
y el retenido de los modulos de membrana (2), con el fin de generar la diferencia de presion
transmembranal necesaria para la separacion. En el permeado de ambas etapas hay instalados
mandmetros para medir la diferencia de presion (3). En la tabla 2.15 se muestran los detalles de

las condiciones de operacion de todo el sistema.

El caudal de permeado se mide al final del sistema mediante un medidor de flujo burbuja
(6). La concentracién de CO:z se ha determinado mediante un analizador infrarrojo de gases G100
(7) (Fonotest, EEUU). La corriente de permeado se mezcla con una corriente de dilucion de N2
antes de entrar al analizador de gases, ya que la maxima concentracién de COz que es capaz de
medir este analizador es el 20%. La concentracion de N2 se calcula mediante un balance de

materia.
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Tabla 2.15. Condiciones experimentales. Fr es el caudal de alimentacion, T, la temperatura de operacion,
Pry p, las presiones de alimentacion y retenido y g la relacion de presiones de alimentacion y permeado
de la etapa j (j=1,2).

Etapa 1 Etapa 2

Fs [mol/s]| T [K] | ps[bar] | @1 [-] | T[K] | pr [bar] | @2[-]

3,47-10° | 298 3,9 1,8 | 343 2,1 1,7

Modelo matematico

El modelo matematico usado en este trabajo se compone de una serie de ecuaciones que
se han implementado dos veces, una para cada etapa. Como el permeado de la primera
membrana es la alimentacion de la segunda, los dos modelos estan conectados mediante un
puerto de corrientes del software Aspen Custom Modeler (figura 2.25). Para cada etapa de

membrana se ha llevado a cabo un balance de materia global y otro al componente (figura 2.25).

Retenido 1
Fox
5 . Retenido 2
Alimentacién F p q)
{ X
Fexgpa, $1 2, %2 Ph ¢,
_— AI,PI,C‘"] Permeado 1
e[y p o
Membrana 1 s 2,%2,772 Permeado 2
Fp2 5,0,
Membrana2 >

Figura 2.25. Esquema de las dos etapas de membrana usadas en esta tesis. Para cada etapa (j=1,2), Fres
el caudal de alimentacion, xz, la fraccion molar de CO: en la alimentacion, P la permeabilidad, a la
selectividad, x la fraccion molar de CO: en el retenido, y la fraccion molar de CO: en el permeado, O la

relacion de presion de alimentacion y permeado y 8 la relacion de caudal de alimentacion y permeado.

Como la separacion depende del material de la membrana, de los gases y de las
condiciones del proceso, la ecuacion que gobierna el flujo para el mecanismo de permeacion se
rige por la ley de Fick, donde la fuerza impulsora es la diferencia de las presiones parciales a

través de la membrana (ecuacion (2.26)),

M _ qp " Yp,i (2.26)

P;
A Y] =]i=§(Pf'xf—Pp'J’)
donde J (m3(STP) m?2 h) es el flujo del componente / gy es el caudal volumétrico del gas 7
(m3(STP) h1), P es la permeabilidad intrinseca del material de membrana para el gas /(m?3(STP)
m m2 h! bar?), A es el area efectiva de membrana (m?) para la etapa j, J es el espesor de la
membrana (m), pry prla presion en la alimentacion y el permeado, respectivamente, y xre ylas

fracciones molares de CO: en la alimentacion y permeado, respectivamente.
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Con el fin de tener en cuenta la particularidad del sistema experimental evaluado en esta
tesis, el componente /solo puede pasar a través de la membrana si la presion parcial de /en el
lado de alimentacion de la membrana (ps-x5) es mayor que la presion parcial de /en el lado del
permeado (op'y;) (Baker, 2004; Merkel et al., 2010).

£<wﬁ£<¢, (2.27)
— 7]

Xrj  Ppj X

Esto esta relacionado con las diferentes estrategias de la tecnologia de membranas. Por
un lado, si la selectividad ideal () de la membrana es mucho mayor que la relacién de presiones
(), el comportamiento estara determinado por la relacion de presiones a través de la membrana
y sera independiente de la selectividad. Por otro lado, si la selectividad de la membrana es mucho
menor que la relacion de presiones, la separacion estara limitada por la selectividad y sera
independiente de la relacion de presiones (Baker, 2004). De esta manera, la ecuacion general
gue relaciona la concentracion del componente deseado en la alimentacion y en el permeado es

la ecuacidn (2.28):

a,( Prj Xrj —Ppj i ) _ Y (2.28)
NA=x)) v —A=y)p,) 1=

donde a es la selectividad intrinseca de la membrana (ecuacion (2.8)), pr la presion de

alimentacion, xrla fraccion molar de CO: en la alimentacién, p, la presion en el permeado e yla

fraccion molar en el permeado.

El caudal de los diferentes gases a través de la membrana se determina mediante la
ecuacion (2.29) que describe el transporte de CO2 en funcién del area de la membrana (Zhai y
Rubin, 2013).

6y = P (Aj/pf, j) "Pri- <x,- B (yj/ ¢>,-> ' (Fp'j/(Fp,,- + qu)))

La eficacia de eliminacion para cada etapa, j, de membrana (j=1,2), se calcula mediante

(2.29)

la ecuacion (2.30) y la eficacia de eliminacién global mediante la ecuacion (2.31).

J
Xf.j
o= 010y, (2.31)
Xf

Por tanto, conociendo el caudal, £ y composicion de alimentacion, xz las propiedades
intrinsecas de la membrana (permeabilidad, #; y selectividad, a;j), el area efectiva de

membrana, 4;, y las condiciones de operacion, como la presion, p, la relacion de presiones, @, y

la temperatura de cada etapa j 7, la solucién del sistema de ecuaciones proporciona el
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comportamiento global en términos de pureza de CO: y de su recuperacion en la corriente final

de permeado.

Las principales hipdtesis que se han considerado en primer lugar en el modelo
matematico son las habituales de procesos multietapa con membranas y se muestran a

continuacion:

e La mezcla de alimentacion es binaria (Ahmad et al., 2012; Van Der Sluus et al., 1992).

e El proceso es isotermo (Binns et al., 2016; Chabanon et al., 2013; Lock et al., 2015;
Murad Chowdhury et al., 2005; Qi y Henson, 2000).

e La influencia de la temperatura en la permeabilidad y selectividad de las membranas es
mayor que la que tiene la presion y concentracion de CO: (Kotowicz et al., 2010; Qi y
Henson, 2000; Thundyil y Koros, 1997).

e Los componentes de la corriente de gas se comportan como gases ideales y no hay
polarizacion por concentracién, debido a la baja presién del sistema (Binns et al., 2016;
Scholz et al., 2015).

e La caida de presidn en el lado de la alimentacion se mide experimentalmente para

comprobar si se considera despreciable.

La permeabilidad del gas /7puro, Py, y la selectividad ideal, «; ;, se obtuvieron en la seccion

jr
2.1 en funcion de la temperatura en el rango 298 — 343 K, asi como las energias de activacion
de la tabla 2.2 que se han implementado al modelo matematico. El cddigo del modelo matematico

esta recogido en el Anexo A.3 de esta tesis.

2.3.2. Resultados

En la tabla 2.16 se muestran los valores obtenidos experimentalmente del flujo de
permeacion, concentracion y eficacia de eliminacién de CO2 en cada etapa sobre todo el rango

de concentracion de CO: estudiado.

La corriente de alimentacion con un contenido en CO: del 10% se concentra en el
permeado a un 26 % (LI-CS — LTA1/PTMSP), 43% (LTA1/PTMSP — LTA1/PTMSP) y 64 % (Pervap
4060 — LTA1/PTMSP). En la tabla 2.16 también se puede observar que las configuraciones
LTA1/PTMSP — LTA1/PTMSP y Pervap 4060 — LTA1/PTMSP permiten conseguir una mayor pureza
de CO: a la salida en todo el rango de concentracion de alimentacién, mientras que las
configuraciones LI-CS — LTA1/PTMSP y Pervap 4060 — LTA1/PTMSP alcanzan una eficacia de

eliminacion global superior.
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Como era de esperar, en el caso con menor contenido de CO: en la alimentacion (4,6%),
la concentracion obtenida en el permeado es la menor, ya que a menor concentracion de COz en
la alimentacion, menor es la presion parcial, por lo tanto, menor es la fuerza impulsora a través
de la membrana. Esto coincide con el hecho de que las membranas se comportan mas
eficientemente cuando la concentracién en la alimentacion del componente objetivo es alta
(Ahmad et al., 2015; Lock et al., 2015).

Como era de esperar, el comportamiento de una etapa de membranas en la separacion
de CO2/N:2 se ve mejorado por la incorporacién de una segunda etapa (Labiada et al., 1996; Chai
et al., 2013; Chao et al., 2012).

El tipo de material selectivo de membrana influye en la forma de las curvas de la figura
2.26 (a) que indican la dependencia de la concentracidon del permeado de la concentracion de
CO: de la alimentacion en la etapa 1. Sin embargo, esta diferencia se ve atenuada en la etapa 2,
como se observa en la figura 2.26 (b), puesto que la inica MMM empleada en la etapa 2 ha sido
la LTA1/PTMSP. Se aprecia también en la figura 2.26 que el modelo propuesto coincide
aceptablemente con los resultados experimentales, con errores para el sistema LI-CS -
LTA1/PTMSP entre el 5 y el 18% para la etapa 1 y el 18 — 23% para la etapa 2. En el caso del
sistema en el que en ambas etapas se trabaja con la MMM LTA1/PTMSP, los errores del modelo
varian entre el 9 — 23 % y 1 — 16% para las etapas 1 y 2, respectivamente. En cuanto al sistema
Pervap 4060 — LTA1/PTMSP, el modelo predice los resultados experimentales con errores

comprendidos entre 1 — 8% y 2 — 9% para las etapas 1y 2, respectivamente.
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Figura 2.26. Comparacion de los valores experimentales y calculados por el modelo de: (a) la
concentracion de CO: en el permeado de la primera etapa frente a la concentracion de CO: en la
alimentacion y (b) concentracion de CO: en el permeado de la segunda etapa frente a la concentracion de
CO: de la primera etapa, para las diferentes configuraciones estudiadas: LI-CS — LTA1/PTMSP (cuadrados
negros), LTA1/PTMSP — LTA1/PTMSP (tridngulos grises oscuros) y Pervap 4060 — LTA1/PTMSP (circulos
grises).
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La figura 2.27 (a) muestra el efecto de la concentracién de CO2 en la alimentacién en la
pureza global del permeado, para los diferentes sistemas de dos etapas estudiados. Como era de
esperar, cuando la concentracién de CO: en la alimentacién aumenta, la pureza de CO: en el
permeado aumenta. Esta tendencia es una combinacion de las dependencias mostradas en la
figura 2.26. Esto coincide con el hecho de que a bajas concentraciones de CO:z en la alimentacion
la diferencia de presion parcial a través de la membrana es menor, lo que implica que haya una
fuerza impulsora menor a través de la membrana (Hussain y Hagg, 2010; Lin et al., 2014;
Sebastian et al., 2007). De esta manera, el aumento de la concentracion de CO: en el permeado

se atribuye al aumento de la fuerza impulsora (Lock et al., 2015).

La figura 2.27 (b) muestra como el flujo de CO2 permeado aumenta con la concentracién
de CO: en la alimentacién y que el modelo ajusta los valores experimentales a concentraciones
bajas de CO: en la alimentacion. A altas concentraciones de CO: en la alimentacion, el modelo
Unicamente ajusta los valores experimentales del sistema LTA1/PTMSP — LTA1/PTMSP, mientras
que el sistema Pervap 4060 — LTA1/PTMSP es el que muestra peor coincidencia entre los valores
calculados y los experimentales. Esto se atribuye a que el espesor de la capa selectiva de polimero
PDMS de la membrana Pervap 4060 es Unicamente 1,5 pym frente al espesor grueso de las
membranas LI-CS y LTA1/PTMSP, lo que hace que el comportamiento de esta membrana se
degrade en presencia de la corriente de alimentacion, debido a la competencia entre los
fendmenos de plastificacion y compactacion (Ismail y Lorna, 2002; Lee et al., 2010), lo que se
conoce como efecto de antiplastificacion, que sucede en menor medida en las membranas
hibridas LI-CS y LTA1/PTMSP (ver tabla 2.3).
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Figura 2.27. Comparacion de los valores experimentales y calculados por el modelo de (a) la pureza de
CO: en el permeado frente a la concentracion de CO: en /a alimentacion y (b) flujo de CO: en el permeado
frente a la concentracion de CO: en la alimentacion, para las diferentes configuraciones estudiadas: LI-CS
— LTA1/PTMSP (cuadrados negros), LTA1/PTMSP — LTA1/PTMSP (triangulos grises oscuros) y Pervap 4060

— LTA1/PTMSP (circulos grises).
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La concordancia entre las predicciones del modelo y los datos experimentales,
especialmente a bajas concentraciones de CO: en la alimentacion, permite el uso de este modelo
matematico como un primer analisis de la integracion de nuevas membranas en la separacién de
CO2/N2 (Ahmad et al., 2012). Las discrepancias entre las predicciones del modelo y los datos
experimentales de flujo de CO2 en el permeado parecen deberse a influencias opuestas entre
solubilidad competitiva y la plastificacion en los experimentos de separacion de mezclas de gases,

en comparacion con los experimentos de permeacion de gases simples (Visser et al., 2005).

Aplicacion al disefio de proceso

El modelo matematico permite estimar el area de cada material de membrana que seria
necesaria para obtener una determinada pureza y eficacia de recuperacion de CO, los principales
objetivos de disefio en la separacion de CO2/Nz para considerar la tecnologia de membranas como

una alternativa potencial a las técnicas convencionales de captura de CO> (Arias et al., 2016).

En la figura 2.28 se muestra el area de membrana necesaria para la etapa 1 y la etapa 2
del sistema de membranas en dos etapas estudiado, en funcién de la temperatura y la relaciéon
de presiones, &, para conseguir un 90% de concentracion de COz en el permeado y un 90% de
eficacia de eliminacién de CO.. Estos son los objetivos de disefio usualmente requeridos para que
los procesos de captura de CO2 con membranas, puedan ser considerados competitivos frente a
los procesos convencionales como la absorcion quimica (Favre, 2007). Como era de esperar, las
relaciones de presiones mas altas reducen el area de membrana necesario, pero aumentan el
consumo de energia (Kotowicz et al., 2010). Relaciones de presién mas bajas dan como resultado,
normalmente, fuerzas impulsoras menores (Hussain y Hagg, 2010). Sin embargo, existe un
compromiso entre la energia consumida para conseguir la relacién de presiones necesaria y el
area de membrana (Zhao et al., 2012). Las consideraciones energéticas limitan la relacion de
presiones alcanzable mediante bombas de vacio o compresores a un maximo de 5 (Huang et al.,
2014) o 10 (Merkel, et al., 2010), lo que hace que una alta permeabilidad en las membranas sea
mas importante que una alta selectividad de CO2/N, ya que el comportamiento de las membranas
en la separacion viene determinado tanto por las propiedades de la membrana como por las

condiciones de operacion.
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Figura 2.28. Andlisis del drea de membrana necesario de las membranas de la etapa 1 y etapa 2, como
funcion de la relacion de presiones global y la temperatura de la etapa 2. La membrana de la etapa 1
opera a 298 K.

Cuando la MMM LTA1/PTMSP se usa en las dos etapas, el area de membrana necesaria
para la etapa 1 es el doble que la necesaria para la etapa 2, en todo el rango de temperatura
estudiado, de acuerdo con otros sistemas de la bibliografia (Franz et al., 2013; Zhao et al., 2010).
Sin embargo, cuando cada etapa opera con un material de membrana diferente y con
temperaturas de 298 K y 343 K, en la etapa 1 y etapa 2, respectivamente, el area de membrana
necesaria en la etapa 2, domina el area de membrana total del sistema y el area de membrana
total se reduce. Esto es debido a que la MMM LTA1/PTMSP es aquella que presenta la
permeabilidad de CO: y selectividad CO2/N2 mas altas, que aumentan al incrementar la

temperatura de la etapa 2, debido a su elevada resistencia térmica.

La figura 2.28 muestra también que un aumento de la temperatura de la etapa 2 de 298
K a 343 K reduce el area de membrana necesaria en esta etapa hasta un 67% en el sistema
LTA1/PTMSP — LTA1/PTMSP y Pervap 4060 — LTA1/PTMSP, sin la necesidad de usar un compresor
intermedio o vacio final (Qi y Henson, 2000). Cabe destacar, que el uso de la membrana hibrida
de LI-CS en la etapa 1 reduce el efecto de la temperatura incluso en el comportamiento de la

MMM LTA1/PTMSP en la etapa 2, como se observa en la figura 2.28 (a). Estos resultados reflejan
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el traslado de la independencia de la temperatura en la permeabilidad de la membrana hibrida
LI-CS (Koc et al., 2014) al proceso de separacion de CO2/N2 en dos etapas.

Por lo tanto, para obtener un 90% de concentracion de CO: en el permeado, ademas de
un 90% de eficacia de eliminacién de CO, el area de membrana de la etapa 1 debe ser 39, 22 y
4 veces la usada en el sistema experimental de esta tesis, para las configuraciones LI-CS —
LTA1/PTMSP, LTA1/PTMSP — LTA1/PTMSP y Pervap 4060 — LTA1/PTMSP, respectivamente. El
area de membrana necesaria para la membrana LTA1/PTMSP en la etapa 2, a 343 K, debe ser
279, 39 y 15 veces el empleado en el sistema experimental de esta tesis, para las configuraciones
LI-CS - LTA1/PTMSP, LTA1/PTMSP - LTA1/PTMSP y Pervap 4060 - LTA1/PTMSP,

respectivamente.

Asimismo, al operar a alta temperatura en la etapa 2 con un material de membrana
altamente permselectivo, el area necesaria para alcanzar los objetivos de disefio de 90% se
reduce. De las configuraciones estudiadas en esta tesis, la que requiere la menor area total para
alcanzar las especificaciones de disefio del 90% es aquella en la que la membrana comercial
Pervap 4060 opera en la etapa 1 y la MMM LTA1/PTMSP en la etapa 2. Sin embargo, si se
establece como objetivo de disefio un 70% de eficacia de eliminacion de CO, que seria suficiente
para recuperar el CO2 como reactivo (Brinkmann et al., 2015), el area de membrana necesaria
para la etapa 1 y etapa 2 seria, solamente, 291 y 18 cm? para el sistema LTA1/PTMSP —
LTA1/PTMSP, 54 y 22 cm?, para el sistema Pervap 4060 — LTA1/PTMSP y 721 y 41 cm?, para el
sistema LI-CS — LTA1/PTMSP, respectivamente. De esta forma, se obtendrian purezas de COz en

el permeado en el rango de 89 — 95 %, 87 — 84% y 80 — 90%, respectivamente.

Influencia del cambio de geometria en experimentos de separacidon de mezclas de CO/N»

Se han llevado a cabo experimentos de separacion de mezclas de CO2/N2, variando la
concentracion de CO: en la alimentaciéon y empleando membranas CFH de materiales cuya capa
selectiva estd fabricada de: LI-CS, HKUST-1/LI-CS, PTMSP y LTA1/PTMSP. Ademas, los
experimentos también se han realizado con un médulo comercial de fibras huecas de PDMS
(PDMSXA-10, PermSelect, EE.UU.) para comparar con los mismos materiales en geometria plana.
Se ha usado el sistema descrito en la figura 2.24 y los resultados experimentales se han validado
con el modelo descrito previamente. Este modelo ha sido actualizado para que se pueda

seleccionar, ademas del tipo de membrana, la geometria.

En este caso, se ha tenido en cuenta la influencia del soporte en el transporte de gases
a través de las membranas compuestas, ya que los materiales de la capa selectiva responsable
de la separacion son mucho mas permeables que los materiales empleados como soporte. De
esta manera, se ha introducido en el modelo la teoria de resistencias en serie descrita por la
ecuacion (2.32) (Henis y Tripodi, 1981; Kattula et al., 2015).
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(6) _ (6) N (6) (2.32)
p global P Soporte p capa selectiva

En la figura 2.29 se muestra el efecto del material selectivo en el flujo de permeado de

COg2, asi como la influencia de la concentracién de la alimentacion en configuraciéon de FH. Se
observa que a mayor contenido de CO: en la alimentacidn, el flujo de permeado es mayor, lo que
se atribuye a la mayor presion parcial de COz2 y como consecuencia a la mayor fuerza impulsora
a través de la membrana (Ahmad et al., 2015; Hussain y Hagg, 2010; Lock et al., 2015).

El peor ajuste se obtiene para la membrana cuya capa selectiva es de PDMS como para
la geometria plana. Esto confirma la compensacion de los efectos de plastificacion y compactacion
de las membranas CFH respecto del soporte de las membranas LI-CS, HKUST-1/LI-CS, PTMSP y
LTA1/PTMSP, mayor que en la membrana PDMSXA-10, asi como la transferencia de este

comportamiento con el cambio de geometria.
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Figura 2.29. Flujo de permeado de CO:. Cuadrados negros (PDMSXA-10), triangulos grises (PTMSP/P84),
estrellas grises oscuras (LTA1/PTMSP/P84), circulos grises claros (LI-CS/PSf) y rombos grises oscuros
(HKUST-1/LI-CS/PSf). Los puntos corresponden a los resultados experimentales mientras que las lineas a
los resultados modelados.

La figura 2.30 muestra el efecto de la concentracion de CO: en la alimentacion en la
pureza de CO: en el permeado. Como era de esperar, al aumentar la concentracion de CO:z en
la alimentacion, la pureza del permeado aumenta (Hussain y Hagg, 2010; Lin et al., 2014;
Sebastian et al., 2007).
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Figura 2.30. Concentracion de CO: en el permeado. Cuadrados negros (PDMSXA-10), triangulos grises
(PTMSP/P84), estrellas grises oscuras (LTA1/PTMSP/P84), circulos grises claros (LI-CS/PSf) y rombos
grises oscuros (HKUST-1/L1-CS/PSf). Los puntos corresponden a los resultados experimentales mientras

que las lineas a los resultados modelados.

Se aprecia que el modelo propuesto coincide, aceptablemente, con los resultados
experimentales con errores promedio del 10% cuando se emplea la membrana LI-CS/PSf, del 7%
cuando se emplea la membrana LTA1/PTMSP/P84 y del 15% cuando se emplea la membrana de
PDMS, la de PTMSP/P84 y la de HKUST-1/LI-CS/PSf.

Conclusiones de la seccién 2.3

Se ha llevado a cabo la evaluacién experimental de la separacion CO2/N2 mediante un
sistema de dos etapas de membranas de diferente material en cada etapa, con el fin de evaluar
si MMM en un proceso de separacién de COz2 empleando una membrana de alta permeabilidad
en la etapa 1 y una membrana de alta selectividad y resistencia térmica en la etapa 2, puede dar
lugar a buenas eficiencias de recuperacion de CO2, asi como pureza de CO: en el permeado. Si
esta membrana tiene ademas alta permeabilidad no existe la necesidad de emplear un compresor
entre las dos etapas.

Los resultados experimentales concuerdan con los obtenidos mediante un modelado
matematico sencillo y mediante el empleo de dicho modelo se ha estimado el area de membrana
necesaria de cada etapa para conseguir una eficacia de recuperacién de CO: del 70% con una
pureza de CO:z en el permeado del 90%. Los valores obtenidos evidencian el potencial desarrollo
y escalabilidad de nuevos materiales de membrana selectivos de CO> en procesos de captura de
diéxido de carbono. Sobre todo, porque las observaciones se mantienen con el cambio de
geometria.
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2.4. Estudio de la influencia del vapor de agua en la separacion de CO>/N> ©

El efecto de los componentes minoritarios presentes en separaciones industriales puede
afectar significativamente al comportamiento de las membranas poliméricas (Ansaloni et al.,
2014; Scholes et al., 2015). En particular, la influencia del vapor de agua en la permeabilidad y
selectividad de las membranas es mas fuerte que la de otros componentes minoritarios, en cuanto
a solubilidad competitiva, plastificacion y envejecimiento fisico (Abanades et al., 2015). Ademas,
esta influencia depende del caracter hidréfobo o hidréfilo del material de la membrana, asi como

de la afinidad del agua con los diferentes gases (Baschetti et al., 2013; Kanehashi et al., 2015a).

En esta tesis, se ha estudiado el efecto del vapor de agua en la permeabilidad de N2 y
CO: a través de la MMM 20 % (m/m) LTA1/PTMSP, variando el rango de humedad relativa (H.R.)
entre 0 — 75 %. Estos resultados experimentales se han descrito mediante un modelo simple,
pero efectivo, que describe la permeacion bajo condiciones de humedad en el marco del
mecanismo de disolucion-difusion. En concreto, se ha considerado la teoria del volumen libre para
tener en cuenta la influencia de la difusividad (Ansaloni et al., 2014) y la solubilidad
multicomponente de los gases y el agua en la membrana mediante el modelo de fluido reticular
de no equilibrio (NELF) (Olivieri et al., 2016).

Para realizar esta parte del trabajo, la candidata realizd una estancia breve de
investigacion de enero a abril de 2017 en el grupo de investigaciéon “Difusién en polimeros y
separacién de membranas” de la Universidad de Bolonia (Italia), bajo la supervisién de la Dra.

Maria Grazia De Angelis.

2.4.1. Metodologia experimental
Membranas

Las membranas estudiadas en esta seccion son las MMM de LTA1/PTMSP no soportadas

y las de PTMSP puro para comparar.

Experimentos de permeabilidad de gases humedos

Los experimentos de permeabilidad de gases himedos se llevaron a cabo en un
permedmetro modificado de presion variable y volumen constante a 308 K en la Universidad de
Bolonia. El sistema experimental estda equipado con unos transductores de presion que
determinan la cantidad de gas que difunde a través de la membrana mediante la variacion de la

presién de gas en un volumen calibrado, como se muestra en la figura 2.31.

6 Fernandez-Barquin, A., Rea, R., Venturi, D., Giacinti-Baschetti, M., De Angelis, M., Casado-Coterillo, C.,
Irabien, A. 2018. Effect of relative humidity on the gas transport properties of Zeolite A/PTMSP mixed matrix
membranes. RSC Advances. 8, 3536-3546.
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Figura 2.31. Sistema experimental de permeacion de gases humedos (Catalano et al., 2012; Minelli et al.,

2010). (1) Modulo de membrana, (2) deposito de vapor de agua, (3) purga.

Después de poner la membrana en el mddulo (1), se realiza una prueba con el sistema a
vacio para asegurar que no existan fugas. Al principio de cada experimento, se equilibra la
membrana con la misma actividad de agua en ambos lados. Cuando se alcanza el equilibrio se
cierra el volumen del compartimento de permeado y la corriente de alimentacion se alimenta con
la misma actividad de agua a la que se equilibré la membrana previamente. Por tanto, la actividad
de agua a ambos lados de la membrana permanece constante durante todo el experimento y son
los gases las Unicas especies que difunden a través de la membrana a cada nivel de humedad
relativa (H.R.).

Experimentos de adsorcion de gases

La adsorcién de los gases puros de N2 y CO2 a 308 K en las membranas y las zeolitas se
ha medido usando el sistema experimental de la Universidad de Bolonia, mostrado en la figura
2.32. Antes de cada experimento de adsorcion, todo el equipo se mantuvo a vacio durante la
noche. El mddulo de muestra de membrana (D2) se aislé del resto del equipo cerrando la valvula
V1. El volumen separado de los alrededores con las valvulas V1, V2 y V3, se presurizé entonces
con el gas. Una vez que la presion fue constante, se comenzd el experimento abriendo la valvula
V1 y esperando varios minutos a que se alcanzara el equilibrio. En ese momento, la valvula V1
se cerrd para anotar la presion de post-equilibrio. Se realizaron varias etapas secuenciales de
presurizacion, es decir, incrementando la presion en cada etapa con el fin de obtener una isoterma
de adsorcion completa en el rango de 0 a 30 bares. Los volimenes del médulo de membrana
(D2) y las pre-camaras (V1-V2 con V3 cerrada, que usa el transductor PT-2 y V1-V2 con V3
abierta, que usa el transductor PT-1) fueron calibrados mediante experimentos de expansion con

He, usando un cilindro de metal de volumen conocido, antes de realizar los experimentos.
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Figura 2.32. Sistema experimental de adsorcion de gases. D1: Depdsito de gases, D2: camara de
muestras de membrana, PT-1. transductor de baja presion, PT-2: transductor de alta presion, V1: valvula
de /a camara de muestras, V1-V2 con V3 abierta: pre-camaral, V1-V2-V3: pre-camara2, V4: valvula de
alimentacion, V5: valvula de venteo, V6. vélvula de vacio.

2.4.2. Resultados

Estudio de la influencia del vapor de agua en la permeabilidad de las MMM LTA1/PTMSP

En la figura 2.33 se muestran las permeabilidades de N> y CO2 a 308 K y 1 bar de presion,
en el rango de H.R. de 0 a 75% (a), asi como las permeabilidades normalizadas respecto de la
permeabilidad de los gases en seco en funcién de la actividad de agua (b). La permeabilidad de
los gases en seco de las membranas de PTMSP puro coinciden con la bibliografia (Merkel et al.,
2001; Mismito et al., 1993; Llave et al., 2007).

La permeabilidad de las membranas de PTMSP disminuye al aumentar la actividad de
agua, para todos los gases estudiados porque disminuye la difusividad al ocupar el agua parte
del volumen libre (Andalona et al.,, 2014a), coincidiendo con el comportamiento de otras
membranas de valores altos de volumen libre como PIM-1 (Lasseuguette et al., 2016; Scholes et
al., 2015) o Matrimid (Ansaloni et al., 2014b). El efecto del agua en la permeabilidad, se puede
observar con mayor claridad, usando la permeabilidad normalizada, definida como la relacion de
la permeabilidad a una H.R. determinada y la permeabilidad de los gases secos y representada
en la figura 2.33 (b). La permeabilidad normalizada de las membranas de PTMSP puro muestra
una tendencia de disminucion similar para todos los gases al aumentar la actividad de agua,
siendo un poco mas marcada en el caso del CO2. En concreto, la permeabilidad de CO: a través
de las membranas de PTMSP disminuye un 40% del valor seco a una actividad de agua de 0,75,
mientras que la permeabilidad de N2 solo se ve reducida un 20%. Estos resultados coinciden con
los publicados por Scholes et al. (2015) en experimentos de separacion de gases y con una

actividad de agua menor de 0,40.
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La reduccion de la permeabilidad con el aumento de la actividad de agua se explica en
términos de solubilidad competitiva con el agua (Lasseuguette et al., 2016), que reduce la
solubilidad del gas, asi como porque el volumen libre disponible por el polimero para difusion
disminuye por el volumen ocupado por las moléculas de agua (Tsvigu et al.,, 2015). La
permeabilidad del N2 a través de las MMM de LTA1/PTMSP, se redujo mas ligeramente. La
influencia del vapor de agua en la permeabilidad de las MMM de LTA1/PTMSP fue menor que en
las puras de PTMSP, como se observa en la figura 2.33 (b). En promedio, la permeabilidad de las
MMM disminuyd un 9% y 15% de la permeabilidad seca a una actividad de agua de 0,5y 0,75,
respectivamente. Por el contrario, la permeabilidad de CO> aumenta hasta un 10% con una
actividad de agua de 0,5, debido a la mayor afinidad del CO2 con el agua (Ansaloni et al., 2014b),
al caracter hidrofilo de la zeolita LTA1 (Moore y Koros, 2007; Yanagida et al., 1973) y a la mayor
solubilidad a altas actividades de agua (Azher et al., 2016).

La permeabilidad a través de las MMM de LTA1/PTMSP también disminuyo al aumentar
la actividad de agua en el caso de N.. Sin embargo, la permeabilidad de CO, aumentd ligeramente
hasta el 50 % H.R.
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Figura 2.33. (a) Permeabilidad (Barrer) y (b) permeabilidad normalizada P/Psecs, a diferentes humedades
relativas (T=308 K, p=1 bar) y para las MMM LTA1/PTMSP (simbolos rellenos) y membranas de PTMSP
(simbolos huecos), N: (triangulos grises) y CO: (circulos negros).

El comportamiento de la permeabilidad de gases himedos a través de las MMM
LTA1/PTMSP se puede relacionar cualitativamente con la adsorcion de gas en las particulas de
LTA1, en dos niveles de hidratacion. La LTA1 es altamente hidrdfila, por lo que contiene agua
adsorbida del medio, a condiciones ambiente (Moore y Koros, 2007; Yanagida et al., 1973). Con
el fin de comprobar esto, en la figura 2.34 se muestran los analisis termogravimétricos de la
zeolita secada a 308 K y la zeolita sin secar. A partir de estos analisis se observa que el contenido
en agua de la zeolita sin secar es del 12,6% mientras que el contenido en agua de la zeolita

secada a 308K es del 5,7%. Se llevaron a cabo experimentos de gases puros de adsorcion en la
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zeolita seca y en la zeolita sin secar. En la figura 2.35 se muestran las isotermas de adsorcion de

estas muestras de zeolita para estudiar el efecto del contenido de agua en la adsorcidn de gases.
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Figura 2.34. Andlisis termogravimétricos de la zeolita secada a 308 K y la zeolita sin secar.

Por un lado, en la figura 2.35 se observa que la adsorcién de N2 en la muestra de la
zeolita seca es mucho mayor que la medida en la zeolita sin secar, que contiene moléculas de
agua adsorbidas del medio. Por lo tanto, el agua presente en la LTA1 inhibe la adsorcion de gases
como el N, debido a efectos competitivos entre el agua y los gases. Ademas, la zeolita
deshidratada todavia contiene un 5,7 % de agua. Por otro lado, la adsorcidon de CO; en la zeolita
no se inhibe por la presencia de agua, probablemente debido a una mayor afinidad del CO2 con
esta (Ansaloni et al., 2014; Ren et al., 2014). Estos resultados explican el comportamiento de la
MMM LTA1/PTMSP en la permeacién de gases humedos, donde el vapor de agua disminuye la
permeabilidad de N2 de estas membranas, pero no el transporte de CO2, al revés que en el
polimero puro (figura 2.33). Ademas, es preciso indicar que la forma de las curvas es similar a

las que obtuvieron Palomino et al. (2010) con esta misma zeolita en experimentos de adsorcion

de CO2y CH4 a bajas presiones.
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Figura 2.35, Isotermas de adsorcion de (a) CO: y (b) Nz de las particulas de zeolita sin secar (simbolos
rellenos) y secadas a 373 K y vacio durante 24 horas (simbolos huecos).
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En la figura 2.36 se muestra el efecto de la H.R. en el comportamiento de las membranas
en la separacion de CO2/Nz, en términos de distancia al limite de Robeson. Se observa que el
compromiso entre permeabilidad y selectividad de la MMM de LTA1/PTMSP estd mucho mas
proximo al limite de Robeson que el de la membrana pura de PTMSP como se comentd en la
seccion 2.1. Se observa que la presencia de la zeolita en la matriz polimérica de PTMSP hace que
la selectividad de la membrana pura aumente en todo el rango de humedad estudiado. Esto es
debido al mantenimiento de la permeabilidad de CO: de las MMM con el contenido de agua en la
alimentacion, observado en la figura 2.33, lo que da lugar a una mejora adicional en la

selectividad del CO2 en presencia de agua, con respecto a lo que ocurre en condiciones secas.
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Figura 2.36, Comparacion de la permselectividad de COz/N- como funcion de la H.R. en el gréfico de
Robeson (Robeson, 2008). Simbolos vacios: PTMSP. Simbolos rellenos: LTA1/PTMSP. Los simbolos indican
la direccion del aumento de los valores de H.R. de la siguiente manera: 0% (circulos) <25%(cuadrados)
<50%(triangulos) <75%(rombos).

Modelado de la permeabilidad intrinseca en la presencia de agua

Modelado de la solubilidad de los gases en las membranas

Los efectos de la solubilidad competitiva entre los gases y el agua en la membrana se
han estudiado mediante la aplicacion de un modelo termodinamico que describe la solubilidad de
gases y vapores en polimeros vitreos, /e. el modelo termodinamico de no equilibrio para los
polimeros vitreos (NELF) desarrollado por el grupo de la Universidad de Bolonia (Minelli y Sarti,
2017). Los principales parametros caracteristicos necesarios se han tomado a partir de trabajos
anteriores de dicho grupo (De Angelis y Sarti, 2008; Minelli y Sarti, 2015). Los parametros del
modelo que describen la solubilidad del gas por el modelo de NELF son el parametro de
interaccion binario gas-membrana, 4j; que incluye la presién caracteristica de la mezcla gas-

polimero, y un coeficiente de hinchamiento, ks, definido como la relacién entre el aumento
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relativo del volumen del polimero y la presion del gas (Olivieri et al., 2016). Para el PTMSP, &;y
ksw se estiman ajustando el modelo de NELF (De Angelis y Sarti, 2011) a las isotermas de
adsorcién obtenidas experimentalmente en este trabajo para N2 y CO2, que se muestran en la
figura 2.37 y coinciden con otras publicadas en la bibliografia (Nagai et al., 2005; Vopicka et al.,
2013).

En la tabla 2.17 se muestran los parametros de interaccion gas-polimero, 4; y el
parametro de hinchamiento, 4su, calculados para las membranas de PTMSP. Estos parametros se
obtuvieron ajustando las isotermas de solubilidad de las membranas puras de PTMSP. Para todos
los gases, kijes ligeramente positivo, de acuerdo con los valores publicados para otros polimeros
vitreos, como el PIM-1 (Minelli et al., 2013) y la poliimida HAB-6FDA (Galizia et al., 2016). Para
la solubilidad del agua, los parametros mostrados en la tabla 2.17 se ajustaron con las isotermas

de adsorcion de agua publicadas por Scholes et al. (2015) para el mismo polimero.

Tabla 2.17. Parametros de interaccion binarios gas-PTMSP y parémetros de hinchamiento por el modelo
de NELF para las [sotermas de PTMSP.

PTMSP
Componentes
ki [-] ksw [MPa]
Co, 0,075 0,009
N, 0,10 0
H,0 -0,17 0

En esta tesis, el modelo se ha modificado para tener en cuenta la adsorcidon de gas en
las MMM. La masa de la molécula de gas que permea, adsorbida en la MMM por unidad de masa
total de la zeolita, 22y, se evalla a partir de la masa adsorbida por la zeolita por unidad de masa,
£2r, (asumiendo que la capacidad de adsorcion de la zeolita se mantiene igual que cuando esta
sola y no embebida en la MMM: 2 @24 y la adsorbida en la fase polimérica de la MMM por
unidad de polimero, £2-mv(De Angelis y Sarti, 2008; Ferrari et al., 2010).

QM == WFQE;)' + (1 - WF)QP,MM (2.33)

La ecuacion (2.33) se usa para estimar la densidad de la fase polimérica en la MMM,
pemv. Esta densidad se puede asociar al volumen libre disponible en la MMM, definido por la

ecuacion (2.34):

pp® =13 " Pp,MM (2.34)
FFVP,MM = pvdW
P

Por tanto, la isoterma de adsorcién en la fase polimérica de la MMM, £2-my, se ajusta

usando el modelo de NELF, con los datos de adsorcion de la zeolita (figura 2.35) y la membrana
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de PTMSP (figura 2.37), iterando prmmy kswy manteniendo ki igual a los valores obtenidos para
el PTMSP puro (tabla 2.17). Las isotermas de adsorcion obtenidas se muestran en la figura 2.37
y se observa que la fase del polimero en la MMM adsorbe menos gas que en estado puro, lo que
se atribuye a que la matriz polimérica esté rigidificada por la presencia de la zeolita (Fernandez-
Barquin et al., 2015).
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Figura 2.37. Isotermas de adsorcion en la zeolita pura, el PTMSP puro, la MMM LTA1/PTMSP y la fase del
PTMSP en la MMM. (a) CO: y (b) Na.
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La densidad de la fraccion polimérica en la MMM puede ser menor o mayor que la
densidad del polimero en las mismas condiciones, dependiendo de la interaccion con el relleno.
En el caso de estas MMM, que contienen la zeolita de tamafio de poro 4A, los cambios en la
densidad y en la permeabilidad vienen dados por el tamafo y la forma de la zeolita y la ratio
Si/Al, lo que influye en la compatibilidad con la matriz polimérica (Fernandez-Barquin et al., 2016;
Woo et al., 2008). En esta tesis, el valor de prmv, que mejor ajusta los datos de todos los gases
es 0,885 g cm3, que es mayor que el valor de las membranas puras de PTMSP (0,20 — 0,25)
(Pinnau y Toy, 1996) y corresponde a un FFVem de 0,162.

Modelado de la permeabilidad de gases humedos

El efecto de la actividad de agua, &, en la permeabilidad de los gases a través de la
membrana, influye en la solubilidad, debido a la adsorcion competitiva, y en la difusividad, por la
reduccién del volumen libre, como se comentd en la figura 2.33, segin el mecanismo de

disolucion-difusion (ecuacion (2.1)) (Olivieri et al., 2016), como se muestra en la ecuacion (2.35):

P(a) =D(a)-S(a) = A-exp (_B/FFV(a)) -S(a) (2.35)

donde Ay B son parametros que correlacionan el modelo con las propiedades del material de
membrana, para cada gas penetrante (Ahmad et al., 2015; Minelli y Sarti, 2017).
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Como en los polimeros vitreos la difusividad domina el transporte de sustancias pequeiias
(Park y Paul, 1997) en esta tesis se han tenido en cuenta dos aproximaciones para modelar la
influencia del vapor de agua en la permeabilidad. La primera aproximacion considera que el efecto
predominante del agua en la matriz de la membrana se debe a la parte cinética de la
permeabilidad en la ecuacion (2.35), es decir, la difusividad. La permeabilidad de gases himedos,
entonces, se expresa en términos del FFV, como funcién de la actividad de agua, a y los
parametros A; B. (Ansaloni et al., 2014; Vrentas et al., 1989), como se muestra en la ecuacion
(2.36):

P(a) ~D(a) = A; - exp (_Bi /FFV(a)) (2.36)

La ecuaciéon (2.36) estima que la reduccion de la permeabilidad observada en las
membranas basadas de PTMSP Unicamente se debe a una disminucion del volumen libre, debido
a una ocupacion parcial de las moléculas de agua adsorbidas y las zeolitas embebidas en la matriz
polimérica. También considera que no se produce hinchamiento por el vapor de agua, debido a
la alta rigidez de la matriz de la membrana y a la baja cantidad de agua adsorbida por el polimero
(Scholes et al., 2015). En presencia de vapor de agua, el volumen libre se estima considerando
el volumen ocupado por la cadena polimérica, las zeolitas y las moléculas de agua adsorbidas en
la matriz de la membrana (Consolati et al., 1996; Huang et al., 2006). Se supone que el volumen
que ocupa una molécula de agua es constante y proporcional a su volumen de Van der Waals en

todo el rango de actividad de agua. La ecuacion (2.37) relaciona el AFV con la actividad de agua,

V,VDW VVdW,HZO . (2.37)

FFV(a) =1-13—-"=-13—2"=-0(a
(@) 5 P (@)

donde V y Vy,, son el volumen ocupado por la membrana y por el agua, respectivamente,
mientras que Vypw Y Vyaw.n20 SON los volimenes de Van der Waals de la membrana y del agua,
estimados por el método de Bondi (Bondi, 1964) y 2(a) es la cantidad de vapor de agua en la
membrana (gH20"gmembrana ). EN esta tesis este valor se ha tomado para el PTMSP a partir de
isotermas de solubilidad de agua tomadas de la bibliografia (Scholes et., 2015), mientras que
para la MMM de LTA1/PTMSP se ha calculado a partir de la regla de la adicion usando los valores
de adsorcién de agua en PTMSP y LTA1 (Okamoto et al., 2001). Los parametros que se han usado

para calcular el FFV/ de la ecuacion (2.37) se muestran en la tabla 2.18.
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Tabla 2.18. Parametros considerados para el modelo de difusividad y el modelo de difusividad +

solubilidad.
Parametro Valor | Unidad Referencia
Vvaw (PTMSP) | 0,728 | cm3 gt (Galizia et al., 2014)
p(PTMSP fase en | 0,885 | g cm3 Para el modelo de difusividad + solubilidad.

la MMM)

p (LTA1/PTMSP) | 0,744 | g cm? Para el modelo de difusividad. Calculada por la regla
de la adicién a partir de 20 % (m/m) LTA1/PTMSP.

p (LTA1/PTMSP) | 0,846 | gcm3 | Para el modelo difusividad+solubilidad. Calculado por
la regla de la adicion p(PTMSP fase en la MMM) para
20 % (m/m) LTA1/PTMSP.

Vyaw (H20) 0,602 | cm®g! (Ansaloni et al., 2014)

Cuando se calcula el efecto del agua en la solubilidad, S(a), se tiene que tener en cuenta
la solubilidad multicomponente, teniendo en cuenta los efectos competitivos de solubilidad entre
los diferentes gases. Para ello, es preciso incluir unos parametros de interaccién gas-agua, 4j,
presentados en la tabla 2.19, a los parametros caracteristicos del modelo de NELF (De Angelis y
Sarti, 2008; Minelli y Sarti, 2015) y a los parametros de interaccion gas-polimero y de
hinchamiento en la membrana de PTMSP y la MMM, calculados previamente y mostrados en la
tabla 2.17, con el fin de modelar la solubilidad de COz2 y N2 en la MMM de LTA1/PTMSP vy la
membrana pura de PTMSP, en presencia de H.R.

Tabla 2.19. Parametros de interaccion gas-agua usadas en esta tesis a partir de datos de equilibrio liquido-

vapor y datos de solubilidad publicados (Green y Perry, 2007; Olivieri et al., 2016).

Componentes k' [-]
CO2-H20 -0,117
N2-H20 0

En la figura 2.38 se muestra el efecto de la actividad de agua en la solubilidad de las
membranas, calculado a partir del modelo de NELF. Cabe destacar que la solubilidad del CO2
aumenta con el contenido de agua, mientras que la de N disminuye. Estas observaciones
coinciden con la afinidad de COz-agua discutida en la tabla 2.19.
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Figura 2.38. Solubilidad calculada con NELF como funcion de la actividad de agua S(a). (a) CO: y (b) Na.

Comparacion de los modelos de permeabilidad

En la figura 2.39 se muestra la contribucion de la difusividad y de la solubilidad en la
prediccidn de la permeabilidad a través de las MMM y de las membranas de PTMSP en la presencia
de humedad relativa segin la ecuacién (2.35) y (2.36). Se observa un buen ajuste de las
predicciones de ambos modelos con los resultados experimentales y cabe destacar que, al
considerar el efecto del agua tanto en la difusividad como en la solubilidad, la precision de la

prediccion aumenta, disminuyendo el error ligeramente (tabla 2.20).
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Figura 2.39. Permeabilidad de N: (triangulos grises), y CO: (circulos negros) funcion de /a actividad de
agua para las membranas de PTMSP (simbolos huecos) y las MMM LTA1/PTMSP (simbolos rellenos). Las
lineas discontinuas corresponden al modelo basado en la difusividad, mientras que las lineas continuas
corresponden al modelo basado en difusividad + solubilidad.

Los parametros ajustables, Ay B, se muestran en la tabla 2.20, como funcién del material
de membrana y el gas penetrante. El parametro A calculado considerando el efecto de la humedad

Unicamente en la difusividad es mayor para las membranas de PTMSP que para las MMM de
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LTA1/PTMSP, siendo el mas alto el del CO: y el menor el del N». Estos datos son consistentes con
el orden de magnitud de la permeabilidad de polimeros vitreos, como Matrimid (Ansaloni et al.,
2014), PSf (Rowe et al., 2009) o 6FDA-6FpDA (Tsvigu et al., 2015). En el modelo que tiene en
cuenta tanto el efecto del agua en la solubilidad y en la difusividad, el parametro 4 del N2 es
menor para la membrana de PTMSP que para la MMM, mientras que el de CO; no varia. El
parametro B calculado por el modelo de solubilidad y difusividad es el mismo para todos los
gases, tanto en las membranas de PTMSP, como en las MMM de LTA1/PTMSP, al igual que ocurre
para otras membranas como las basadas en copolieterimida (Olivieri et al., 2016). Esto coincide
con el comportamiento experimental observado para la permeabilidad de las MMM de esta tesis
bajo condiciones de humedad, debido al comportamiento de la difusividad de estas membranas
frente a la actividad de agua mostrado en la figura 2.40 y calculado a partir del modelo de
disolucion-difusion.
Tabla 2.20. Parametros ajustables A y B, considerando el efecto de la solubilidad (ecuacion (2.35)) y
solamente difusividad (ecuacion (2.36)) en el calculo de la permeabilidad de gases humedos.

) i PTMSP LTA1/PTMSP
Tipo de modelo | Parametro N, CO, Na COos
. -5
ACI0T) 1 590 | 905 | 210 | 7,70
[cm?s?]

Modelo difusividad B 0,180 | 0,042 | 0,319 | 0,015
Error [%] 7,58 12,70 4,68 7,38

. -5
Modelo ACIOT) | 504 | 1,36 1,79 1,18
Difusividad + [cm?s?]
solubilidad B 0,040 | 0,040 | 0,049 | 0,047

Error [%] 6,06 11,96 4,03 7,69
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Figura 2.40. Difusividad calculada como funcion de la actividad de agua D(a). (a) CO: y (b) N2. PTMSP
simbolos huecos y LTA1/PTMSP (simbolos rellenos).

Ambos modelos son capaces de predecir el comportamiento de las membranas de PTMSP

y las MMM de LTA1/PTMSP en condiciones de humedad, mediante dos parametros ajustables que
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dependen del gas penetrante y del material de la membrana. Sin embargo, el modelo que tiene
en cuenta la solubilidad y la difusividad predice mejor el comportamiento de las MMM. Esto se
atribuye a la reduccién del volumen libre ocupado por las zeolitas y la rigidez provocada por la

presencia de las moléculas de agua a la matriz polimérica (Fernandez-Barquin et al., 2015).

El cambio de geometria en el estudio de la humedad en MMM

Con los parametros de la tabla 2.20 el modelo matematico desarrollado en las secciones
anteriores se ha modificado introduciendo la ecuacion (2.35) para tener en cuenta la humedad

en el comportamiento de estas membranas en la separacion de CO2/Na.

Para ello, se han llevado a cabo en la UC experimentos de separacion de mezclas de
CO2/Nz variando la concentracion de gas en la alimentacién y la H.R. (0 — 50 %). El sistema
experimental que se ha empleado es el mostrado en la figura 2.24. Esta planta se ha adaptado
con el fin de estudiar el efecto de la humedad en la separacion de CO;, afiadiendo un borboteador
metalico a presion (figura 2.24, (8)) que permite desviar la mitad de la corriente de alimentacion
para evaluar la separacidon a una humedad relativa (H.R.) en el mddulo del 50 % (Lasseuguette
et al., 2016) ademas de al 0%. Para validar estos datos, se ha aplicado el modelo matematico

desarrollado en la seccion 2.3 introduciendo el efecto de la humedad mediante la ecuacion 2.35.

En la figura 2.41 se muestra como el flujo de permeacion al 50 % H.R. respecto a la
concentracion de CO: en la alimentacion tiene un comportamiento diferente dependiendo del
material de membrana selectiva (Chen et al., 2015; Baschetti et al., 2013a; Khulbe et al., 2016)
como se observo en la seccidn 2.3 en seco. En cuanto a las membranas de PTMSP y LTA1/PTMSP,
de forma general el flujo de CO2 de permeado en presencia de humedad ha sido menor en

comparacion con el mostrado en la figura 2.29 en seco.
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Figura 2.41. Flujo de permeado de COz a 50% H.R. Trigngulos grises oscuros (PTMSFP/P84) y estrellas
grises oscuras (LTA1/PTMSP/P84). Puntos (resultados experimentales) y lineas (resultados modelados).

En la figura 2.42 se muestra la concentracion de CO: en el permeado frente a la

concentracion de CO; en la alimentacion. En el caso de las membranas hidréfobas de PTMSP la
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pureza de permeado de CO; disminuye en comparacion a la pureza obtenida en condiciones secas
(figura 2.30). La pureza obtenida por las membranas de LTA1/PTMSP es muy similar en
condiciones secas y en humedas. Sin embargo, la influencia de la humedad se ve atenuada, en
comparacion con la del flujo de permeado, ya que la permeabilidad de todos los gases se ve
afectada en mayor o menor medida, y esto hace que el efecto en la selectividad sea mas
moderado (Baschetti et al., 2013b).
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Figura 2.42. Concentracion de CO: en el permeado en condiciones de 50% H.R. Tridangulos grises oscuros
(PTMSFE/P84) y estrellas grises oscuras (LTA1/PTMSE/P84). Los puntos corresponden a los resultados

experimentales mientras que las lineas a los resultados modelados.

Conclusiones de la seccion 2.4

Se ha estudiado el efecto de la humedad en la permeabilidad de N2, y CO2, en el rango
de humedad relativa 0 — 75 % a 308 K en las MMM LTA1/PTMSP cuyo comportamiento en
condiciones secas mejora el de las membranas puras de PTMSP. Con un contenido de H.R. del
50%, mientras que la permeabilidad de todos los gases de las membranas de PTMSP disminuye,
la permeabilidad de CO: a través de las MMM de LTA1/PTMSP aumenta un 10 % con respecto a
la permeabilidad de CO seco, mientras que la permeabilidad de N> himedo disminuye con la
actividad de agua. Por tanto, la presencia de la zeolita LTA1 en la matriz polimérica de PTMSP,
es favorable para la permeacion de CO, mientras que no ayuda a la permeacion de Na. Por lo
tanto, la selectividad de las MMM LTA1/PTMSP se mejora al aumentar la humedad relativa de la
alimentacion. La permeabilidad de los gases bajo condiciones de humedad se ha modelado con
un modelo basado en la teoria del volumen libre para difusion y NELF para solubilidad, con
Unicamente, dos parametros ajustables.

Ademas, se han llevado a cabo experimentos de separacion de mezclas de CO2/Nz en

membranas mixtas CFH en condiciones de humedad relativa del 50% en el laboratorio de la
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Universidad de Cantabria y los resultados experimentales se han validado con el modelo descrito
en la seccion 2.3, que se ha adaptado para condiciones de humedad, gracias a la ecuacion
desarrollada durante la estancia de investigacion en la Universidad de Bolonia. Las predicciones
del modelo ajustan aceptablemente con los resultados experimentales, con errores promedio del
15%.

2.5. Nomenclatura del capitulo 2

a [-] Actividad de agua

A [m?] Area

A [cm? s1] Parametro ajustable de la ecuacién (2.35)

B [-] Parametro ajustable de la ecuacion (2.35)

c [9g7] Adsorcién

D [cm? s1] Difusividad

e [-] Eficacia de eliminacion de CO>

Ep [J mol?] Energia de cohesion de dispersion

En [J mol?] Energia de cohesion de enlaces de hidrégeno
Ep [J mol™] Energia de cohesion polar

Ep [J mol] Energia de activacién de permeacién

F [mol s!] Caudal molar

FFV [-] Fraccion de volumen libre

J [GPU] Flujo permeacion

ki [-] Parametro interaccién gas-polimero

ki’ [-] Parametro de interaccion gas-agua

Ksw [MPa] Parametro de hinchamiento

2, [Mm] Espesor de la interfase entre el polimero y el relleno
p [bar] Presion

P [Barrer] Permeabilidad

q [M3(STP) s!] Caudal volumétrico

r [m] Radio

Ra [-] Distancia entre dos puntos del espacio Hansen
S [cm3(STP) cm™ cmHg'] Solubilidad

t [s] Tiempo

A [K] Temperatura

v [m3] Volumen

Vin [m3mol™] Volumen molar

w [g] Peso

Wy [%] Capacidad de adsorcién de agua
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X [-] Fraccién molar de CO»

y [-] Fraccion molar en el permeado de CO>
Letras griegas

a [-] Selectividad

B [-] Factor de inmovilizacion

B [-] Factor de rigidificacion

B [m] Factor geométrico

Y [MPal/?] Parametro de solubilidad total

Yo [MPa'/?] Parametro de cohesidn de dispersién (solubilidad)
Yy [MPal/?] Parametro de cohesion de enlaces de hidrogeno

(solubilidad)

Yr [MPal/?] Parametro de cohesion polar (solubilidad)
1) [m] Espesor

n [MPa s] Viscosidad

o [-] Relacion de caudales

A [-] Factor de naturaleza semicristalino

P [g cm™3] Densidad

Vi [-] Relacién de presiones

A (-] Fraccion volumétrica de la fase insertada
oy [-] Fraccién de volumen de huecos

X [-] Cristalinidad de la membrana

02 [gg7] Masa del penetrante adsorbido
Subindices

add Tedrico

c Fase continua

calc Calculado

d Fase dispersa

ail Dilucién

exp Experimental

f Alimentacion

/ Gas (i=C0O2 o N2)

I Interfase

J Etapa (j=102)
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m Membrana

p Permeado

P.MM Fase polimérica en la MMM
r Retenido

s Fase insertada

vadW Van der Waals

Acronimos de polimeros

CS Quitosano

P84 Copoliimida 3,3',4,4"-benzofenona tetracarboxilica dianhidrida y 80 %
Metilfenilendiamina + 20% de diamina de metileno

PDMS Polidimetilsiloxano

PES Polietersulfona

PIM Polimeros con microporosidad intrinseca

PPZ Polifosfenceno

PSf Polisulfona

PTMSP Poli(1-trimetilsilil-1-propino)
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3.1. Conclusiones
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Las principales conclusiones extraidas del conjunto de esta tesis doctoral son las

siguientes:

Respecto a la preparacion y caracterizacion de membranas selectivas al CO;:

Se han sintetizado membranas mixtas (MMM) no soportadas a partir de dos polimeros
altamente permeables, el PTMSP, con un elevado volumen libre y el quitosano (CS),
procedente de fuentes renovables, mediante la introduccién de zeolitas de tamafio de
poro pequefio, estudiando la variacion de la relacion Si/Al (1 — ), y la topologia en el
primer caso (LTA, Rho, CHA), y un liquido iénico (LI) con alta afinidad por el CO>
[emim][Ac], y MOF nanoporosos compatibles (HKUST-1, ZIF-8) en el segundo caso,
dando lugar a MMM de tres componentes (3MMM).

Las MMM de zeolita/PTMSP mantienen la resistencia térmica de las membranas de PTMSP
puro y las 3MMM de MOF/LI-CS superan ligeramente la resistencia térmica de las
membranas hibridas LI-CS, lo que destaca el potencial uso de estas membranas en

operaciones de separacion de gases a temperaturas de hasta 343 K.

La selectividad de las MMM de LTA1/PTMSP aumenta con el contenido de zeolita LTAl y
la temperatura, sobre todo al 20% (m/m) de carga. Para la MMM CHA/PTMSP la mejor
permselectividad se obtiene a un valor de carga inferior, 10% (m/m) y en el caso de la
MMM ITQ-29/PTMSP, el valor éptimo es 5 % (m/m) porque a altas cargas el
comportamiento empeora respecto del PTMSP por una mala interaccion entre los

componentes.

Para las 3MMM, las que han presentado mejor permeabilidad y selectividad son las
membranas de 10% (m/m) ZIF-8/LI-CS y 5% (m/m) HKUST-1/LI-CS.

Conclusion: El valor éptimo de carga en las MMM investigadas depende de la

compatibilidad de los componentes.

En cuanto al estudio del cambio de geometria en la separacion de CO;:

Se ha estudiado el efecto del cambio de geometria de membranas planas a membranas
compuestas de fibras huecas (CFH). Para ello, se han preparado MMM compuestas planas
y de fibras huecas recubriendo soportes porosos compatibles con los materiales mas
permeables y selectivos en forma de membranas no soportadas. Se ha estudiado el
nimero de recubrimientos necesarios, teniendo en cuenta la concentracion y viscosidad

de la disolucion hibrida para conseguir una metodologia de preparacion reproducible.

El espesor de la capa selectiva de las membranas compuestas de LI-CS y HKUST-1/LI-
CS se redujo un 97% de geometria plana a la de FH, mientras que el de las membranas
puras de PTMSP y el de las MMM LTA1/PTMSP se redujo un 90% y un 85% de geometria
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plana a FH, respectivamente. Esto ha dado lugar a un importante aumento de la
permeacion de CO, mientras que la selectividad de las MMM compuestas de LI-CS y

HKUST-1/LI-CS se ha mantenido incluso al aumentar la temperatura.

> El efecto de la temperatura en la separacion de CO2/N: es similar en todas las geometrias
y configuraciones para un mismo material selectivo.
2. Conclusion: Es posible transferir las propiedades de geometria plana a FH y aunque la

selectividad de las membranas en esta tesis aun ha resultado baja para que sean
empleadas en separacién de CO2 en procesos de post-combustion, la alta estabilidad
térmica, la facilidad del método de fabricacion y su reproducibilidad, pueden ofrecer
potencial para estas membranas en la absorcion y desorcion de CO: a elevadas

temperaturas.

Respecto al estudio de la integracidon de nuevas membranas en la separacion de CO2/N»

con uno y dos modulos de membrana en serie:

>

Se ha llevado a cabo la evaluacién experimental de la separacion CO2/N2 mediante un
sistema de dos etapas de membrana con un material de MMM diferente en cada etapa.
Para la etapa 1, se ha empleado una membrana de alta permeabilidad (>1000 Barrer) y
temperatura ambiente, mientras que para la etapa 2, se ha seleccionado una membrana
de alta selectividad (40 — 50) y permeabilidad (10000 Barrer), asi como resistencia
térmica (hasta 343 K).

Se ha desarrollado un modelo matematico sencillo que describe el proceso de separacion
de CO2/Nz que valida los resultados experimentales aceptablemente. Se ha utilizado este
modelo para realizar un analisis de sensibilidad, estimando que el area total de membrana
necesaria para conseguir una eficacia de recuperacion de CO: del 70% con una pureza

de CO: en el permeado del 90% da lugar a valores del orden de 80 — 760 cm?.

Conclusion: Estos resultados de separacion de CO; mediante mddulos en serie
trabajando en diferentes condiciones confirman la posibilidad del desarrollo y escalado
de nuevos materiales de membrana selectivos de COz y su integracion en procesos de

captura de CO..

Respecto al estudio de la influencia del vapor de agua en las membranas para la

separacion de COy:

>

Se ha analizado la influencia del vapor de agua en la permeabilidad de CO2 y N2 en el
rango de humedad relativa (H.R.) 0 — 75 % en las MMM LTA1/PTMSP y en las membranas

puras de PTMSP, como referencia. Con un contenido de H.R. del 50%, la permeabilidad
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tanto de CO2 como de N2 de las membranas de PTMSP disminuye, mientras que la
permeabilidad de CO: a través de las MMM de LTA1/PTMSP aumenta respecto al valor en
condiciones secas y la del N> disminuye. Por tanto, la selectividad de las MMM

LTA1/PTMSP se mejora en presencia de H.R. en la corriente de gas.

La permeabilidad de los gases en presencia de vapor de agua se ha ajustado con un
modelo basado en la teoria del volumen libre para la difusividad y un modelo
termodinamico basado en NELF para la solubilidad, con dos parametros ajustables,
teniendo en cuenta la humedad en la solubilidad y difusividad, dentro de un error del
orden de 6 — 12%

Se han llevado a cabo experimentos de separacion de mezclas de CO2/N2 bajo condiciones
de humedad relativa del 50% en membranas compuestas de estos materiales en FH y
los resultados experimentales se han validado con el modelo matematico desarrollado
previamente en esta tesis, incorporando la influencia del soporte y la humedad. Las

predicciones del modelo ajustan aceptablemente los resultados experimentales.

Conclusion: La permselectividad de las MMM LTA1/PTMSP aumenta con el vapor de
agua, hasta un 50% de H.R. debido al caracter hidrdfilo de la zeolita, lo que incrementa

el potencial de este tipo de membranas en separacion de corrientes himedas.

3.2. Trabajo futuro

En relacion con los resultados de la presente tesis doctoral, se consideran relevantes las

siguientes lineas para el progreso cientifico-técnico futuro:

>

Estudio de la estabilidad a largo plazo de las membranas para analizar si las propiedades
de permeabilidad y selectividad de las membranas se mantienen bajo periodos largos de

operacion.

Introduccion de mas fibras huecas en los mddulos para aumentar el area efectiva de
membrana Yy la influencia del empaquetamiento en la separacion de CO: y asi posibilitar

el escalado del disefio del médulo.

Estudio del efecto de otras impurezas presentes en los gases de combustién en el
transporte de gases de las membranas mediante medidas de separacion de mezclas

multicomponente.

Analisis econdmico y ambiental del proceso de captura de CO> con membranas, teniendo

en cuenta la seleccién del material de membrana éptimo para el mismo.
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CHAPTER 3. CONCLUSIONS
3.1. Conclusions

The conclusions obtained during this PhD thesis have been disseminated in several
communications presented in national and international conferences and scientific papers in
journals. The publications in scientific journals included in the Journal of Citation Reports-Science
Edition (JCR) are listed below, showing the impact factor in 2016 and the position of the journal
in its category, both available at the ISI Web of Knowledge. The complete list of communications

in conferences and other publications is detailed in the annexes A.1 and A.2.

1. Fernandez-Barquin, A., Casado-Coterillo, C., Palomino, M., Valencia, S., Irabien, A. 2015.

LTA/Poly(1-trimethylsilyl-1-propyne) Mixed-Matrix Membranes for High-Temperature
CO2/N2z Separation. Chem. Eng. Technol. 38, 4, 658 — 666. Impact factor: 2.051. Position
in the category of Chemical Engineering: 52/135 (quartile: Q2).

2. Ferndndez-Barquin, A., Casado-Coterillo, C., Palomino, M., Valencia, S., Irabien, A. 2016.

Permselectivity improvement in membranes for CO2/N2 separation. Sep. Purif. Technol.
157, 102 — 111. Impact factor: 3.359. Position in the category of Chemical Engineering:
21/135 (quartile: Q1).

3. Casado-Coterillo, C., Fernandez-Barquin, A., Zornoza, B., Téllez, C., Coronas, J., Irabien,

A. 2015. Synthesis and characterisation of MOF/ionic liquid/chitosan mixed matrix
membranes for CO2/N2 separation. RSC Adv. 5, 102350 — 102361. Impact factor: 3.108.
Position in the category of Multidisciplinary Chemistry: 49/166 (quartile: Q2).

4. Fernandez-Barquin, A., Casado-Coterillo, C., Etxeberria-Benavides, M., Zupiga, J.,

Irabien, A. 2017. Comparison of Flat and Hollow-Fiber Mixed- Matrix Composite
Membranes for CO2 Separation with Temperature. Chem. Eng. Technol. 40, 5, 997 —
1007. Impact factor: 2.051. Position in the category of Chemical Engineering: 52/135
(quartile: Q2).

5. Ferndndez-Barquin, A., Casado-Coterillo, C., Irabien, A. 2017. Separation of CO>-N2 gas

mixtures: Membrane combination and temperature influence. Sep. Purif. Technol. 188,
197 — 205. Impact factor: 3.359. Position in the category of Chemical Engineering: 21/135
(quartile: Q2).

6. Fernandez-Barquin, A., Rea, R., Venturi, D., Giacinti-Baschetti, M., De Angelis, M.G.,

Casado-Coterillo, C., Irabien, A. 2018. Effect of relative humidity on the gas transport
properties of Zeolite A/PTMSP mixed matrix membranes. RSC Adv. 8, 3536-3546. Impact
factor: 3.108. Position in the category of Multidisciplinary Chemistry: 49/166 (quartile:
Q2).

141



Preparacion y caracterizacién de membranas planas y de fibras huecas para la separacion de CO2

The main conclusions derived from this work are:

Regarding the preparation and characterization of CO. selective membranes:

Self-standing mixed matrix membranes (MMM) have been synthesized from two highly
permeable polymers, high-free-volume PTMSP and chitosan biopolymer (CS), by
introducing small amounts of small-pore zeolites with different Si/Al ratio (1 — o) and
topology (LTA, Rho, CHA) in the first polymer, and a ionic liquid (LI) with high CO> affinity
[emim][Ac], and compatible nanoporous MOF (HKUST-1, ZIF-8) in the second case,
leading to MMM of three components (3MMM).

Zeolite/PTMSP MMM maintain the thermal resistance of pure PTMSP and MOF/LI-CS
3MMM improved slightly the thermal resistance of hybrid LI-CS membranes. This
highlights the potential use of these membranes in gas separation applications at
temperature up to 343 K.

The selectivity of LTA1/PTMSP MMM increases with the filler loading of zeolite LTA1 and
temperature, especially at 20 wt.% of zeolite content. For MMM CHA/PTMSP the best
permselectivity is obtained at a lower zeolite loading, 10 wt.%, and in the case of the
zeolite with Si/Al=00, ITQ-29, the optimum filler loading is 5 wt.%, because at higher
values the MMM performance is worse than that of PTMSP due to a lack of interaction

between the components.

The best permeability and selectivity has been achieved for ZIF-8/LI-CS and HKUST-1/LI-
CS, with 10 wt.% and 5 wt.% filler loading, respectively.

Conclusion: The optimum loading value in MMM depends on the compatibility between

the components.

In terms of the study of the change of geometry in the CO, separation:

The change of geometry of CO2-permselective and thermally resistant MMM self-standing
as coating layers on flat and hollow fiber (HF) polymer compatible supports has been
studied. The number of coatings, concentration and viscosity of the hybrid solution have

been taken into account in order to obtain a reproducible preparation methodology.

The thicknesses of HKUST-1/LI-CS and LI-CS composite membranes were reduced down
to 97% from flat to HF geometries. The selective layer thickness of pure PTMSP and
LTA1/PTMSP composite MMM was reduced by 90% and 85% from flat to HF geometries,
respectively. Whereas the selectivity of the LI-CS and HKUST/LI-CS composite 3MMM has

been maintained, even at higher temperature.
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» The effect of temperature on the CO2/N: separation was similar for all the geometries
and configurations studied for a same selective membrane material.
2. Conclusion: Transferring the properties from flat to HF geometry is possible when there

is good compatibility. Although the selectivity is still low to be alternative CO»-selective
membranes in post-combustion processes, the high thermal stability and the ease
reproducibility of the manufacture of these novel composite MMM give scope of the

potential in the CO2 absorption and desorption at high temperatures.

Regarding the study of the integration of new membranes in CO2/N» separation with one

and two membrane modules in series:

>

The experimental evaluation of the binary CO2/N2 separation performance using a two-
stage membrane system with a different MMM material in each stage has been carried
out. A highly permeable membrane (>1000 Barrer) has been selected for stage 1 and a
highly selective (40 — 50), permeable (10000 Barrer) and thermally resistant (up to 343

K) membrane has been chosen for stage 2.

The experimental data obtained agree well with a simple mathematical model that
describes the separation process. Using this model, a sensitivity analysis has been carried
out and the total area required to attain a 90% purity and 70% removal efficiency has

been estimated giving values between 80 — 760 cm?.

Conclusion: These CO:2 separation results by membranes in series working at different
conditions remark the possibility of the development and scalability of new CO: selective

membrane materials and their integration in CO2 capture processes.

Regarding the study of the water vapor influence in the MMM for CO; separation:

The water vapor effect on the N2 and CO2 gas permeability of LTA1/PTMSP MMM has
been investigated, in the relative humidity (R.H.) range 0 — 75 %, and compared with
that of pure PTMSP membranes. At a 50% R.H. the N2 and CO: gas permeability
decreases for pristine PTMSP membranes, while the CO: permeability through
LTA1/PTMSP MMM increases with respect to the dry value. In consequence, the selectivity
of LTA1/PTMSP MMM is enhanced with R.H. in the gas stream.

The permeability of gases in the presence of water vapor has been adjusted with a model
based on the free volume theory for diffusion, and a thermodynamic model based on
NELF for sorption, with two adjustable parameters considering the humidity in the

solubility and diffusivity with an error between 6 — 12%.
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» CO2/N2 separation mixture experiments of CFH membranes have been carried out under
a R.H. of 50%. The experimental results have been validated with the previously
developed mathematical model by incorporating the influence of the support and the

humidity. The model predictions agree with the experimental data acceptably.

4. Conclusion: The CO2/N2 permselectivity of the LTA1/PTMSP MMM increases with water
vapor up to 50% R.H. and this is attributed to the hydrophilic character of the zeolite.
This gives scope for the potential of this kind of membranes in humid gas separation

processes.

3.2. Further work

Based on the results reported in this PhD thesis, the following relevant lines are

considered for the future scientific-technical progress:

» The study of the long-term stability of the membranes to analyze whether the

permeability and selectivity of the membranes are maintained under long-term operation.

» Introducing a higher number of hollow fibers in the hollow fiber module to increase the
effective membrane area and the influence of the packing and thus facilitate the scaling

and design of membrane module fabrication.

» The study of the effect of the impurities in flue gases in the gas transport properties of

the membranes by multicomponent mixtures separation experiments.

» Economic and environmental analyses of the membrane module fabrication for CO2

capture processes.
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4.1. Fernandez-Barquin, A., Casado-Coterillo, C., Palomino, M., Valencia, S., Irabien,
A. 2015. LTA/Poly(1-trimethylsilyl-1-propyne) Mixed-Matrix Membranes for High-
Temperature CO2/N: Separation. Chem. Eng. Technol. 38, 4, 658 — 666.

Resumen

Se han preparado membranas de matriz mixta (MMM) a partir de poly(1-trimetilsilil-1-
propino) (PTMSP) como matriz polimérica y zeolitas de tamano de poro pequeiio y topologia LTA
con relaciones Si/Al de 1 (zeolita A comercial) a o (ITQ-29) como fase dispersa, mediante el
método solution casting. La estabilidad térmica de las MMM es tan alta como la de las membranas
puras de PTMSP. Ademas, la alta permeabilidad se mantuvo incluso al aumentar la temperatura.
La permselectividad de la separacion CO2/N. de las MMM con zeolita A (relacién Si/Al baja) fue
mayor que la de las membranas con la zeolita de pura silice (ITQ-29), observandose asi el efecto
de la relacion Si/Al de las zeolitas en el comportamiento de las diferentes membranas. Se ajustd
el comportamiento de las MMM sintetizadas al modelo de Maxwell modificado estimando el factor
de inmovilizacidn de la cadena, asi como el espesor de la interfase en funcion de la temperatura,

la relacion Si/Al y la carga de la zeolita.

Original abstract

Mixed-matrix membranes (MMM) consisting of poly(1-trimethylsilyl-1-propyne) (PTMSP)
as continuous matrix and small-pore LTA-framework zeolites with Si/Al ratios from 1 (commercial
zeolite A) to oo (ITQ-29) as dispersed phase were prepared by solution casting. The thermal
stability of the MMM is as high as that of glassy PTMSP polymer, whose high permeability is
maintained even at increasing temperature. The effect of the Si/Al ratio in the zeolite fillers on
the membrane performance is observed by the increasing CO2/N2 permselectivity of low-Si/Al
ratio zeolite A-based membranes, in comparison with pure silica ITQ-29. The performance of the
LTA-type zeolite-PTMSP MMM was adjusted to the modified Maxwell model by estimating the
chain immobilization factor and the interphase thickness as a function of temperature, Si/Al ratio,

and zeolite loading.
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(PTMSP) as continuous matrix and small-pore LTA-framework zeolites with Si/Al
ratios from 1 (commercial zeolite A) to o (ITQ-29) as dispersed phase were pre-
pared by solution casting. The thermal stability of the MMM is as high as that of
glassy PTMSP polymer, whose high permeability is maintained even at increasing
temperature. The effect of the Si/Al ratio in the zeolite fillers on the membrane
performance is observed by the increasing CO,/N, permselectivity of low-Si/Al
ratio zeolite A-based membranes, in comparison with pure silica ITQ-29. The per-
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1 Introduction

Carbon dioxide emissions from fossil fuel combustion are a
major contributor to climate change. One step toward reducing
CO, emissions is to capture the CO, generated during combus-
tion and to store it in a suitable place. This process of carbon
capture and storage (CCS) has the potential to reduce future
world emissions from energy generation by 20 % [1] and car-
bon dioxide valorization is under development [2]. Post-com-
bustion carbon capture appears to be the most amenable strat-
egy for integration with existing coal-fired power plants. The
key competing technologies for post-combustion carbon cap-
ture are absorption, adsorption, and membrane gas separation
[3]. Membrane technology is a simple and energy-conservative
separation method that has been much researched as an alter-
native to conventional processes.

Generally, thermal stability, durability, mechanical integrity at
the operating conditions, productivity, and separation efficiency
are criteria for selecting membrane materials. Membrane materi-
als stable in the presence of water vapor at temperatures of up to
200 °C would be excellent candidates for post-combustion pro-
cesses, but their integration in high-temperature separation pro-
cesses in more efficient power generation systems is still a chal-
lenging task [4, 5].
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Inorganic membranes, such as zeolite membranes, have been
studied during the last decades due to the capacity of zeolite to
discriminate between small molecules, as well as their high
thermal and chemical stability. However, their application as
membranes at industrial level is strongly limited due to manu-
facturing difficulties, reproducibility, and cost [6], and most
researchers have focused on the basic characteristics of the
novel materials and little is known about the applicability of
the materials in processes at larger scales [7].

Polymers are the most advanced membrane materials in
CO, separation processes. Although there are several commer-
cial polymeric membranes, these so far have not been an alter-
native for CO, capture in large-scale power production. Two
important reasons for this are, firstly, insufficient performance
in terms of selectivity and flux, where polymeric membranes
usually show a trade-off on their permeability and selectivity
for a specific gas-pair mixture separation [8], and secondly, the
lack of high-temperature stability because of their restricted
mechanical, chemical, and thermal stability. Glassy polymer
membranes show better thermal stability and mechanical prop-
erties, but they usually provide lower permeabilities than rub-
bery membranes [9].

Poly(1-trimethylsilyl-1-propyne) (PTMSP) has attracted
much interest in the last 20 years because it has the highest
known permeability of any polymer to gases and vapors,
despite its glassy nature. This is attributed to the presence of
alternating double bonds in the backbone and the bulky trime-
thylsilyl (Si(CHj3);) side group [10]. This permeability is proba-
bly related to its extremely large free volume (0.29) and a very
low density (0.75gcm™), relative to that of other polymers
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[11]. The stiff-chain, glassy structure accounts for the low chain
mobility with a glass transition temperature greater than
250°C [12], which makes it a promising material for high-
temperature membrane separations.

However, the high permeability of PTMSP is coupled with
low ideal selectivity (the ratio of the single gas permeabilities of
two permeants) and decreases rather dramatically with time
due to physical or chemical aging, leading to relaxation of the
enormous levels of excess free volume, or due to oxidation of
the double bonds in the chain backbone [12]. Many efforts
have been directed to improve this in order to obtain robust
and durable membranes: crosslinking [13], substitution of
functional groups [11], blending [14], and mixed-matrix mem-
branes (MMM) [15].

MMM are emerging to face the challenges in membrane
technology. MMM combine the molecular sieving effect and
catalytic properties of inorganic fillers and the processability of
polymers to obtain a new material with improved mechanical
and functional properties [16]. Material selection for both ma-
trix and sieve phases is a key aspect in the development of
MMM. The polymer matrix selection determines the minimum
membrane performance, and the addition of properly selected
molecular sieves can only improve the membrane selectivity in
the absence of defects, mostly due to inadequate adhesion
between polymers and inorganic particles [17]. Numerous
attempts have been reported to incorporate inorganic particles
into PTMSP matrices in order to improve the mechanical
resistance and selectivity in gas separations, but only Woo et al.
[15] used a zeolite, ZSM-5, to enhance the PTMSP perform-
ance in butane isomer separation. Zeolites are porous crystal-
line alumino-silicates composed of AlO, and SiO, tetrahedra;
the Si/Al ratio can be varied in a wide range, and the incorpo-
ration of elements different from both aluminum and silicon is
also possible. The adsorption capacity of zeolites is due to their
regular and stable porous structure, the composition of extra-
framework cations, and to the Si/Al ratio. This strongly influ-
ences in particular the uptake of CO, [18]. LTA-type zeolites
have been shown to have good working capacities which can
be modified according to the chosen process conditions [19].

A significant effort has been devoted to prepare membranes
using zeolite A (LTA framework) as filler in rubbery polymers,
such as polydimethylsiloxane (PDMS) [20,21] or PEBAX [22],
because the small molecular sieve size (0.4nm) and shape-
selective properties help increase the mechanical stability and
selectivity of these polymers. The compatibility between the
LTA filler and the polymer can be controlled by tuning up the
Si/Al ratio to enhance the adhesion between the phases. The
addition of zeolite A in glassy polymers such polyethersulfone
(PES) has also been largely studied [23], although in this case
the MMM preparation involves complications such as the use
of organic additives and priming in order to increase the adhe-
sion between the zeolite and the polymer matrix [24]. Priming
was not observed to have any influence on the membrane qual-
ity in the preparation of ITQ-29-polysulfone MMM, as much
as other conditions such as the solvent type and the drying pro-
cedure [25].

In this work, small-pore LTA zeolites with Si/Al ratios of 1
and o (ITQ-29) were selected to improve the PTMSP separa-
tion performance in CO,/N, separation. The CO, and N, gas
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permeation performance was evaluated at different tempera-
tures and zeolite loadings, taking into account the thermal and
mechanical stability. Membranes were characterized by scan-
ning electron microscopy (SEM), thermogravimetric analysis
(TGA), X-ray powder diffraction (XRD), and permeation of
CO;, and N,, and the transport properties were fitted to
Maxwell-based models as a function of temperature and mor-

phology.

2 Experimental
2.1 Membrane Preparation

Polymer and MMM were prepared by the solution casting
method. In a typical synthesis, PTMSP (Gelest) was dried
at 333K to eliminate all humidity, before being dissolved in
toluene to a 1.5-wt % polymer solution, for 24 h at 333 K. After
that, the solution was filtered under vacuum to eliminate im-
purities. The selected volume was degassed in an ultrasound
bath for 10 min before casting onto a glass plate. The films
were allowed to dry slowly, covered by a petri dish at ambient
conditions. Removal of the film from the glass substrate was
carried out by washing with copious amounts of deionized
water. Some membranes were measured as-made, and others
were stored in liquid methanol and dried before the gas per-
meation experiments, in order to prevent physical aging. At
last, membrane immersion in methanol for 5min before the
gas permeation tests was the method that prevailed to control
physical aging and obtain reproducible permeation results.

For the MMM, the procedure was similar. The zeolites were
dried at 373K for several hours and then dispersed in the sol-
vent for 2h before adding the polymer solution. The nominal
zeolite loading was varied in the range from 5 to 20 wt % to the
PTMSP polymer ratio. The mixture was stirred for 24 h before
continuing the procedure as for the PTMSP membranes.

The zeolites used as fillers in this work were commercial zeo-
lite A, with Si/Al=1 (molecular sieves 4 A, Aldrich) and pure
silica ITQ-29, prepared as reported in a previous work [25].
Both have an average particle size of 2.5um. The molecular
structures of PTMSP and the LTA framework are shown in
Fig. 1.

@) (b)

Figure 1. Structures of the PTMSP polymer(a) and the LTA
framework (b) of the zeolites used in this work.

The membrane thickness was carefully measured using a
digital micrometer (Mitutoyo digimatic micrometer, IP 65)
with a precision up to 0.001 mm. Five points of the membrane
effective area were measured and the average thickness and
standard deviations were calculated therefrom. The dry weight
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of the membranes was also mea-

sured before each set of experi- c© ﬁ
= <

ments. The density of selected
membrane samples of every com-
position was also measured after
the whole set of permeation experi-
ments, to monitor changes in den-
sity and check the absence of physi-
cal aging and the structural
integrity of the membrane.

2.2 Membrane Characteri- x
zation

g
3

<X

The pure gas permeability was
measured using the experimental
setup in Fig.2. It consists of a
membrane module, connected, by
means of a series of pneumatic
controlled valves, to the feed and
permeate sides. The membrane
module is placed in a convection
oven (Memmert, Germany). The permeation cell is composed
of two parts pneumatically pressed onto each other on a Viton
ring that seals the membrane. Basically, the membrane was
placed in a stainless steel permeation cell, leading to an effec-
tive area of about 14.05cm’. Two transducers (Omega, UK)
measured the pressure in the feed side and across the mem-
brane during the whole experiment, in order to monitor the
gas volume that passes through it.

Gas permeation tests were carried out in the temperature
range of 298-363 K, feeding the single gases at 2-3bar and
evacuating the permeate to generate the pressure difference
across the membrane. Gas permeation was tested in the follow-
ing order: N, and CO,, evacuating both the feed and the per-
meate side before each measurement, and checking the air
tightness of the system. The same protocol was followed for
pure polymer and MMM.

The gas permeation through dense polymeric membranes is
described by the solution-diffusion model in three major steps:
(i) adsorption of the gas onto the membrane surface, (ii) diffu-
sion across the membrane thickness, and (iii) desorption from
the permeate side.

P=DS (1)

The permeability represents the amount of molecules that
cross the membrane and is described by Eq. (1), where DY is
the diffusion coefficient and S is the solubility coefficient. Diffu-
sivity (D) is the measure of the amount of mobility of the mole-
cules passing through the voids of the polymer. The solubility
(S) is related to the number of dissolved molecules in the poly-
mer. Thus, the permeability is given by the product of the diffu-
sion coefficient, a kinetic factor, and the solubility coefficient, a

1) List of symbols at the end of the paper.
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Figure 2. Experimental setup for the gas permeation measurements.

thermodynamic factor, both being influenced by the tempera-
ture.

Applying a mass balance to the membrane material, the fol-
lowing equation is achieved, where P; is the permeability con-
stant, O is the membrane thickness, p;r is the partial pressure of
the gasi in the feed side and p;, is the partial pressure of the
gasiin the permeate side. The pure gas permeability was calcu-
lated from the feed and permeate pressures by Eq. (2) [26].

~ (3 )pus @

where S, is a geometric factor depending on the feed and per-
meate volume compartments and the effective membrane area,
with a value of 81.04m™ for the experimental system used in
this work. Thus, the permeability can be calculated from the
slope of the linear representation of Eq. (2) once steady state is
reached.

The ideal selectivity is the ability to separate two molecules
of a mixture (e.g., CO, and Ny, in this work); thus, it is an
intrinsic property of the membrane material, which can be cal-
culated from the ratio of the pure gas permeabilities, defined
by Eq. (3).

(Pi,f - pi,p)o

Apg
.
(Pi,f - PLp)

=5,

In

Pco,
a=—2=

e €)

2

Therefore, the difference between permeabilities of different
gases through the membrane is not only due to the diffusivity,
but is also influenced by the physicochemical interactions of
these gases with the membrane material, which determines the
amount of gas flowing per unit volume (S). Membranes should
present both high permeability and selectivity, because a high
permeability will necessitate a smaller membrane area while a
high selectivity provides a greater purity of gas at the exit.

Chem. Eng. Technol. 2015, 38, No. 4, 658-666
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The thermal resistance of the samples was studied by TGA.
These analyses were performed using a DTG-60H thermobal-
ance (Shimadzu, Japan) in air at a heating rate of 283 K min™
up to 973K. Samples of approximately 2-5mg were loaded
into an alumina crucible and a reference pan was left empty
during the experiment.

The crystalline structure of the samples was investigated by
means of room temperature XRD. The patterns were collected
on a Philips X’Pert PRO MPD diffractometer operating at
45kV and 40mA, equipped with a germanium Johansson
monochromator that provides Cu K1 radiation (A = 1.5406 A),
and a PIXcel solid-angle detector, at a step of 0.05°.

The morphology and cross-sectional areas of selected mem-
branes were observed by SEM, using Jeol JSM 5410 equipment,
at the Universidad Politécnica de Valencia. Membrane samples
were immersed in liquid nitrogen prior to being fractured and
sputtered with gold before observation.

3  Results and Discussion

The TGA curves of the membranes are presented in Fig. 3. In
the case of the membranes, thermal degradation starts at 573 K
and remains low up to 623 K. The shape of the curves is very
similar to that of the pure polymer because of the low zeolite/
polymer concentration ratio. In general, the real zeolite loading
of the membranes agrees with the nominal value and the ther-
mal stability of the membranes is similar to that of the glassy

100 -
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801 Zeolite A
)
B
E‘ 60 4
g
S 404
] )
= 20 wt.% zeolite A
20
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PTMSP —
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Figure 3. TGA of zeolite A-PTMSP (a) and ITQ-29-PTMSP (b) MMM.
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polymer PTMSP. The real loading of the zeolite was calculated
from the TGA analyses as 7.06 +2.07 and 20.04 + 1.36 wt % for
5 and 20 wt % zeolite A-PTMSP MMM, respectively. In the case
of ITQ-29-PTMSP MMM, the real zeolite loading is 11.8 + 6.86
and 28.6 +8.84 wt % for 5 and 20 wt % ITQ-29 MMM, respec-
tively. This shows a greater dispersion of the pure silica ITQ-29
particles in the PTMSP matrix than for zeolite A. The TGA
curves also indicate that the MMM are thermally stable up to
573 K, which accounts for the potential of these membrane ma-
terials in high-temperature separation processes.

The XRD patterns of the membranes are presented in Fig. 4.
The characteristic reflections of zeolite A and ITQ-29 become
stronger with increasing loading, thus revealing their presence
in the polymer matrix. In general, the narrowness of an XRD
peak with strong intensity indicates a crystalline nature, and if
the diffraction peak is broader, then the polymer is amorphous
in nature. The main high-intensity peaks in zeolite A are at dif-
fraction angles of around 7°, 10°, 24°, and 27°. PTMSP is an
amorphous polymer but, with increasing zeolite A loading, a
slight shift of the broad band to higher angles is observed, de-
rived from the interaction between zeolite and polymer occur-
ring in the case of zeolite A. This does not occur in the case of
ITQ-29, where there might be some changes in orientation be-
cause of the appearance of voids by the poor contact between
the pure silica zeolite particles and the PTMSP polymer.

The interaction between the PTMSP and the zeolite particles
depend on the Si/Al ratio. The smaller ITQ-29-PTMSP than
zeolite A-PTMSP interaction is further observed by SEM in

100

(b) ITQ-29 zeolite
804
=
‘E 60 4
3
"E‘, 404 20 wt. % 1TQ-29
°
= 20 4 wt. % ITQ-29

- T T - : T "
300 400 500 600 700 800 900 1000
Temperature [K]

20 wt.% ITQ-29

10 wt.% ITQ-29

'Y I A

5 wt.% ITQ-29

AL
N P

I
—\_

PTMSP

(b) U ITQ-29 Zeolite
l I. A l h A 1 A l.l sk

0 5 10 15 20 25 30 35 40
2601

Figure 4. X-ray diffractograms of the zeolite A-PTMSP (a) and ITQ-29-PTMSP (b) MMM.
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Fig.5d, e, where the good adhesion and dispersion at 5wt %
ITQ-29 loading disappears when the zeolite loading is in-
creased, leading to voids and defects. Examples are highlighted
by circles. The differences in zeolite composition lead to an
asymmetric morphology in both types of membranes. On the
one hand, in the ITQ-29-PTMSP MMM, the zeolite particles
with higher density (1.42gcm™) than that of the polymer
(0.75 gcm™) accumulate at the bottom of the membrane, even
more than observed for ITQ-29-polysulfone [25], because of
the higher difference in densities when the polymer is PTMSP.
The low adhesion and compatibility increase the number of
voids and the performance of the MMM is deteriorated [27].
On the other hand, zeolite A particles also accumulate at higher
loadings because of the difference in density compared to
PTMSP (1.53 vs. 0.75gcm™). In this case, two distinct layers
appear, a top, almost pure, PTMSP layer and a bottom zeolite A
layer, where the PTMSP acts as a binder. These membranes
obtained values of CO, permeability and CO,/N, selectivity as
high as 20,000 Barrer and 76, respectively, which proves the
good adhesion/compatibility of the low-Si/Al ratio zeolite filler
with this polymer.

The CO, permeability values and CO,/N, selectivities of the
zeolite A-PTMSP and ITQ-29-PTMSP membranes are plotted

Figure 5. Cross-sectional morphologies of the MMM: (a) Pure PTMSP membrane,
(b) 5wt % zeolite A-PTMSP, (c) 20 wt % zeolite A-PTMSP, (d) 5wt % ITQ-29-PTMSP,
and (e) 20wt % ITQ-29-PTMSP. The circles highlight the interaction and void
thickness between the ITQ-29 particles and the polymer matrix.
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in Fig. 6 as a function of the temperature. The permeability of
pristine PTMSP membranes decreases with increasing temper-
ature; because of the high free volume, the rigid and weakly
molecular sieving structure is more prone to changes in solu-
bility than diffusivity [28,29]. The CO, permeability of the
MMM also decreases with increasing temperature, although it
reaches maximum values at 20wt % zeolite A content. The
selectivity of the MMM is higher than that of pure PTMSP
membranes, especially for high zeolite A loadings, in the tem-
perature range under study. However, the selectivity of the
ITQ-29-PTMSP MMM decreases from 5 to 20wt % zeolite
loading, because of the appearance of voids caused by lower
polymer-pure silica zeolite interaction. For this reason, we
believe that the zeolite particles introduce a molecular sieving
effect, leading to an increased selectivity at an optimal zeolite
loading, which is also dependent on the interaction between
the zeolite filler and the PTMSP matrix (and this in turn on the
Si/Al composition of the zeolite) and independent of the tem-
perature in the range studied in this work.

In the MMM prepared in this work, the influence of the tem-
perature on the permeability changes from 5 to 20 wt % zeolite
loading, as compared to the pure polymer membrane (Fig.7).
The activation energies for permeation are -7.1+1.4 and
-12.6 +4.1 k] mol™ for CO, and N, through pure
PTMSP membranes, respectively, in agreement
with the literature [29]. The activation energies for
permeation through the MMM are presented in
Tab. 1. These values increase with increasing zeolite
A loading, revealing that a crosslinking interaction
phenomenon occurs between the fillers and the
PTMSP [13]. The activation energies for the per-
meation through ITQ-29-PTMSP MMM increase
largely in the case of 5wt % and decrease again at
higher loadings. The ITQ-29 particles can indeed
produce tortuosity and enhance selectivity only
when the interaction and dispersion in the polymer
matrix is good; for pure silica ITQ-29, this only
occurs at low loadings [25].

In this work, it is the permselectivity that in-
creases with temperature and zeolite loading. Fig. 8
allows a comparison of the permselectivities of
MMM as a function of the zeolite loading, against
existing membrane materials, using Robeson’s
upper bound. In the case of zeolite A-PTMSP
MMM, the CO,/N, selectivity increases with in-
creasing filler concentration. The larger the zeolite
A concentration, the better are the permeability
and the selectivity. Robeson’s upper bound is over-
come for increasing zeolite A concentrations, de-
spite the two-layer morphology [27]. This allows
inferring a good adhesion between the low-Si/Al
ratio zeolite and the PTMSP, which does not occur
for the pure silica ITQ-29-PTMSP MMM, where
the permselectivity of pure PTMSP membranes is
only surpassed at the lowest zeolite loading, 5 wt %,
as in other glassy polymer-based MMM, where
poor interfacial contact enhances the appearance of
voids with increasing zeolite loading, thereby dete-
riorating selectivity [30]. The differences found

Chem. Eng. Technol. 2015, 38, No. 4, 658-666
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Figure 7. Arrhenius plots of the CO, permeability versus temperature for zeolite A-PTMSP (a) and ITQ-29-PTMSP (b) MMM, as a function
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Table 1. Activation energies of permeation for MMM (kJ mol™).

Nominal zeolite Zeolite A-PTMSP MMM ITQ-29-PTMSP MMM
loading [wt %]

CO, N, CO, N,
5 -325+14 -441+£20 3590+£7.6 16.08%1.5
20 17.21£79 19.96+10.7 15.19 3.01

between zeolite A and ITQ-29-based MMM are attributed here
to the different Si/Al ratios, which may affect the interaction
with the solvent and the polymer chains upon mixing, and thus
the performance of the MMM [31].

The MMM performance can be adjusted to various theoreti-
cal expressions as a function of the membrane morphology im-
posed by the filler loading [20]. The minimum value of effec-
tive permeability occurs when considering a series mechanism
of transport through the two phases, expressed as Eq. (4). P. is
the permeability through the continuous PTMSP matrix, based
on experimental values, and Py is the permeability of the gas
through the dispersed zeolite filler which, for this work, is tak-
en from [32] for zeolite A membranes and from [33] for the
ITQ-29 membrane.
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The maximum value of the effective permeability is taken
when both phases are assumed to work in parallel to the flow
direction, as in Eq. (5):

Pet = Pepg + Pup, (5

The Maxwell equation is still the most widely accepted to
interpret the transport properties of MMM [20]. The theoreti-
cal calculation of the overall steady-state composite permeabil-
ity is given by Eq. (6).

(6)

P _p (Pd + 2P, —2¢4(P. — Pd))
eff = I'c
Pg + 2P + ¢py(Pc — Pq)
These theoretical permeabilities are plotted against experi-
mental permeabilities in Fig. 9, as a function of zeolite loading
and temperature. The behavior varies with the Si/Al ratio as
commented above. For the zeolite A-PTMSP MMM, the exper-
imental values are between parallel and series models, and the
Maxwell equation overestimates the N, permeability while
adjusting the CO, permeability at low loading. At high load-
ings, the zeolite A-PTMSP MMM performance cannot be fitted
to these models because of the asymmetric morphology, the
closeness between the particles and the polymer, and the good
interaction between the low Si/Al ratio and the PTMSP poly-
mer. For the pure silica ITQ-29 MMM, a “sieve-in-a-cage”
morphology can be diagnosed at higher loadings where the
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experimental permeability is always higher than the calculated
values, because of the poor interaction between ITQ-29 and the
polymer [20], leading to interfacial voids or defects between
the polymer and the particle as those discerned by SEM. When
the zeolite was well dispersed in the matrix, at 5wt % loading,
the Maxwell model overestimates the gas permeability, and this
can be attributed to discrepancies between the literature diffu-
sion and solubility values used in model predictions [20].

In order to account for interfacial defects affecting the mem-
brane performance, the two-phase modified Maxwell model
was applied to adjust the permeability of a pseudo-interphase
induced by the interfacial contact between filler and matrix
[31]. The calculated permeability values are compared with
experimental ones as a function of temperature, zeolite loading,
and Si/Al ratio in Fig. 10. These equations are based on two
parameters that can be estimated in an iterative way to adjust
the experimental and calculated permeabilities with an experi-
mental error of up to 10%: the thickness of the interphase
between the polymer and the zeolite, ]; (um), accounting for
the possible presence of voids leading to increased permeability
and reduced selectivity, and the chain immobilization factor, £3,
accounting for the polymer matrix rigidification, leading to
increased selectivity and reduced permeability. The parameter
B depends on the nature of the gas molecule, since it has differ-
ent values for CO, and N, [34] and decreases with the opera-
tion temperature, as summarized in Tabs. 2 and 3 for zeolite A
and ITQ-29-PTMSP MMM. The parameter [ (um) is influ-
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Figure 9. Comparison of series (dashed lines), parallel (dotted lines), and Maxwell (continuous lines) models with CO,(H) and N, () per-
meability experimental values for zeolite A-PTMSP (a) and ITQ-29-PTMSP (b) MMM as a function of zeolite loading (5 wt %: void symbols,

20 wt %: filled symbols) and temperature.
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Table 2. Modified model parameters estimated for adjusting
the behavior of zeolite A-PTMSP MMM within 10 % experimental
error.

5wt % zeolite A (Si/Al=1) 20 wt % zeolite A (Si/Al=1)

T L [nm]  B(CO,) B(Ny) li[um]  B(COy) B(Ny)
298 5.4 12 55 2.5 1.2 5.10
303 5.4 0.94 48 2.5 0.88 5.12
313 5.4 0.93 42 3.6 0.88 1.88
323 5.4 0.32 7.2 2.5 0.19 1.35
333 5.4 0.31 4.5 2.2 0.16 2.0

Table 3. Modified model parameters estimated for adjusting
the behavior of ITQ-29-PTMSP MMM within 10 % experimental
error.

5wt % ITQ-29 (Si/Al=) 20wt % ITQ-29 (Si/Al =)

e lum]  B(COy) B(Nz)  hlum]  B(CO;) B(N2)
298 1.8 4.1 18 08 0.36 047
303 1.8 2.7 15 08 0.23 0.51
313 1.8 2.05 123 08 0165 043
323 1.8 0.315 24 1.2 0175 022
333 1.8 0.21 175 12 0.17 0.186

enced by the Si/Al ratio of the zeolite fillers [27], which we at-
tribute to the different interaction with the polymer matrix.
The interphase thickness in low-Si/Al zeolite MMM was inde-
pendent of the type of gas and temperature, while for the pure
silica ITQ-29 MMM, parameter /; was also independent of the
zeolite loading, because of the poor adhesion leading to voids
that decrease the selectivity for the 20-wt % ITQ-29-PTMSP
membrane.

The modeling results shown in Fig. 10 indicate that the influ-
ence of the temperature on the permeability of pure silica ITQ-
29-PTMSP membranes can be taken into account by the as-
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sumptions of the modified Maxwell model if the membrane
does not have any defects. The performance of both mem-
branes can be well adjusted by considering the effects of Si/Al,
zeolite loading, and temperature in the parameter estimation.
The increase in CO, permeability and decrease in N, flux
observed in zeolite A-PTMSP MMM approaches the behavior
of a pure zeolite membrane [35]. This accounts for the impor-
tance of the influence of good interfacial contact and robust-
ness in the MMM performance.

4  Conclusions

MMM were prepared using the highly permeable PTMSP poly-
mer and small-pore LTA-type zeolites with Si/Al ratios of 1 and
o (ITQ-29) by the solution casting method. Both zeolites
maintained the thermal stability of the PTMSP in the MMM.
The permselectivity of CO, and N, increased with increasing
zeolite loading, much more enhanced for CO, than for N,.
This is attributed to the appearance of a molecular sieving
effect upon zeolite introduction, which was maintained even
when increasing the temperature. The membranes prepared
with low-Si/Al ratio zeolite A showed the highest CO, perme-
ability and selectivity, even surpassing Robeson’s upper bound.
The performance of the LTA-type zeolite-PTMSP MMM can
be adjusted to the modified Maxwell model if Si/Al, tempera-
ture, and morphology are considered, and not only the zeolite
loading. However, the permeability of zeolite A-PTMSP MMM
at high loadings is much higher than those predicted by the
known models, because of the asymmetric morphology and
good adhesion. These results highlight the importance of the
compatibility of fillers and polymers in MMM technology and
the potential of these kinds of membranes in high-temperature
CO, separation.
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Symbols used

D [m%™] diffusivity coefficient

p [bar] partial pressure

S [em’em~cmHg™]  solubility coefficient

P [Barrer] permeability (1 Barrer =
7.5005x 10" ¥ m%*s'Pa™")

A [pm] interphase thickness

Greek symbols

a [-] ideal selectivity

B [-] chain rigidification factor

Bm [m™] geometric factor

o) [m] thickness

@ [-] volume fraction

6 [s] time lag

Subscripts

f feed side

p permeate side

eff effective

d dispersed phase

c continuous phase

Abbreviations

MMM  mixed-matrix membrane

PDMS polydimethylsiloxane

PTMSP poly(1-trimethylsilyl-1-propyne)

SEM scanning electron microscopy

TGA  thermogravimetric analysis

XRD  X-ray powder diffraction
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Resumen

En este trabajo se han afnadido zeolitas de tamafio de poro pequeno y diferente topologia
(CHA, LTA, Rho), todas con una relacién Si/Al igual a 5, al polimero de gran permeabilidad poli(1-
trimetilsilil-1-propino) (PTMSP), con el fin de aumentar la selectividad y la estabilidad térmica y
mecanica. Las membranas se han caracterizado mediante TGA, XRD, SEM y permeacién de gases
puros de CO: y N a diferentes temperaturas. Los analisis termogravimétricos revelaron que la
resistencia térmica de las membranas mixtas (MMM) es tan buena como la de las membranas de
PTMSP puro. Los resultados de difraccion de rayos X y de microscopia electronica de barrido
reflejan que existe una buena interaccion entre las zeolitas y la matriz polimérica en cargas del 5
y 10 % (m/m) de zeolita. Sin embargo, cuando la carga de Rho es del 20% (m/m) se forma una
estructura de doble capa, debido al mayor tamafo de la zeolita Rho comparada con el de las
zeolitas tipo LTA y CHA. Ademas, aparecen huecos que limitan la permselectividad de estas MMM.
La influencia de la temperatura y la carga de zeolita se analizd por permeacion de gases puros.
La selectividad del PTMSP puro aumenta considerablemente con la adicion de zeolitas y el
aumento de temperatura, de modo que las MMM al 5% (m/m) de carga sobrepasan el limite de
Robeson para la separacion de CO2/Nz, sin apenas disminuir la permeabilidad, en el rango de 298
a 333 K. Se realizaron experimentos de separacion de mezclas CO2/N2 con una alimentacion con
un contenido del 12,5 % en masa de CO: con las MMM con el 5% en masa de zeolita a 333 K.
La permselectividad de las MMM con LTAS5 y Rho aument6 en comparacion con la observada en

los experimentos de gases puros.

Original abstract

In this work, small-pore zeolites of different topology (CHA, LTA5, Rho), all with Si/Al
ratio of 5, have been added to highly permeable poly(1-trimethylsilyl-1-propyne) (PTMSP) to
increase its selectivity and thermal and mechanical stability. Membranes were characterized by
TGA, XRD, SEM and CO2 and N: single gas permeation measurements at different temperatures.
TGA reveal that the thermal resistance of the mixed matrix membranes (MMM) is as good as that
of pure PTMSP polymer membranes. XRD and SEM results reflect that there is good interaction
between the fillers and the membrane matrix, at 5 and 10 wt.% zeolite loadings, while at 20
wt.% a dual layer structure is formed, when Rho zeolite is the filler, because the particle size of
Rho is higher than those of LTA5 or CHA, and voids appear that limit the permselectivity
performance. In single gas permeation of N2 and CO, the influence of temperature, zeolite

loading and type is analyzed. The selectivity of pure PTMSP is considerably enhanced with the
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addition of the zeolites and the increase of temperature, and the MMM loaded with 5 wt. % zeolite
surpassed the Robeson’s upper bound for CO2/N2 separation, without decreasing the permeability
too much. Upon increasing temperature from 298 to 333 K, the permselectivity is enhanced even
further without loss of permeability. The 5 wt. % loaded membranes were tested in CO2/N2 mixed
gas separation experiments at 333 K and 12.5 wt. % CO: in the feed, and the permselectivity of
LTA5- and Rho-PTMSP membranes was further enhanced, compared with the single gas

permeation experiments.
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In this work, small-pore zeolites of different topology (CHA, LTA5, Rho), all with Si/Al ratio of 5, have been
added to highly permeable poly(1-trimethylsilyl-1-propyne) (PTMSP) to increase its selectivity and
thermal and mechanical stability. Membranes were characterized by TGA, XRD, SEM and CO, and N sin-
gle gas permeation measurements at different temperatures. TGA reveal that the thermal resistance of
the mixed matrix membranes (MMM) is as good as that of pure PTMSP polymer membranes. XRD and
SEM results reflect that there is good interaction between the fillers and the membrane matrix, at 5

f\(/leij; ngrf;trix membranes and 10 wt.% zeolite loadings, while at 20 wt.% a dual layer structure is formed, when Rho zeolite is the
Temperature filler, because the particle size of Rho is higher than those of LTA5 or CHA, and voids appear that limit
Small-pore Si/Al = 5 zeolites the permselectivity performance. In single gas permeation of N, and CO,, the influence of temperature,
PTMSP zeolite loading and type is analyzed. The selectivity of pure PTMSP is considerably enhanced with the

addition of the zeolites and the increase of temperature, and the MMM loaded with 5 wt.% zeolite sur-
passed the Robeson’s upper bound for CO,/N, separation, without decreasing the permeability too much.
Upon increasing temperature from 298 to 333 K, the permselectivity is enhanced even further without
loss of permeability. The 5wt.% loaded membranes were tested in CO,/N, mixed gas separation
experiments at 333 K and 12.5 wt.% CO- in the feed, and the permselectivity of LTA5- and Rho-PTMSP

CO,/N,; separation

membranes was further enhanced, compared with the single gas permeation experiments.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The atmospheric concentration of greenhouse gases (GHGs) has
increased significantly over the last century [1]. Carbon dioxide is
the main component of these gases, and its accumulation in the
environment is leading to severe global warming issues, which
makes necessary finding a feasible separation technology for the
removal of CO, from flue gases. Membrane technology appears to
be an attractive option in terms of energy saving, modularity, ease
of scaling up and control [2], such as those energy intensive based
on wet scrubbing using aqueous amine solutions [3]. In a typical
coal-fired power plant the flue gas is about 323 K, nearly at atmo-
spheric pressure, and has a CO, content as low as 10-15% and par-
tial pressure of 10-15 kPa [4]. Therefore, membranes with high
CO, permeability and moderate selectivity over other gases are
required in order to allow working in a wider range of operating
conditions in post-combustion [5]. Besides, membranes should
present good thermal and mechanical properties and be robust
enough for long term operation [6]. In particular, the impact of

* Corresponding author.
E-mail address: fbarquina@unican.es (A. Fernandez-Barquin).

http://dx.doi.org/10.1016/j.seppur.2015.11.032
1383-5866/© 2015 Elsevier B.V. All rights reserved.

membrane material in CO, removal is as important as the process
conditions [7].

Polymeric membranes appear, currently, to be the most
advanced option for membrane-based post-combustion carbon
capture in terms of CO,/N, permselectivity [8]. However, the lack
of thermal stability or inadequate performance in terms of perms-
electivity limit their use in industrial separations. In fact, there is a
well-known trade-off between selectivity and permeability for a
specific pair of gases separation [9]. One of the ways of improving
the performance of polymer membranes is based on the concept of
mixed-matrix membranes (MMM), which combine the molecular
sieving effect and other characteristics of the dispersed fillers with
the processing feasibility of polymeric materials to achieve a new
material with enhanced mechanical and functional properties
[10]. Components selection is a key feature in the development
of new MMM. A good adhesion between polymer and sieve is a fac-
tor of paramount importance in order to achieve a defect-free
MMM with synergistic properties, and this limits the choice of can-
didate materials [11].

Since polymer selection determines the minimum separation
performance, poly (1-trimethylsilyl-1-propyne) (PTMSP), which is
the organic polymer with the highest permeability reported, being


http://crossmark.crossref.org/dialog/?doi=10.1016/j.seppur.2015.11.032&domain=pdf
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located at the right of the Robeson’s upper bound [9], is selected as
continuous matrix in this work. The CO, permeability of PTMSP
reported in literature covers a range between 16,000 and 38,000
Barrer at 298 K [12,13], probably because the different stages of
aging affecting PTMSP performance [14]. The high permeability
of PTMSP is based on high solubility and high diffusivity and is
probably related to its very low density (0.75 g cm~>) and its extre-
mely high free volume (0.29) [15,16], accounting for the presence
of microvoids [12], compared with the rest of dense glassy poly-
imides [17]. The glassy structure of PTMSP explains the low chain
mobility with a glass transition temperature greater than 523 K
[15], which makes it a promising material for high temperature
membrane separations, but leads to loss of permselectivity with
time due to physical aging phenomena upon permeation and CO,
plasticization. The addition of properly selected inorganic fillers
is supposed to enhance membrane selectivity when no defects
are present [18-20].

Zeolites were the first molecular sieves used as fillers in poly-
mer matrices for gas separation because of their crystalline char-
acter with well-defined pore structures and shape selectivity
properties [21]. Zeolite 4A nanoparticles have been widely
reported in the literature to increase the permselectivity perfor-
mance of glassy polyimides such as Matrimid [22], P84 [23],
polyvinyl acetate [24], polycarbonate [25], or poly ether sulfone
(PES) [26], and rather constant selectivity. However, adhesion
with the commercially available polymers mentioned above is
still a major challenge and many efforts have been made regard-
ing preparation methods such as priming [26], zeolite modifica-
tion by organic linkers [27] or zeolite preheat treatment [28].
Besides, zeolite 4A with a Si/Al ratio of 1 is very sensitive to
the presence of moisture, which is a main component in flue
gas, constituting a problem because the adsorbed water may
not be easily released at the membrane separation temperatures
[28]. The effect of Si/Al ratio on LTA fillers in PTMSP for CO,/N,
separation was studied in a previous work, using zeolites with
Si/Al ratio 1 (Zeolite A) and o (ITQ-29) [29]. The membranes
prepared with low Si/Al ratio showed the highest CO, permeabil-
ity and selectivity, surpassing Robeson’s upper bound even at
333 K, due to better adhesion between zeolite A and the polymer
matrix, obtaining a dual layer structure that approached the
membrane performance to that of a pure zeolite A membrane
at 20 wt.% zeolite A loading. Pure silica ITQ-29 did not dispersed
or adhered too well with the rigid structure of the super glassy
PTMSP polymer [30]. The ideal CO, adsorbent is a material with
an intermediate CO, affinity, high adsorption capacity, combined
with good selectivity and easy regeneration. This applies also for
an effective filler for CO, selective MMM. Kosinov et al. [31] have
just presented promising CHA (SSZ-13) purely inorganic hollow
fiber CO, selective membranes but they did not manage a Si/Al
ratio as high as 5 into a defect-free zeolite layer. In the particular
case of PTMSP, as far as we know, only Woo et al. [20] and Fer
nandez-Barquin et al. [29] employed porous zeolites to modify
the gas separation performance of the PTMSP. As far as we know,
no works have yet been reported employing CHA or Rho zeolites
into a MMM using PTMSP.

This is the reason why, in this work, we study the effect of
small-pore zeolites with Si/Al ratio of 5 and different structures
(CHA, LTA5 and Rho), as well as good CO, adsorbing capacity, on
the PTMSP matrix for MMM performance in CO,/N, separation.
MMM were characterized by thermogravimetric analysis (TGA),
scanning electron microscopy (SEM), X-ray diffraction (XRD), and
pure gas permeation of N, and CO,, in the temperature range of
298-333 K, taking into account the mechanical and thermal stabil-
ity. The most promising membranes were also measured in dry
12.5% C0,/87.5% N, mixture separation at 333 K, to evaluate gas
separation performance.

2. Experimental
2.1. Preparation of MMM

MMM were prepared following the procedure described in our
previous work [29]. Poly(trimethylsilyl propyne) (PTMSP) was pur-
chased from ABCR GmbH (Germany) with a purity of 95%, dried at
70 °C for several hours before being dissolved in toluene. The dif-
ference is that in this work, the zeolite fillers employed have differ-
ent topologies, CHA, LTA and Rho.

Zeolites were synthesized at the Instituto de Tecnologia
Quimica in Valencia, according to procedures reported in literature
[36,40,41], with a Si/Al molar ratio of 5 and the properties that are
summarized in Table 1.

The gases used in the experiments were carbon dioxide
(99.97%), oxygen (>99.999%) and nitrogen (>99.999%) provided
by Air Liquide (Spain).

The membrane thickness was measured by means of a digital
micrometer (Mitutoyo digimatic micrometer, IP 65) with an
accuracy of 0.001 mm. The average thickness of the membranes
is 72.75+5.46 pm, not being influenced by the type of zeolite,
and not far from the nominal thickness of 100 pm expected. As
all the membranes have similar thicknesses, the permeability
values are not affected by this parameter. The density of same
membranes was also determined after the permeation tests, to
study gravimetrically the integrity or possible physical aging of
the membrane. The nominal filler loading used were 5, 10 and
20 wt.% referred to PTMSP polymer concentration.

2.2. Characterization

Thermogravimetric analysis have been performed to determine
the thermal degradation of the MMM using a DTG-60H thermobal-
ance (Shimadzu, Japan) in air atmosphere at a heating rate of
10 Kmin~" up to 973 K. The sample temperature was measured
with an accuracy of 0.1 K and the TG sensitivity was about 1 pg.

The cross-sectional areas and the morphology of selected mem-
branes of each composition were observed by scanning electron
microscopy, using a Jeol JSM 5410 equipment, located at the
Universidad Politécnica de Valencia. Membrane samples were frac-
tured in liquid nitrogen, to obtain a clean cross section that is
coated with gold to reduce the charging effects on the polymer
surface.

The X-ray diffraction of zeolite crystals and MMM was mea-
sured at the Servicio de Difraccién de Rayos X y Anadlisis por Fluo-
rescencia del Servicio General de Apoyo a la Investigacién de la
Universidad de Zaragoza. Data were collected at room temperature
using a Rigaku/D/max 2500 diffractometer, provided with rotating
anode, at 40 kV and 80 mA Cu Ko radiation with 1 =1.5418 A and
graphite monochromator.

Single gas permeability of N, and CO, was determined within
the temperature range 298-333 K in a constant volume system
experimental setup shown in Fig. 1. The membrane module con-
sists of two stainless steel pieces with a cavity where the mem-
brane is placed on a 316LSS macroporous disk support of 20 pm

Table 1
Properties of the zeolites employed in this work.
Zeolite Particle Density Pore volume Pore Si/ Reference
size (um)®  (g/cm®) (cm®/g) size (A) Al
CHA 1.0 1.508 0.33 3.8 5 [31,35,36]
LTA5 05 1498 027 4 5 [32,39,40]
Rho 1.5 1.442 0.26 3.6 5  [33,34,37,41]

¢ Observed by SEM, except Rho, which forms agglomerates with PTMSP as binder,
so the particle size is taken from [33].
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Fig. 1. Experimental setup for the single gas permeation experiments.

nominal pore size (Mott Corp., USA) and sealed by Viton rings. The
effective membrane area was 15.55 cm?. In a typical run, the air
tightness of the system was checked before each permeation test,
being tested, firstly, N, permeation tests and secondly, those with
CO,. The pure gas is fed at 2-3 bar into both permeate and feed
compartments and then the permeate side is evacuated to generate
the pressure difference across the membrane. Two transducers
(Omega, UK) measured the pressure in the feed side and across
the membrane during the whole experiment, in order to monitor
the gas volume that passes through it. Each permeation test takes
approximately 2 h for each temperature, and experimental runs
under the same membrane compositions and separation condi-
tions are repeated 3 times for reproducibility assessment. The
accumulated permeate volume calculated from the registered
pressures is plotted versus time in Fig. 2.

When steady state was attained, the following expression was
used to calculate the pure gas permeability, from the slope of the
linear representation of Eq. (1) [42], in a measurement interval
around 1000 and 3000 s for CO, and N, permeability experiments,

respectively, as
P;
= (%)t 1)

where p;; and p;p, are the feed and permeate partial pressures of
the gas i, respectively, P; is the permeability, ¢ is the thickness
of the membrane and g, is a geometric factor with a value of
110.76 m~! in the experimental set up used in this work (Fig. 1).

(Pis = Pip)o

o200
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In Ap
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Fig. 2. Accumulated volume versus time at 298 K for CO, permeation across the
MMM. Continuous lines for LTA5-PTMSP, dashed lines for CHA-PTMSP membranes,
and dotted lines for Rho-PTMSP membranes. 5 wt.% (light gray), 10 wt.% (gray),
20 wt.% (black).

The transition regime of mass transfer through a dense material
in Fig. 2 allows us to estimate the diffusivity through the mem-
branes according to

D =6%/60 (2)

where § is the membrane thickness and 0 is the time-lag obtained
extrapolating to the time axis the linear part of the experimental
curve of the accumulated permeate volume vs. time plot. Estimated
time lag times range from 231 to 2103 s for CO, and N, permeation,
respectively, for the membranes tested in this work.

The permeability is a function of the absolute temperature and
it is described in an Arrhenius form Eq. (3) [43]

P = Py exp(—Ep/RT) 3)

where Py is the pre exponential factor and E, the activation energy
of permeation.
The gas diffusivity also follows the Arrhenius model [43]

D = Dy exp(—Ep/RT) (4)

where Dy is the pre exponential factor and Ep the activation energy
of diffusion.

From the ratio of the single gas permeabilities of the most per-
meating gas, i, to the least permeating gas, j, the ideal selectivity
can be calculated, as

O‘—Fj (5)

Gas separation experiments are carried out on selected mem-
branes by means of CO,/N, mixed gas separation tests using
another experimental setup, schematized in Fig. 3. The membrane
module was the same as in the single gas permeation experiments.
The feed mixture was set up at 12.5 wt.% C0,/87.5 wt.% N, using
MC-50SCCM-D mass flow controllers (Alicat Scientific, USA). This
mixture is fed to the membrane module with temperature con-
trolled by a Memmert UNE 200 convection oven. The permeate
flow rate was measured at the exit using a flowmeter and
the CO, concentration was measured at the end by a G100
analyzer provided with a temperature probe (Fonotest, USA). The
permeate is mixed with pure known N, flow rate for dilution,
before entering the analyzer, since the maximum CO, concentra-
tion measured by the analyzer is 20%. The permeability, P;, is
calculated by Eq. (6) and the separation factor by Eq. (7).

Qo

- ©
SF. :J’coz /Yn, (7)
Xco, /XN,

where P; is given in Barrer (1 Barrer=10"1°cm?® (STP) cm/cm? s
cmHg), i represents the penetrating gas i, Ap; is the partial pressure
difference of i across the membrane (cmHg), Q; is the permeate flow
rate of i (cm®/s) at standard pressure and temperature and y and x
are the concentration at the permeate and feed stream, respectively.

3. Results and discussion
3.1. Synthesis and characterization

Before analyzing the influence of temperature on permeation,
the thermal stability of the membranes was measured by Thermo
Gravimetric Analysis (TGA). The TGA analyses of the MMM are
presented in Fig. 4. It can be observed that the decomposition of
the pure PTMSP agrees with literature [44] and the thermal stabil-
ity of the MMM is very similar to that of pure PTMSP, resisting
temperatures up to 573 K.
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Fig. 3. Experimental setup for the gas separation experiments.

From the thermogravimetric curves, the real filler composition
has been calculated from the residual weight, being 7.58 + 3.30,
12.26 £3.26 and 20.35+3.25wt.% for 5, 10 and 20 wt.% CHA-
PTMSP MMMs, respectively. In the case of LTA5-PTMSP MMM,
the real zeolite loading is 8.48 +3.55, 10.48+1.69 and
22.09+£2.09wt.% for 5, 10 and 20 wt.%, respectively. For Rho-
PTMSP MMM, the real zeolite loading is 7.65 +2.72, 10.30+2.14
and 19.71+£2.90 for, 5, 10 and 20 wt.%, respectively. There is a
lower deviation from the nominal values than those obtained for
pure silica ITQ-29 [29], which points out to a good dispersion
and adhesion of the particles with Si/Al of 5 in the membrane
matrix. These results point out that these materials are thermally
stable up to 573 K, with potential use at industrial level where sep-
aration processes at elevated temperatures are required. Besides,
from these thermogravimetric analysis, it can be observed that
the nominal loading of the fillers agrees with real values.

The XRD patterns of the PTMSP-based MMM are shown in
Fig. 5. The main high intensity peaks of CHA are presented at
diffraction angles of around 9°, 13°, 21° and 31° in Fig. 5(a) [45].
The characteristic reflections of CHA become stronger with the
zeolite loading. The XRD also reveals the presence of this zeolite
in the membrane matrix, because the peaks appear in the corre-
sponding angles of CHA. In general, the narrower a high-intensity
peak is, the more crystalline nature presents. The width of the
peaks at 20 wt.% CHA is larger, probably, due to the appearance
of voids at high loading that prevented obtaining reproducible per-
meation experiments [29]. This agrees with the XRD patterns of
LTA5-based MMM drawn in Fig. 5(b), where the high loading of
20 wt.% led to a dual layer structure as in LTA Si/Al=1 in our
previous work [29] and ZIF-8 in ZIF-8/PEBAX-5233 MMMs [46].
The XRD of LTA5-PTMSP and Rho-PTMSP membranes also reveal
the presence of these zeolites in the membrane matrix, because
the peaks appear in the corresponding angles of the LTA5 and
Rho, respectively. Besides, as in Rho-PTMSP MMM:s, the character-
istic reflections of LTA5 and Rho zeolites become stronger with the
filler loading.

Another observation that can be withdrawn from the XRD pat-
terns in Fig. 5 is that the primary crystalline pattern of PTMSP is
disrupted by the introduction of the zeolite particles, regardless
the type of zeolite. The main broad band of PTMSP decreases with
respect to increasing zeolite loading for all the types of zeolite
under study. This means that the crystallinity of MMM has been

modified upon addition of the zeolite particles, as observed before
for similar systems [47].

The cross-section images of the MMM are shown in Fig. 6. A
heterogeneous distribution of the zeolites is shown due to their
sedimentation on the membrane side in contact with the plate,
leading to an asymmetric morphology in the membranes [25,38].
In CHA-PTMSP and Rho-PTMSP MMM, the zeolite particles have a
higher density (CHA 1.508 g cm~>, Rho 1.442 g cm—>) than the pure
polymer (0.75 g cm>), and they accumulate at the bottom of the
membrane. Better filler dispersion is observed for the LTA5-
PTMSP membranes, which can be attributed to the smaller size
of the LTA5 zeolite particles, and the tendency of Rho particles to
form clusters of agglomerates at the bottom of the membrane.
CHA particles are too large and dense to make defect-free
20 wt.% CHA-PTMSP MMM.

Zeolites with smaller particle sizes have lower effect at lower
filler loadings on the membrane compaction. These compaction
values have been calculated as the difference between the mem-
brane density before and after the set of permeation experiments.
Each membrane is exposed to ten permeation experiments of two
hours each, under an average pressure difference of 2.5 bar and in
the consecutive temperature range from 298 to 333 K. These com-
paction values are collected in Table 2. These observations allow
expecting higher resistance to physical aging, because the free vol-
ume structure is kept for longer times than pure PTMSP mem-
branes [48].

3.2. Influence of temperature on transport properties

The former observations can be related to the permeability,
diffusivity and selectivity of the MMM in comparison with the
pure PTMSP membrane. The gas permeability through the pure
PTMSP membranes prepared in our laboratory decreases with
increasing temperature, from 17,454 + 5,102 Barrer at 298 K to
12,056 + 2,375 Barrer at 333 K, whereas the ideal CO,/N, selectiv-
ity is not improved. This is a typical behavior for PTMSP, due to the
high free volume, and the fact that the rigid and weakly molecular
sieving structure is more prone to changes in solubility than diffu-
sivity [12,13].

Contrarily, the CO, permeability of the MMM prepared in this
work generally increases with temperature, for each zeolite
loading and zeolite type. The average deviations errors for gas
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Fig. 4. TGA of CHA-PTMSP (a) LTA5-PTMSP (b) and Rho-PTMSP (c) MMM.

permeability measured are 7%, 10% and 15% for Rho, LTA5 and
CHA-PTMSP based MMM, respectively. The CO,/N, ideal selectivity
of the MMM is higher than that of the pure PTMSP membrane, in
the temperature range under study. The CO,/N, selectivity of
5wt.% Rho-PTMSP MMM increases from 6.19 to 13.54, CHA-
PTMSP MMM from 7.78 to 31.6, and LTA5-PTMSP MMM from
9.00 to 27.88, when increasing the temperature from 298 to
333 K. This is why the Robeson’s upper bound for CO,/N, separa-
tion, in Fig. 7 is overcome for the intermediate loading MMM when
increasing the temperature from 298 to 323 K. In Fig. 7, the perms-
electivity values of the pure PTMSP membranes, prepared in this
work in a similar manner as the MMM, are included, for the sake
of comparison. The upper bound trade-off relationship between
permeability and selectivity has been calculated as function of
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A b A "
'A‘gl A A A ;-
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0 wt. % CHA
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A
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Fig. 5. X-ray diffractograms of the (a) CHA, (b) LTA5 and (c) Rho-filled MMM.

temperature, taking into account the parameters obtained by
Rowe et al. [49]. The upper bound shifts vertically with tempera-
ture and in the case of the CO,/N, separation moves downwards
with an increase in temperature [49]. Therefore, the permselectiv-
ity of the MMM is improved up to 280% and 2800% higher at 298
and 323 K, respectively, compared to that of the pure PTMSP
membranes.

Another observation from the experimental single gas perme-
ation of the MMM studied in this work is that the effect of the tem-
perature on the CO, permeability varies with the zeolite loading
and morphology. Although the CO, permeability decreases with
zeolite filler content regardless the type of filler, the selectivity of
LTA5, CHA and Rho-PTMSP MMM reaches values of 9.27, 15.93
and 6.19 at 298 K, respectively, much higher than that of the pure
PTMSP membranes (o (CO,/N;) = 1.22 + 0.07) at the same tempera-
ture and measured in the permeation setup in Fig. 1. This occurs at
10 wt.% loading for the smallest particle size zeolites (LTA5 and
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Fig. 6. Cross-sectional images of the MMMs: (a) 5 wt.% CHA-PTMSP, (b) 5 wt.% LTA5-PTMSP, (c) 20 wt.% LTA5-PTMSP, (d) 5 wt.% Rho-PTMSP, (e) 20 wt.% Rho-PTMSP.

Table 2
Compaction values of the MMM in increasing order of particle size: LTA5, CHA, Rho.
Density before Density after Compaction
experiment experiment
(gfem?®) (g/cm?)
5 wt.% LTA5-PTMSP 0.745 + 0.02 0.566 +0.17 0.180 +0.08
10 wt.% LTA5-PTMSP 0.969 +0.25 0.785+0.18 0.184 +0.03
20 wt.% LTA5-PTMSP 0.961 +0.35 0.861 +0.26 0.1+£0.10
5 wt.% CHA-PTMSP 0.771+0.27 0.571+0.08 0.2 £0.06
10 wt.% CHA-PTMSP 0.896 + 0.08 0.739 +0.05 0.154 +0.03
5 wt.% Rho-PTMSP 0.899+0.13 0.688 +0.07 0.211 +0.06
10 wt.% Rho-PTMSP 0.638+0.11 0.517 +0.12 0.122 +0.08
20 wt.% Rho-PTMSP 1.051 £0.28 0.900+0.10 0.152 +0.07

CHA) and 5 wt.% for the largest Rho particles, which is in agreement
with the XRD and SEM observations. The CO, permeability, of some
MMM at certain content of zeolite loading and temperature, is not
decreased, though, contrarily to the general permselectivity trade-
off reported for MMM. For instance, for 5 wt.% CHA-based MMM at
333 K, the CO, permeability is not decreased, while for LTA5 and
Rho-based MMM at 303 and 323 K, respectively, the CO, perme-
ability is almost constant up to a loading of 10 wt.%. This is because
of polymer chain rigidification around the zeolite particles, partial
pore blockage of zeolites by the polymer chains and extended diffu-
sion pathways of the penetrants through the membrane [50-54],
with constant or decreasing selectivity [23]. This behavior is attrib-
uted to the molecular sieving effect imparted by the introduction of
the small-pore zeolites in the membrane, as well as the good inter-
action with the PTMSP chains that prevents interfacial voids. In

general, CO2/N, selectivity increases only up to 10 wt.% zeolite con-
tent, decreasing again when the zeolite loading is raised to 20 wt.%,
due to the appearance of voids. The agglomeration of particles at
the bottom observed by SEM (Fig. 6) generate the preferential ori-
entations observed by XRD (Fig. 5) that lead to poorer adhesion
between some particles and the polymer, providing that obtaining
a good adhesion is especially difficult when using glassy polymers
with rigid structure [27]. Moore and Koros established in 40 wt.%
the upper limit over which a zeolite 4A could not be added to a
glassy polymer without generating defects that decrease the selec-
tivity gained [55]. In this work, the CO,/N, selectivity is consider-
ably increased even at zeolite loadings as low as 5 and 10 wt.%,
improving the CO, permselectivity.

The permselectivity of the LTA5, Rho and CHA-PTMSP MMM
prepared in this work is enhanced with increasing operation tem-
perature from 298 K to 333 K. Indeed, at 323 K, Robeson’s upper
bound is surpassed by 5 and 10 wt.% CHA-PTMSP, while the data
obtained for 5wt.% LTA5-PTMSP and Rho-PTMSP MMMs are
almost on the Robeson’s upper bound limit. In conclusion, selectiv-
ity is much greater than that of pure PTMSP membranes, due to the
molecular sieving effect of the incorporation of the small-pore zeo-
lites to the polymer matrix and the absence of defects between the
polymer and the zeolites in the membrane matrix. Moreover, per-
meabilities are not substantially reduced compared to the pure
polymer and all this results on overcoming the existing polymer
membranes performance [56-59].

The effect of filler type and filler content on the CO, permeability
is represented at 298 and 323 K, in Fig. 8(a) and (b), respectively.
The relative CO, permeability of the MMM with respect to that of
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Fig. 7. Comparison of the permselectivity of the MMM prepared in this work at
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gas pair separation at such temperatures [9,49]. Void symbols account for pure
PTMSP membrane data, half symbols represent 5 wt.% (m) and 10 wt.% (™) loadings,
respectively, and full symbols, 20 wt.%.

the pure PTMSP membranes is plotted versus zeolite loading for the
three different morphologies. At 298 K, the CO, permeability of
both CHA and LTA5 PTMSP based MMM is enhanced with the filler
content, while the best CO, permeability of Rho-PTMSP MMM at
298 K is obtained at a zeolite loading of 10 wt.%. On the other hand,
at 323 K the CO, permeability of CHA and Rho PTMSP MMM
decreases with zeolite loading, while the highest CO, permeability
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through the LTA5-PTMSP MMM is obtained for a filler content of
10 wt.%, being higher than that of pure PTMSP membranes mea-
sured in the same conditions. At both temperatures the lowest
decrease of CO, permeability with increasing zeolite loading is
obtained for the LTA5-PTMSP MMM.

The effect of filler type and filler content on the CO,/N, selectiv-
ity at 298 and 323 K has been also presented (Fig. 9(a) and (b)). The
relative CO,/N; selectivity to that of the pure PTMSP membranes is
plotted as a function of zeolite loading and morphology. At 298 K,
both the CO,/N, selectivities of Rho and LTA5-PTMSP based MMM
decrease with filler content, being the highest at a 5 wt.% zeolite
loading, while the CO,/N, selectivity of CHA-PTMSP MMM enhances
with an increase in the filling. On the contrary, at 323 K the best
CO,/N, selectivity of CHA-PTMSP MMM is obtained at a filler con-
tent of 5wt.%, while that of LTA5 and Rho-PTMSP based MMM
increases up to a zeolite loading of 10 wt.%, decreasing again when
the filler charge is raised to 20 wt.%, probably due to the appearance
of voids. However, the CO,/N, selectivity is considerably enhanced
compared to that of the pure PTMSP membranes, up to a factor of 30.

The permeation tests carried out at different temperatures
agreed with Arrhenius-type relationships, according to Egs. (3)
and (4) (not shown). Noteworthy, LTA5-PTMSP MMM give the
highest permeabilities, probably because LTA5 zeolite has the
largest pore size. This enhances the diffusivity contribution to per-
meation of LTA5-based MMM, compared with the others, because
of the 3-dimensionally interconnected larger pores of the LTA5
zeolite particles [60]. The activation energies for permeation are
—71+1.4 and —12.6 +4.1 kJ mol~! for CO, and N, permeation
through pure PTMSP membranes, respectively, which agrees with
other authors [57]; while the energies for diffusion are
—7.12+4.99 and —17.29 +8.34 k] mol~! for CO, and N,, respec-
tively, also in agreement with other works [12,47]. The activation
energies for permeation and diffusion through the MMM are pre-
sented in Table 3. The higher the temperature effect on the diffu-
sion rate, the higher is the energy activation for diffusion and the
higher the influence of diffusivity of permeation [47]. In this work,
the MMM present positive values for the activation energy for per-
meation that are greater than that of the pure polymer, because the
solubility of the Si/Al =5 zeolites used as fillers is also playing a
role. From Table 3, it is evident that the positive value of E, in
the membrane is accompanied by a positive value of Ep, only when
the MMM start forming a dual phase structure and thus behaving
like a pure inorganic membrane. A negative E, value is
accompanied also by a negative value of Ep for the better dispersed
LTA5-PTMSP MMM at zeolite loadings of 5 and 10 wt.%, of lower
particle size than CHA and Rho.
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Fig. 8. Relative CO, permeability of the different MMM with respect to that of pure PTMSP membranes versus zeolite content at 298 K (a) and 323 K (b). CHA- (black), LTA5-

(gray) and Rho- (light gray) based PTMSP MMM.
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Table 3

Activation energies of permeation and diffusion for CO, and N, through the PTMSP-based MMM.

Membrane wt.% loading E, (kJ/mol) Ep (kJ/mol)
CO, N, CO, N,
PTMSP 0 -7.10+£1.4 -12.6+4.1 —7.12+£4.99 —-17.29+8.34
CHA-PTMSP 5 46.53 £ 14.72 12.13+3.17 25.15 £ 8.89 12.85+2.28
10 16.53+8.75 7.19+2.67 25.15 +9.47 1.36 £0.30
LTA5-PTMSP 5 —-11.23+9.18 42.29+13.05 —4.56 +2.61 28.25+1.65
10 18.76 £ 16.18 42.46 +15.17 21.18+3.35 21.25+2.92
20 -5.88 £1.38 23.14+16.14 —10.05 £ 1.54 43.96 +15.27
Rho-PTMSP 5 14.64 £3.68 —5.04£0.69 15.50+7.23 -1235%8.15
10 26.43 +2.75 21.38+8.54 22.94+0.27 13.63 £3.21
20 18.33+4.51 10.14 £3.21 2.89+0.67 13.04 £4.62

3.3. Mixed gas separation properties

Once the novel MMM were characterized, the MMM showing
the highest separation ability of all studied in this work were those
loaded with 5 wt.% regardless the type of zeolite. The separation of
CO,/N, gas mixtures at 12.5% CO, was measured at 333 K and
4 bar, which approaches real mixed gas separation in flue gas post
combustion treatment. Results are collected in Table 4. The perme-
ation was calculated from the mixed gas separation set-up in Fig. 3,
by Eq. (6). Both CO, permeation and ideal selectivity of LTA5 and
Rho-filled MMM were enhanced in mixed gas separation in com-
parison with single gas permeation experiments, whereas this
was not observed when CHA was used as filler. The real separation
factor was calculated using Eq. (7). The separation factor has lower
values than the ideal selectivity, because the zeolites and MMM
adsorb preferentially the CO, thus hindering the largest N,
molecule diffusion through the membrane. This implies a final
CO, percentage in the permeate of 46.8%, 43.4% and 42.0% and in

Table 4
CO,/N; separation of 5wt.% loaded MMMs at 333K and 12.5% CO, in the feed
mixture.

Zeolite P(CO,) P(N3) Ideal % CO, in Separation
filler [Barrer] [Barrer]  selectivity, »  permeate factor (S.F.)
CHA 22,914 692 33.13 46.8 6.2
LTA5 27,249 1242 21.94 434 5.4
Rho 64,920 1308 49.65 42.0 5.1
Zeolite A* 112,627 1785 63.10 39.6 4.9

2 This experiment was carried out with the 20 wt.% loaded zeolite A in PTMSP,
whose characterization was studied in a previous work [29].

the retentate 9.52%, 9.06% and 8.47% for CHA-PTMSP, LTA5-
PTMSP and Rho-PTMSP, respectively. The CO, permeabilities are
also enhanced as compared with the single gas permeation exper-
iments, which proves the influence of diffusivity selectivity despite
the preferential sorption for CO, over N, of both zeolites and
MMM, as in other membrane systems [61].

4. Conclusions

In this work, mixed matrix membranes (MMM) have been suc-
cessfully prepared using the highly permeable PTMSP polymer and
small-pore zeolites with Si/Al ratio of 5, and topologies LTA, CHA
and Rho, respectively, by the solution casting method. A filler load-
ing of 5 and 10 wt.% in the PTMSP matrix provides good thermal
stability as well as adhesion and dispersion throughout the
MMM. The permselectivity of N, and CO,, increased with the incor-
poration of all the zeolites. The CO, permeability through the
membrane decreases, but the CO,/N, selectivity is considerably
improved, in consequence enhancing the CO, permselectivity.
The adhesion at the highest filler loading of 20 wt.% is hindered
by agglomeration and irregular particle orientation that causes
voids appearance between the phases, as observed by XRD and
SEM.

The increase in CO,/N, permselectivity over the Robeson’s
upper bound for this gas pair mixture is enhanced when operation
temperature is increased from 298 K to 333 K. This is attributed to
the molecular sieving effect upon zeolite introduction, which was
maintained even at increasing temperature. In this work, 5 wt.%
CHA-PTMSP MMM surpasses the upper bound even at 323 K.

The 5 wt.% zeolite MMM performance was tested for the CO,/N,
mixture separation at 333 K. Mixed gas separation experiments
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reveal similar CO, permeability and higher CO,/N, ideal selectivity as
in single gas permeation, and low real separation factor, thus proving
the higher influence of diffusivity selectivity despite the preferential
sorption for CO, over N, of both zeolites and MMM.

These results indicate the good compatibility between the
Si/Al = 5 zeolite fillers and the PTMSP to produce novel membrane
materials with improved permselectivity and the potential of
these membranes to be used in CO, separation at higher
temperature than conventional processes.
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Resumen

Se han preparado membranas mixtas (MMM) combinando una pequeia cantidad de
liquido idnico muy absorbente y no téxico, [emim][Ac] (LI) (5 m/m %), un biopolimero que
proviene de recursos naturales abundantes, el quitosano (CS), y compuestos porosos metal-
organicos de tamano nanométrico (MOF), particulas de ZIF-8 y HKUST-1, para mejorar la
selectividad de la matriz hibrida LI-CS. Los analisis termogravimétricos revelaron que la
estabilidad térmica de las membranas fue mejorada por la influencia tanto del liquido idnico como
del ZIF-8 o HKUST-1. Se mantuvo el contenido de agua de las membranas del 20% (m/m), lo
que da idea del potencial de estos materiales para desarrollar membranas resistentes a alta
temperatura y al agua para la separacién de CO.. Se realizaron experimentos de permeacién de
gases puros de CO2 y N2 en el rango de temperatura de 298 — 323 K, con el fin de comparar el
comportamiento con las membranas previamente desarrolladas de LI-CS. El mejor
comportamiento de permeabilidad de CO: y selectividad CO2/N2 se obtuvo con las membranas
gue contenian un 10% (m/m) de ZIF-8 y un 5 % (m/m) de HKUST-1 junto con el LI y el CS. Los
resultados obtenidos fueron de 5413 + 191 Barrer y 11,5, y 4754 + 1388 Barrer y 19,3,
respectivamente. Esto se atribuye a la mejor adhesion y el menor tamario de particula del ZIF-8
que el de las particulas de HKUST-1, en comparacion con la matriz continua de LI-CS, interpretado
por los parametros de solubilidad de Hansen y los modelos basados en Maxwell modificados para
tener en cuenta la rigidez, el bloqueo de poros y la cristalinidad de la matriz de CS, con

predicciones bastante precisas.

Original abstract

Mixed matrix membranes (MMMs) have been prepared by combining a small amount of
highly absorbing non-toxic ionic liquid, [emim][Ac] (IL) (5 wt.%), a biopolymer from renewable
abundant natural resources, chitosan (CS), and nanometre-sized metal-organic framework (MOF)
ZIF-8 or HKUST-1 particles to improve the selectivity of the IL-CS hybrid continuous polymer
matrix. The TGA revealed that the thermal stability has been enhanced by the influence of both
IL and ZIF-8 or HKUST-1 fillers, while keeping a water content of around 20 wt.%, which suggests
the potential of such materials for developing high temperature water resistant membranes for
CO:2 separation. The CO2 and N: single gas permeation performance was tested at temperatures
in the range of 25 — 50 °C, to compare with the previously reported IL-CS hybrid membranes.
The best CO2 permeability and CO2/N:2 selectivity performance is obtained for 10 wt.% ZIF-8 and
5 wt.% HKUST-1/IL-CS membranes, as high as 5413 + 191 Barrer and 11.5, and 4754 + 1388
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Barrer and 19.3, respectively. This is attributed to a better adhesion and smaller particle size of
ZIF-8 than HKUST-1 nanoparticles with respect to the IL—CS continuous matrix, as interpreted by
Hansen solubility parameters and Maxwell-based models, modified to account for rigidification,

pore blockage and crystallinity of the CS matrix, with very accurate predictions.
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Synthesis and characterisation of MOF/ionic liquid/
chitosan mixed matrix membranes for CO,/N,
separation

Clara Casado-Coterillo,*® Ana Fernandez-Barquin,® Beatriz Zornoza,® Carlos Téllez,”
Joaquin Coronas® and Angel Irabien?

Mixed matrix membranes (MMMs) have been prepared by combining a small amount of highly absorbing
non-toxic ionic liquid, [emim][Ac] (IL) (5 wt%), a biopolymer from renewable abundant natural resources,
chitosan (CS), and nanometre-sized metal-organic framework (MOF) ZIF-8 or HKUST-1 particles to
improve the selectivity of the IL-CS hybrid continuous polymer matrix. The TGA revealed that the
thermal stability has been enhanced by the influence of both IL and ZIF-8 or HKUST-1 fillers, while
This article can be cited befqgpRge N WRREreSRLRAPLBEHISUARI2ES WEANFHRIR2S6 g SEs th& 356 @RAtal of such materials for
Coterillo, A. Fernandez-Barqaétebpirey Aighaempbritare Wite resistant thémbrdpies fdf EOA dkpadilibn. BRI CO, and N; single gas
10.1039/C5RA19331A. permeation performance was tested at temperatures in the range of 25-50 °C, to compare with the
previously reported IL-CS hybrid membranes. The best CO, permeability and CO,/N, selectivity
performance is obtained for 10 wt% ZIF-8 and 5 wt% HKUST-1/IL—-CS membranes, as high as 5413 + 191
Barrer and 11.5, and 4754 + 1388 Barrer and 19.3, respectively. This is attributed to a better adhesion and
smaller particle size of ZIF-8 than HKUST-1 nanoparticles with respect to the IL-CS continuous matrix,
as interpreted by Hansen solubility parameters and Maxwell-based models, modified to account for
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Introduction

Post-combustion capture to separate CO, from flue gas in fossil-
fuelled power plants is vital to tackle climate change issues.
Although amine absorption is a mature technology widely
available on the large scale, it presents several drawbacks in post-
combustion, regarding steam regeneration, handling of corro-
sive liquids, amine losses, and a low temperature requirement
for efficient separation. Its expensiveness leads to opportunities
for new emerging processes for sustainable CO, capture.
Membrane separation is a promising alternative to conventional
absorption processes because of the simplicity and durability of
operation, low footprint and eco-friendliness and potential lower
energy cost than amine absorption, all of which favour their use
in small-scale applications. Although polymeric membranes
have been commercialised because of their relatively easy pro-
cessing at low costs, due to their limited resistance to high
temperature and usual inadequacy to high flow rates or sensi-
tiveness to clogging by dust, there is an absence of economy of
scale and low CO,/N, selectivity limitations." Inorganic
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rigidification, pore blockage and crystallinity of the CS matrix, with very accurate predictions.

membranes for CO,/N, separation are inherently microporous
and based on molecular sieving mechanisms, such as ceramic?
and zeolite membranes.> Permeability and selectivity are the
fundamental parameters that characterise the gas separation
through membrane materials. There is usually a trade-off
between both parameters that was well described by Robeson
in his upper bound.* At large scale post-combustion capture,
however, we have to deal with low CO, pressures of 0.15 bar,
meaning low driving forces. High permeability becomes crucially
important, while high selectivity would avoid pressure ratio
dependence of membrane performance.®

Mixed matrix membranes (MMM:s), where the combination
of organic and inorganic materials has been proved as a prom-
ising way of merging and enhancing the properties of both
phases, have been attracting interest in the last decades.®™®
Recently the MMMs devoted as CO, selective have been the
object of an extended overview of CO, selective membranes.™
New materials based on renewable resources are most recently
sought for to avoid dependency on petroleum-based products.
In order to overcome this trade off and obtain membranes with
increased permeability and selectivity at the same time, the
most important challenge on MMMs is the adhesion or
compatibility between the components in order to form
a homogeneous film with synergistic properties.

Room temperature ionic liquids (IL) combining good and
tuneable solubility properties with negligible vapour pressure

This journal is © The Royal Society of Chemistry 2015
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and good thermal stability have received much attention as an
alternative to the existing CO, absorption solvents in membrane
contactors. Supported ionic liquid membranes (SILM) were
thus proposed to take advantage of high CO, absorption of non
toxic ILs as a function of the type of anion was evaluated.'” The
large number of publications dealing with ILs in membranes
for CO, separation has opened up the field for next generation
membranes.® In particular, the IL composed of the 1-ethyl-3-
methylimidazolium cation and acetate anion, [emim][Ac], is
the IL with the highest reported CO, solubility even with
increased temperature,” as well as non-reported toxicity."*
MMMs consisting of polymerizable ionic liquids and free room
temperature ILs have been proposed to improve the perfor-
mance of SAPO-34-based membranes in CO,/CH, separa-
tion,"™® in the light of the outcome of PILs as promising
materials for CO, capture'” and polymerised ionic liquids filled
with RTILs were also proposed for CO,/N, separation,® but the
selectivity was still low.

Chitosan (CS), poly[B(1— 4)-2-amino-2-deoxy-p-glucopyr-
anose], is a linear polysaccharide obtained by deacetylation of
chitin, abundant, cheap and acquired from renewable sources,
i.e. the shell of crustaceans, as well as biodegradable, biocom-
patible, non-toxic and hydrophilic. The high hydrophilicity of
CS makes it possible to hydrate and form water-swollen
membranes with enhanced CO,/N, permselectivity because of
the high CO, solubility in water.' Swollen CS-based membranes
have been studied for CO,/N, separation in facilitated trans-
port, by humidification of the feed gas prior to entering the
membrane module.” Its mechanical stability has nevertheless
been tried to improve by coating on a porous polysulfone
support,® organic chemical crosslinking® or physical mixing
with zeolite particles.?® Because of the strong H-bonds forming
with the OH groups in the polymer chain, ionic liquids are
considered as good solvents for polysaccharides,” and thus
a good interaction with ILs was expected. With the aim of
increasing mechanical and thermal stability of liquid
membranes,* hybrid solid IL-CS membranes were recently re-
ported by introducing a small amount of [emim][Ac] IL into the
CS matrix, leading to a good adhesion with improved flexibility,
as well as a decrease of the influence of temperature on CO,/N,
separation.*® However, the selectivity was still below the Robe-
son's upper bound,* by the increased amorphousness imparted
by an IL into a semi-crystalline polymer matrix.>” The incorpo-
ration of microporous titanosilicate ETS-10 nanoparticles into
CS and IL/CS hybrid matrices was observed to increase tensile
strength, and simultaneously and monotonously increased the
CO,/N, separation performance by the addition of the same IL
and microporous titanosilicate ETS-10 (ref. 28) as in other 3-
phase MMMs based on PILs, RTILs and molecular sieves.'®*”*®

Metal-organic frameworks (MOFs) have been proposed as
promising fillers in MMMs for gas separation because their partly
organic nature allows expectation of a higher compatibility with
the polymer chains.*® Adams et al.*' studied a MOF based on
copper and terephthalic acid (TPA) that improved the perfor-
mance of the pure polymer. HKUST-1 or Cus(BTC), (copper(u)-
benzene-1,3,5-tricarboxylate) is a 3D porous metal organic
framework (MOF) with high CO, sorption ability and thermal
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stability** that was introduced in MMM for gas separation by Car
et al® ZIF-8 (Zn(2-methylimidazole),) belongs to the zeolite
imidazole framework subgroup of MOFs with exceptional chem-
ical and thermal stability. ZIF-8 has cavities of 11.6 A connected
through small apertures of 3.4 A, which makes this material
highly studied in hybrid membranes to enhance their molecular
sieving ability. Yilmaz and Keskin provided a computational
approach that allows developing MOF- and ZIF-based MMMs for
CO,/N, separation.** ZIF-8 nanoparticles may increase the free
volume of low permeability Matrimid polyimide, at the expense of
polymer plasticization and loss of selectivity.> Both HKUST-1 (ref.
36) and ZIF-8 (ref. 29 and 37) have been used with the aim of
improving the plasticization resistance in polyimide membranes
for CO, separation. The adsorption capacity of ZIF-8 increases in
the presence of water.*® For CO,/N, separation, there is an urge to
match high permeable polymers with intimate mixing fillers that
are water and thermally resistant; in this light, ZIF-7 was added to
PEBAX and PTMSP permeable polymers to produce a composite
membrane with a CO, permeability of 145 Barrer and a CO,/N,
selectivity of 97.% Recently, as high as 35% ZIF-8 was loaded into
PEBAX forming a dual layer membrane with increased CO,
permeability and decreased selectivity, but long term stability
under humid conditions.* The major challenge in MMMs is the
adhesion between the phases. Therefore, a ZIF-8 loading of 18.9
wt% in the ionic polymer p[vbim]|[NTf,] has been reported to
increase the CO, permeability of ionic polymer from 101 to 199
Barrer at a constant CO,/N, selectivity of 20, at room tempera-
ture.> Molecular simulations have also been realised using ionic
liquids embedded in Cu-BTC to study CO,/N, or CO,/CH,
mixtures,* and the CO, adsorption was recently analysed experi-
mentally and validated by molecular simulation.** Although small
particle size ZIF-8 is better dispersed in the fabrication of MMMs
for CO,/CH,, still particle modification protocols are needed to
increase the selectivity from 19.4 to 28.5.

Therefore, in this work ZIF-8 and HKUST-1 nanoparticles,
without the need of particle surface modification, were added at
different loadings (5-20 wt%) into the IL-CS hybrid matrix to try to
improve the CO,/N, selectivity of the IL-CS hybrid membranes.*®
The 3-phase MMM s were characterised by single gas permeation of
CO, and N, permeabilities as a function of temperature to study
the thermal resistance of the membranes. Further characterisation
was obtained from TGA, XRD and SEM analyses. The transport
properties were fitted to Maxwell-based models as a function of
temperature, type of filler and membrane morphology.

Materials and methods
Materials

Chitosan (CS, coarse ground flakes and powder, Sigma-Aldrich)
with a deacetylation degree higher than 75 wt% and high
viscosity was used as purchased. This CS product provides high
density of amino groups for CO, separation.*

Zeolite imidazole framework (ZIF-8) nanocrystals were
prepared in aqueous solution as reported elsewhere.**** HKUST-1
or Cuy(BTC), powder was also prepared by a procedure described
elsewhere.***” The average particle size and morphology observed
by SEM are shown in Fig. 1, giving average values of 0.16 + 0.02

RSC Aadv., 2015, 5, 102350-102361 | 102351
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Fig.1 SEM images of the ZIF-8 (a) and HKUST-1 (b) particles used in
the 3-phase IL-CS based membranes preparation.

pum and 0.34 =+ 0.20 um for ZIF-8 and HKUST-1, respectively, from
a total measured population of 45 particles.

Methods

The procedure to prepare the MMM has been reported else-
where.>*?® In a typical synthesis, CS 1.5 wt% was first dissolved
in 2 wt% acetic acid (glacial, Panreac) aqueous solutions by
stirring at 80 °C for 24 h under reflux. The CS solution obtained
was filtered to remove insoluble impurities. At this point, the
ionic liquid (IL, 97 wt%, Sigma Aldrich) was added in 5 wt%
proportion with respect to the CS concentration in the solution,
which was deemed the most thermally and mechanically stable
in a previous work.?® The mixture was stirred for 2 h. In the case
of the MMMSs, the HKUST-1 or ZIF-8 nanoparticle filler was first
stirred in a 2-3 mL DI water before addition to the IL-CS
solution, in 5-20 wt% content with respect to the total IL-CS
organic composition, to study the influence of filler loading on
membrane performance. Then, the 8 mL hybrid solution was
stirred for 24 h and degassed in an ultrasound bath, before
casting on a polystyrene Petri dish and evaporated at room
temperature for 2-3 days. The membranes were then removed
from the Petri dish. A 14.45 cm® membrane was cut from the
film for gas permeation, neutralised in 1 M NaOH and rinsed
with abundant distilled water. Excess water was carefully
removed by blotting with a paper tissue before CO, and N,
permeation tests. Once neutralised with NaOH solutions, there
are OH and NH, available groups in the chain structure for
interaction with CO, upon separation performance.

Characterisation

Thicknesses were measured with a IP-65 Digital Micrometer
(Mitutoyo Corp. with an accuracy of 0.001 mm). The thicknesses
of the membranes were measured in five points over the whole
membrane surface after gas permeation experiments are
collected in Table 2, as a function of membrane material
composition. The average thickness of all the MMMs prepared
in this work range from 90 to 146 um, although there seems to
be a slightly increasing trend with increasing particle loading.

The experimental density of the membrane films (p,,) was
measured gravimetrically from the electronically measured
weight of the circular film and the calculated volume of several
membranes prepared under the same conditions at room
temperature (20 °C).

102352 | RSC Adv., 2015, 5, 102350-102361
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Thermogravimetric analyses (TGA) were performed in a DTG
60H Shimadzu instrument in air from 25-700 °C at a heating
rate of 10 °C min~ " to study the thermal stability of the resulting
membranes. The decomposition temperature was calculated as
the temperature at which 5 wt% loss occurs.

The X-ray diffractograms (XRD) of the materials and
membranes were collected in the range of 26 2.5-40° with a step
of 0.03° on a D/max 2500 diffractometer (Rigaku, Japan) oper-
ating at 40 kV and 80 mA, equipped with rotating Cu anode and
a graphite monochromator to select the Cu Ka, radiation.

The ZIF-8 and HKUST-1 particles and MMMs were charac-
terised by SEM using an Inspect F scanning electron microscope
(HITACHI S2300, Japan). In order to observe the cross section of
the MMMs, the membranes were fractured by immersion in
liquid nitrogen and then 15 nm thick gold sputtered at 10 kV.
To evaluate the dispersion of the particles within the membrane
matrix, the metal cations were analysed by EDX mapping.

The water uptake of the IL-CS based membranes was
measured in membrane pieces of 2 x 2 cm?, after the neutral-
isation step in NaOH 1 M and thorough washing in DI water.
The membrane pieces were immersed in DI water for 24 h. The
wet weight was obtained by quickly blotting the piece of
membrane onto a tissue paper to remove the excess of water.
The total water uptake of the membrane material was calculated
by the following equation,

Wy = 100 x (L‘ - Wd‘y) (1)
Wdry

where wq,y is the dry weight of the membrane, which in average

was above 0.10 g for accuracy purposes, and Wy, the weight of

the swollen membrane (g).

The porosity of the membrane can be calculated from the
volume occupied by water and the volume of the membrane, by
taking into account the water density at 25 °C (0.997 g cm ~)
and the density of the membrane in the dry state,?® which was
obtained gravimetrically from the circular membrane used in
the permeation experiments. The void fraction, ¢, can thus be

calculated as
¢v _ (Wwel - Wdry> +
pwaler

where pqyy is the density of the membrane in the dry state. The
water content of the membranes was measured before and after
every set of experiments (both gases, temperature range 25-
50 °C) until constant values, so that the gas permeation runs
were conducted under constant humid conditions.

Pure N, and CO, gas permeation was carried out in the
home-made constant volume system shown in Fig. 2, in the
temperature interval of 25-50 °C. Membranes were placed in
the permeation cell, and tested for N, first and then for CO,. In
a typical run, both retentate and permeate sides of the
membrane module were filled in for a few minutes. Then, all
valves were closed and the vent valve was opened to remove the
gas in the permeate side and create the driving force across the
membrane. The initial pressure was monitored by a pressure
transducer, p,, and the pressure difference was monitored
along the experimental run by differential pressure transducer

Wary 2)
pdry
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(Omega, UK), Ap. In total, time an average single membrane
spent in the permeation cell along all the experimental runs at
least 12 h. An average of three single gas permeation experi-
ments for each gas and membrane material were considered to
account for reproducibility.
The permeability P; of a pure gas component i through
a polymer-based film is defined as follows
Oil
Pi - AApl (3)

where Q; is the volumetric gas i (i = CO, or Ny, in this work)
flowing through the effective membrane area, 4, at a Ap; partial
pressure difference, normalized by the membrane thickness, I.
P; is usually given in Barrer (1 Barrer = 10~ *° cm®(STP) cm > s™"
cmHg '), and is a first approximation to the transport proper-
ties of a certain membrane material.

The transport mechanism across dense polymeric
membranes follows the solution-diffusion model,
Pi = Di X Si (4)

where diffusivity represents the kinetic transport across the
membrane, in em” s, and solubility, the thermodynamic
affinity of the membrane material for one of the components in
the feed mixture, in em*(STP) em™® ecmHg ™ ". The diffusivity
coefficient is a kinetic term related to the energy necessary for
a gas molecule to jump through the polymer matrix and the
intrinsic degree of segmental packing. The permeability is
calculated at steady state conditions, after the mass balance
diffusion using the pressure data in the feed and permeate
compartments in the constant volume gas permeation plant
drawn in Fig. 2, leading to eqn (5), according to Cussler,*®

= (7)6ur )

where prand p;, are the feed and permeate pressure, respectively
(Pa), I is the membrane thickness (m), and §,, is a geometric
factor (m~") determined as

(pi‘f - pi,p)o

Apy
n|=22
(Piﬁr - pi.p)

Ap

In

co,

Fig. 2 Gas permeation constant volume setup.
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werlfed)
where 4y, is the membrane area (m?), V, and V; the permeate
and feed compartment volumes (m?), respectively, with a value
of B, = 110.76 cm ™ in this work.

The solubility S; correlates with the Hansen solubility
parameters (HSP), which are being recently presented as
a practical tool to predict the material compatibility leading to
a good adhesion among the components* as well as preferen-
tial affinity for CO, and N,.*® HSP are based on parameters from
the dispersion, polar and hydrogen bonding cohesive energies,
respectively, to identify the interaction between the components
in a mixture and the gases and the blend, as

Ep\’ (B’ [(Eu\’
#=(7) (7)< () ot eaene )

where ¢ is the total solubility parameter and V the molar
volume, and the parameters are given in MPa'%. This total
solubility corresponds to one point in the Hansen space, and
the distance between two such points 1 and 2 is given by R,, as
follows,

R, =4(dp1 — 0p2)* + (Op1 — 0p2)> + (Ou1 — Op2)’ (8)

The ideal selectivity is the intrinsic parameter describing the
ability of a certain membrane material to separate an specific
pair of gases and is usually calculated as the ratio of the single
gas permeability of the high to low permeating gas, which for
the CO,/N, gas pair object of study, is

P CO,
= 9
e ©)

&COoy /N, =

Results and discussion

Fig. 3 shows the XRD diffractograms of the materials and
membranes studied in this work. The broad peaks around 12
and 20° are attributed to the form I and II of pristine CS

1 Thermostatid bath |

Vent
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polymer, accounting for the semicrystalline nature of CS,*® are
discerned in the CS membranes, whereas for the IL-CS
membrane these peaks almost disappear. This is attributed to
disruption of the semi-crystalline nature upon addition of the
IL.°* The characteristic peaks of ZIF-8 and HKUST-1 are not
discerned, not even at the highest loading of 20 wt% studied.
This can be related to the nanometre size of the filler particles
and to the good interaction and mixing at molecular level
between the fillers and the CS-based matrix.”> Hao et al.*®
attributed the disappearance of ZIF-8 characteristic peaks at
7.2 and 10.4° to the destruction of the crystal structure at (001)
and (002) by the acid environment induced by the IL, which in
their case was [emim][BF,]. This phenomenon was probably
enhanced by the use of diluted acetic acid solutions employed
on the preparation of the IL-CS-based casting solutions in this
work. The ZIF-8 and HKUST-1 loading in the hybrid IL-CS
matrix is quite low compared with other MOF MMMs reported
in literature, where only MOF and ZIF loadings of 43 and 60
wt%, respectively,*** could be observed by XRD, therefore the
XRD are not conclusive.*”

The HSP of the materials proposed in this work as compo-
nents for the hybrid and MMMs are displayed in Table 1. The
values of solubility and interaction distance demonstrate the
preferential affinity of the materials for CO, vs. N,, as well as
a relatively good interaction between CS and IL, CS and ZIF-8
and CS and HKUST-1, even though ZIF-8 is more compatible
to CS and IL than HKUST-1. Using the additive method we can
predict the interaction distance of IL-CS-based hybrid
membranes, with CO, and N, gases in a mixture, as R, = 20.1
and 30.0 MPa'?, respectively, for IL-CS membranes. The
conclusions of these calculations may be that the CO,/N,
separation performance of IL/CS hybrid membranes could be
expected to improve by the addition of HKUST-1 or ZIF-8
particles, even without additional surface modifiers.

The smaller the solubility distance parameter R, between two
components, the better the compatibility. Therefore, since the
R, interaction distances between IL and ZIF-8 and HKUST-1 are

20wt% ZIF-8-IL/CS
w
IL-CS membrane

CS membrane

ZIF-8 powder

ZIF-8 simulated

30 40

26[]

(@
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11.8 and 9.7 MPa'/?, respectively, a better ZIF-8/CS adhesion can
be expected in the 3-component MMM. The thermal stability of
IL-CS-based membranes in Fig. 4 correlates with the matrix
interaction. According to HSP calculations, ZIF-8 is more
compatible with CS and IL than HKUST-1, which agrees with the
slightly higher thermal stability observed by TGA (Fig. 4) of ZIF-
8/IL-CS MMM than HKUST-1/IL-CS MMM, and Zhu-Ryberg
et al. observations for CS-based nanocomposites.*’

The thermal degradation of the ZIF-8/IL-CS based
membranes was measured by TGA in static air in the range 25
to 700 °C and represented in Fig. 4. The TGA curves follows
the usual three steps of CS thermal degradation: a first step up
to 119 °C corresponds to the removal of free water and is
omitted from Fig. 4 to better observe the thermal changes on
the new MMMs, taking into account the high water uptake of
the CS-based membranes; a second step up to 427 °C for the
removal of bound water and the start of deacetylation of the
CS matrix; and a final decomposition step. The weight loss
observed before 119 °C (not shown), as indicated, is attributed
to the evaporation of adsorbed water, which increases from

Table 1 Hansen solubility parameters 6p, 6p, y, and 6 for pure CS,*°
[emim][Ac] IL,%> HKUST-1,%¢ ZIF-8 (ref. 57) and the interaction factor R,
with CS and IL (columns A and B, respectively)

op op ou

(MPa'?)  (MPa'?) (MPa'®) R,(-CS)A R,(-IL)B
cs 17.8 14.2 24.1 0 11.4
L 14.2 8.8 17.0 11.4 0
HKUST-1  17.9 9.9 10.7 14.1 9.7
ZIF-8* 20.8 8.6 16.4 11.2 11.8
CO, 15.7 6.3 5.7 20.5 11.9
N, 11.9 0 0 30.4 19.7

¢ Because of lack of Hansen' solubility parameters available for ZIF-8, we
take the parameters provided for the 2-methylimidazole (2MI)
functional group as the one responsible in ZIF-8 for interactions with
the other components.®”

20wt% HKUST-1-IL/CS

_‘/W’W‘-
IL-CS membrane

CS membrane

HKUST-1 powder

10 20 30 40
20[]

(b)

HKUST-1 simulated

Fig. 3 X-ray diffraction patterns of ZIF-8 (a) and HKUST-1 (b) IL-CS based membranes. ZIF-8 and HKUST-1 powder diffractograms for ZIF-8 and
HKUST-1 samples, respectively, are also shown for comparison. Simulated diagrams were obtained using DIAMOND 3.2k and CIFs 4118891 and

2300380 for ZIF-8 and HKUST-1, respectively.
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Fig. 4 Thermogravimetric analyses of the IL-CS-based membranes using ZIF-8 and HKUST-1 fillers.

0.22 wt% for the IL-CS membrane, in agreement with
previous results,***® to 13.2, 25.4 and 46.1 wt% for the IL-CS-
based membranes filled by 5, 10 and 20 wt% ZIF-8, respec-
tively. The thermal decomposition temperature is included in
Table 2. As the ZIF-8 content increased, the thermal decom-
position temperature of the IL-CS-based membranes
increased from 168 + 32 °C to 186 £ 15 °C when increasing
the ZIF-8 content from 5 to 20 wt%, probably because of the
increasing interaction owed to increasing number of H-bonds
and decreasing organic content in the membrane matrix.*®
The thermal decomposition of the HKUST-1/IL-CS MMMs is
lower than ZIF-8/IL-CS MMMs and decreases at the highest
loading under study. Membranes with 20 wt% HKUST-1 were
very fragile and full of defects, which made their character-
isation more difficult than the others. The glass transition
temperature falls within the experimental error given the
difficult observation of the midpoint in the second run curve
of DSC analyses CS-based membrane samples,*® thus these
values are not reported here.

The dispersion and interaction between the components can
also be observed after SEM in Fig. 5. Even at the low loading of
5 wt%, there is HKUST-1 particles sedimentation at the bottom
during evaporation. However, the EDX mapping of 20 wt% MOF
and ZIF/IL-CS MMMs (because of the difficulty of observing
lower loadings) in Fig. 6(a) shows that the Cu presence is
homogeneous all over the membrane matrix at a value of 19.6 +
2.7 wt%, although not so uniformly as in ZIF-8-based
membranes in Fig. 6(b). In the case of ZIF-8, EDX reveals
a homogeneous dispersion of Zn all over the membrane matrix
area and thickness, with an average value of 17.7 & 0.1 wt% Zn.
These values agree with the nominal loading of the MOF and
ZIF in the MMMs. Since we cannot easily discern the nanometre
size ZIF-8 particles by SEM, the image at 5 wt% ZIF-8 is omitted
from Fig. 5.

The void volume fraction is a measure of the free volume that
will be used to calculate the true volume fraction of the ZIF-8 or
HKUST-1 filler particles dispersed in the MMM, to account for
non-idealities in gas permeation performance, as will be shown
below. As observed in Table 2, the void volume fraction
decreased with both ZIF-8 and HKUST-1 content. The water
uptake, which is a measure of hydrophilicity and swelling of the
membrane calculated by eqn (1), followed the same trend as the

This journal is © The Royal Society of Chemistry 2015

void volume fraction and thermal decomposition, in agreement
with Bushell et al. for ZIF-8/PIM-1 MMMs.**

The temperature does not affect the gas permeation through
the IL-CS hybrid membranes used as base continuous
membrane matrix in this work, in the range under study (25-
50 °C).** In Fig. 7, the permeability and selectivity of the
membranes under study are plotted against the Robeson's
upper bound and including values in the temperature range
from 25 to 50 °C.

The highest CO, permeability and CO,/N, ideal selectivity
were obtained for 10 wt% ZIF-8 and 5 wt% HKUST-1/IL-CS
membranes, as 5413 + 191 Barrer and 11.5, and 4754 + 1388
Barrer and 19.3, respectively, at 50 °C and 2 bar. ZIF-8/PEBAX
MMMs of similar morphology gave a maximum 1300 Barrer
CO, and CO,/N, selectivity of 32.3 at 25 °C and 2.6 bar, at the
high ZIF-8 loading of 35%.%° Hao et al.*® reported, for the 3-phase
ZIF-8/RTIL/PIL MMM, a CO, permeability of 902.4 Barrer and
a CO,/N, selectivity of 21, at 35 °C and 3.5 bar, for the high
loading of 25.8 wt%. The performance of HKUST-1 membranes
is as expected given the fact that the small triangular windows
connecting the main channels and the unsaturated Cu atom in

Table 2 Morphological properties of ZIF-8/IL—-CS membranes:
measured density (pq), void volume fraction (¢,), calculated as in egn
(2), as well as thermal decomposition measured by TGA (Fig. 4), and
total water uptake (eqgn (1))

Membrane Thickness pp, by Ty Water
materials (um) (gem™) (%) (°C) uptake (%)
Ccs?® 122 £4 0.73 +0.26 23 188 111 + 29
IL/CS?® 128 £4 1.11 £+ 0.20 — 195 93 + 21
5 Wt% 90.4 + 13 1.05+ 0.08 37 2.2 168 £ 32 58+ 5
ZIF-8/IL-CS

10 wt% 115 +£5.2 1.09 + 0.27 36 £ 10 185+ 1.8 48+ 6
ZIF-8/IL-CS

20 Wt% 125+ 12 0.96 +£0.26 24 £ 13 186+ 15 26+ 5
ZIF-8/IL-CS

5 Wt% 91.8 4+ 2.7 1.09+0.19 494+ 9 146 + 1.8 79 + 29
HKUST-1/IL-CS

10 wt% 120 £5.2 1.21 £ 0.46 42 £ 8 169 +27 69 + 24
HKUST-1/IL-CS

20 Wt% 146 £9.3 1.10 £ 0.26 33 +7 155+ 6 57 + 35

HKUST-1/IL-CS
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Fig. 5 SEM images of the cross sectional area of IL-CS-based MMMs
filled by (a) 5 wt% HKUST-1 and (b) 20 wt% HKUST-1, and (c) 10 wt%
ZIF-8 and (d) 20 wt% ZIF-8, respectively. Scale bar corresponds to 20
pm unless otherwise stated.

tetrahedral pockets (0.35 nm) is very similar to the pore size of
ZIF-8 (0.34 nm).* The nominal loading at which defects appear
differ for ZIF-8 or HKUST-1/IL-CS MMMs because of the poorer
interfacial contact of HKUST-1 than ZIF-8. Although the CO,/N,
ideal selectivity obtained in this work is low, the separation
performance of 10 wt% ZIF-8 and 5 wt% HKUST-1/IL-CS MMMs
increases with filler and temperature, thus differing from the IL/
CS membranes,*® where the CO,/N, selectivity was 4.25 £+ 0.5
and independent of temperature in the range under study.

The increase in permselectivity is attributed to the good
adhesion and compatibility between the IL, the microporous
particles and the polymer matrix,” in agreement with the R,
interaction distances calculated from HSPs (see Table 1). The
compatibility between MOF and polymer matrix is higher for
the IL-CS hybrid matrix than the pristine CS polymer, and
2-component MOF/CS MMMs did not surpass an ideal CO,/N,

10 pm

(@)
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CO, permeability [Barrer]
Fig.7 IL/CS-based membranes versus Robeson's upper bound for the

CO,/N; gas pair separation at 25 °C (ref. 4) and 50 °C (ref. 59) with
different loadings of HKUST-1 (5, 10 wt%) and ZIF-8 (5, 10, 20 wt%).
Supported lonic Liquid Membrane (SILM) data are collected from
Santos et al.,>* and RTIL/CS hybrid membranes from Santos et al.?® for
comparison purposes. Temperature = 25 °C (void symbols) and 50 °C
(full symbols). Arrows show the evolution of each membrane material
with increasing temperature.

selectivity of around 2 (not shown). The best permselectivity is
obtained at higher ZIF-8 (10 wt%) than HKUST-1 (5 wt%)
loading, because the affinity of HKUST-1 with IL and CS is lower
than that of ZIF-8, as discussed above.

The influence of temperature through novel MMMs at
increasing filler loading is probably due to the creation of
bypassing channels connecting the existing voids between the
dispersed particles and the continuous matrix. The following
study aims to observe how the temperature affects gas perme-
ation from the point of view of the compatibility and adhesion
of the components on membrane performance. In order to
analyse the effect of temperature on membrane morphology
and performance, several theoretical models are available to
validate mathematically the gas transport properties of MMMs.
Many researchers have tried to understand the influence of the
morphology of MMM s on their separation performance, based

30 pm

(b)

Fig. 6 Electron images of HKUST-1 (a) and ZIF-8 (b) based IL-CS MMMs, at 20 wt% particle loading.
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only on the interaction between the phases, and several reviews
have been published recently to compare the different
models,*** with their advantages and limitations, especially
using glassy polymers and zeolite filler particles.**

The most generalized models are those based on Maxwell
equations, which have been recently extended to 3-phase MMM
consisting of the dispersion of a small amount of solid
dispersed fillers in a continuous polymer matrix and intro-
ducing an IL as liquid phase to improve the interaction among
the other phases."?®

Maxwell model is the most commonly used to predict the
permeability through a dilute suspension of spherical fillers in
a continuous polymer matrix, by the following equation,®

nPy+ (1 —n)P. — (1 — n)dy(Pe — Py)

Py = P,
i nPg + (1 = n)P, + ngy(Pe — Py)

(10)

The general assumption when the fillers can be estimated as
ideal spherical-like inserts, as is the case of IL, ZIF-8 and
HKUST-1 in the present work, is n = 1/3, which converts eqn
(10) to the most popular expression of Maxwell model,

Py + 2Pc — 2¢4(Pc — Pa)

P = P,
4 Py + 2P, + ¢g(P. — Py)

(11)

where ¢4 is the volume fraction of the filler in the MMM.
When n = 1, eqn (10) corresponds to the mass transport
takes place by a series mechanism through the phases,

PcPd

Py = —" —
T $Pa + duPe

(12)
where P. and Py are the single component permeabilities of the
polymer and filler phases.

When n = 0, eqn (10) describes the effective permeability
through the MMM usually takes into account a two-layer
transport mechanism, that is, both phases are supposed to
work in parallel to the flow direction, as

Pegr = Pepe + Padg (13)

The density values of the single components in the MMM s is
1.43 g cm > for CS,° 1.03 g cm  (ref. 66) for the IL. The densities
considered for the ZIF-8 and HKUST-1 dispersed particles are
the calculated crystallographic values, 0.93 and 1.032 g cm >,
respectively. For the 3-phase MMM reported in this work, P, is
the permeability measured through the IL-CS based
membranes as reported in a previous work* and Py is taken
from the literature on pure ZIF-8 membrane layers, as 4390 and
180 Barrer for CO, and N,, respectively.>® For HKUST-1-IL/CS
MMM, the P4 values are taken from Varela-Guerrero et al.,*” as
37 313 and 2985 Barrer for CO, and N,, respectively.

¢q is the true filler volume fraction calculated from the void
fraction in Table 2 and the nominal filler volume fraction ob-
tained from the densities of the components and the compo-
sition of the casting solution,

da = ¢a"(1 — ¢y) (14)

This journal is © The Royal Society of Chemistry 2015
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The accuracy of these model equations to adjust the experi-
mental data are evaluated by the minimized average absolute
error, AARE, between the calculated and experimental perme-
ability for CO, and N,, respectively, as

_ pep

i

100 NoP
NDP

calc
Pi
P exp

i

%AARE =

(15)

i=1

where NDP is the number of data points, which in this work is
taken as 2-3, to consider only the reproducible experimental
runs.

We have observed that these simple Maxwell equations only
provide an acceptable prediction in the case of N, permeability,
which may be due to the sensitivity of the permeation
measurement, i.e. N, permeability is much lower than CO,
permeability. In general, the AARE is an average of 20% for IL/
CS hybrid membranes and 40% for ZIF-8 and HKUST-1-filled IL/
CS MMM, slightly reduced upon increasing temperature from
25 to 50 °C.

Therefore, we have applied the extended modified Maxwell
equation to grasp the influence of the interparticle distance and
compatibility of the materials, as well as other non-idealities
such as gas molecular size, polymer chain rigidification,*
pore-blockage® or the crystallinity® of the polymer matrix when
introducing porous inorganic particles into a semi-crystalline
polymer as continuous matrix. The modified model considers
a three pseudo-phase system accounting for the inorganic
dispersed filler, the polymer continuous matrix and the inter-
face voids. The permeability Pz of this system is obtained by
applying eqn (11) twice, first to predict the permeability through
the “pseudo-insert” phase,

Pd —+ 2PI — 2¢5(PI — Pd)
Py + 2P + ¢ (P1 — Py)

Py = Py (16)
where P; is the permeability of the interphase, and ¢ is the
volume fraction of the insert phase within the “pseudo-insert”
phase, given by

_ Pq _ ”d3
$a+ &1 (Vd + 11)3

}s (17)
here, ¢4 and ¢y are the overall volume fraction in the membrane
of the insert and the interphase, respectively; r4 is the insert
radius and the interphase thickness is denoted I;. The value of
the “pseudo-insert” permeability P in eqn (16) is used again in
Maxwell's model, to predict permeability P;y for the three-
phase mixed matrix materials,

Per 4 2P — 2(¢g + ¢1) (P — Perr)
Peff+2Pc+(¢d+¢[)(Pc _Peff)

P3MM = PM (18)

As ¢4 + ¢y approaches unity, the interphases of neighbouring
insert particles overlap and the whole matrix is rigidified,
leading to effective properties differing from the pure polymer.
This chain rigidification is represented by the phenomenolog-
ical parameter §, which in single gas permeation depends upon
the nature of the gas molecule.*
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The semicrystalline nature of the base polymer is taken into
account by a factor «, the volume fraction of the amorphous
polymer responsible for gas transport,

a=1-x (19)
where y is the crystallinity of the IL/CS hybrid membrane,
measured as 0.18 from the FTIR spectrum.>®

P=SxD=S*x D*x o> = P* x o’ (20)

The P. in eqn (21) is replaced by the P* obtained in eqn (20).
Likewise, the interphase permeability, P;, in eqn (16),
accounting for the immobilization factor to represent the
degree of rigidification in the inter-crystalline amorphous
segments is now defined as,

P, = P.**IB (21)
in order to consider the amorphous region that is the perme-
able region of the MMM.

Fig. 8 compares the calculated and experimental perme-
abilities as a function of temperature using this extended
Maxwell model with the effect of the ZIF-8 particle size
and loading as dispersed phase and the crystallinity of the
hybrid IL/CS matrix as continuous phase. In this case, the
AARE is below 0.07% in all cases. The phenomenological
parameters describing the interphase thickness, /; (1m), and
immobilisation or rigidification factor, 8, estimated from
the minimisation of these AARE values, are collected in
Table 3.

The interphase distances are independent of temperature
and have values much lower than reported in the literature
for zeolite-PES MMMs,*® ITQ-29-polysulfone MMMs”° or ZIF-
20-polysulfone MMMs.” This correlates with the relatively
good compatibility of the chosen dispersed and continuous
phases as hinted above by the Hansen' solubility theory.
Although the R, is somehow high compared to literature, the

ZIF-8/IL-CS MMM
10000 4
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Permeability [Barrer]
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()
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ZIF-8 is as soluble in IL as in CS, in a larger degree than
HKUST-1, suggesting a better affinity between ZIF-8 than
HKUST-1 and the IL-CS hybrid matrix contradicts the CO,
permeation performance of a membrane based in a semi-
crystalline polymer.>® The interphase distance for HKUST-1/
IL-CS MMM at only 5 wt% particle loading is higher than the
value obtained for the organic hybrid IL-CS matrix and this
explains why no good membranes with this MOF could be
processed at higher loadings. The chain immobilisation
factors are very low for the IL-CS hybrid membranes, due to
the good compatibility between IL and CS components, and
they generally increase upon ZIF-8 loading, thus accounting
for the rigidification that the ordered porous structure
imparts to the continuous matrix. The interphase distance
between the porous fillers and the continuous ionic polymer
matrix predicted by this model agrees with other three-phase
MMMs reported in the literature. Although in those cases
where the continuous phase was composed of an ionic
polymer and a room temperature IL, and SAPO-34 zeolite'>*®
or ZIF-8 (ref. 29) as dispersed phases, the [, and ((CO,)
and B(N,) are larger than in the present work. We have
also considered the crystallinity of the continuous matrix,*
which decreases with the addition of even a small amount of
IL.>®

As pointed out before, the IL may be acting as wetting
medium between the ZIF-8 or HKUST-1 particles and the CS
matrix, since the R, distance between ZIF-8 or HKUST-1 with
IL-CS material diminishes from the R, distance with the
pristine CS polymer, as calculated in Table 1. The good
adhesion between the IL-CS continuous matrix and the ZIF-8
nanoparticles is slightly better than for the HKUST-1 nano-
particles, because of the similarity between ZIF-8 and the IL.
This reason, together with the higher particle size of HKUST-1
causes that the best permselectivity of HKUST-1-based IL-CS
MMMs is achieved at lower (5 wt%) loading than ZIF-8-based
MMMs.

7000 HKUST-1/IL-CS MMM
T 6000
£ 5000+
@
= 4000
2
‘S 3000+
3
2000] 4w —F—  °
E E----B----—-—---- 1!-;-,——%1
® 1000 H--Eoccocmccoc-c-ck
—— = S
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Temperature [°C]

(b)

Fig. 8 Experimental CO, (H) and N, (@) permeability through ZIF-8/IL-CS MMMs at different loadings: O (black), 5 (light grey), 10 (grey), 20
(dark grey) wt%, respectively (a) and HKUST-1/IL-CS MMMs: 5 (light grey) and 10 (grey) (b). Lines correspond to extended modified model
predictions after egn (16)—(21): thick lines to CO, and thin lines to N, calculated permeabilities, respectively. Error bands are added to CO,

permeability only for clarification purposes.
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Table 3 Phenomenological parameters estimated by eqgn (16)—-(21) as
a function of ZIF-8 or HKUST-1 loading and working temperature

T(°C) I (nm) B(CO,) B(N,)
5 wt% ZIF-8/IL-CS MMMs

25 0.20 1.095 0.77
40 0.20 0.80 0.06
50 0.20 0.88 0.27
10 wt% ZIF-8/IL-CS MMMs

25 0.15 0.46 0.23
30 0.15 0.25 0.46
40 0.15 0.19 0.44
50 0.15 0.24 0.66
20 wt% ZIF-8/IL-CS MMMs

25 0.10 0.51 0.58
30 0.10 0.16 0.52
40 0.10 0.24 0.37
50 0.10 0.28 0.38
5 wt% HKUST-1/IL-CS MMMs

25 0.46 0.37 0.34
30 0.46 0.40 0.36
40 0.46 0.23 0.32
50 0.46 0.30 1.40
10 wt% HKUST-1/IL-CS MMMs

25 0.46 0.72 0.34
30 0.46 0.69 0.35
40 0.46 0.59 0.26
50 0.46 0.59 0.27

Conclusions

Three-component MMMs were prepared by adding a highly CO,
absorbing non-toxic ionic liquid, [emim][Ac] (IL), a biopolymer
from abundant natural resources, chitosan (CS), and MOF ZIF-8
or HKUST-1 nanoparticles to improve the selectivity of the IL-
CS hybrid continuous polymer matrix. The increasing amount
of ZIF-8 and HKUST-1 does not deteriorate the thermal stability
of the hybrid IL-CS membranes, which allows expecting the
potential of such materials for developing high temperature
resistant membrane materials for CO, separation. This,
together with the fact that the water content in the membrane is
constant before and after the whole set of permeation runs
allows expecting the potential of such materials for developing
high temperature resistant membrane materials for CO, sepa-
ration. The influence of the temperature and MMMs
morphology on CO,/N, separation performance was analysed.
The adhesion between the phases in terms of the gas transport
properties was interpreted by Hansen solubility parameters
(HSP) and Maxwell-based models, modified to account for chain
rigidification, pore blockage and crystallinity of the IL-CS
matrix, with very accurate predictions. In particular, HSP
approach reveals better ZIF-8 compatibility with CS and IL than
HKUST-1, and the preferential affinity of the chosen compo-
nents towards CO, vs. N, is confirmed. The best permselectivity
membranes are the 10 wt% ZIF-8/IL-CS and the 5 wt% HKUST-
1/IL-CS MMMs, where the separation efficiency increases in the

This journal is © The Royal Society of Chemistry 2015
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temperature range under study. This is due to the better affinity
of ZIF-8, as predicted by HSP and confirmed by the extended
modified Maxwell model with lower interphase thicknesses and
chain rigidification factor for ZIF-8 than HKUST-1. To obtain
performance enhancement and enable scale up of the separa-
tion process, scale down of the selective layer thickness is
necessary and thus composite membranes composed of a thin
hybrid selective layer coated on a robust porous supports are
being studied in the laboratory and their performance will be
reported in a future work.
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4.4. Fernandez-Barquin, A., Casado-Coterillo, C., Etxeberria-Benavides, M., Zuiiiga, J.,
Irabien, A. 2017. Comparison of Flat and Hollow-Fiber Mixed- Matrix Composite
Membranes for CO: Separation with Temperature. Chem. Eng. Technol. 40, 5, 997 —
1007.

Resumen

Las membranas MMM de Zeolita A/poli (1-trimetilsilil-1-propino) (Zeolita A/PTMSP) y
[emim][Ac]/quitosano (LI-CS) son materiales con alta permselectividad de CO2/N: incluso a
elevada temperatura. Se ha analizado la escalabilidad a membranas asimétricas planas y a
membranas de geometria de fibra hueca mediante un método simple de recubrimiento. Se ha
evaluado su comportamiento en la separacion de CO2/N: a diferentes temperaturas. Las
membranas compuestas resultantes exhiben una significativa mejora del flujo de permeacion de
CO2 debido a que el espesor de la capa de la MMM se redujo en un 97% de membrana plana a
geometria de fibra hueca en el caso de las membranas compuestas de LI-CS. La selectividad se
mantuvo similar a la de las membranas planas no soportadas, demostrando que la compatibilidad
entre los diferentes componentes del material de la membrana selectiva da lugar a una membrana

compuesta libre de defectos, independientemente de la geometria y la temperatura.

Original abstract

Zeolite A/poly (1-trimethylsilyl-1-propyne) (zeolite A/PTMSP) and [emim][Ac]/chitosan
(IL-CS) are mixed-matrix membrane (MMM) materials with enhanced CO2/N2 permselectivity even
at higher temperature. The scalability to asymmetric flat and hollow-fiber geometry by a simple
dip-coating method was analyzed. The CO2/N2 separation performance was evaluated at different
temperatures. The resulting composite membranes exhibit a significantly enhanced CO:
permeation flux because the MMM layer thickness is reduced by 97% from flat to hollow fiber
geometries in IL-CS composite membranes, while the selectivity is maintained similar to the self-
standing membranes, thus proving that compatibility between the membrane component

materials leads to a defect-free composite membrane, regardless the geometry and temperature.

185



Preparacion y caracterizacién de membranas planas y de fibras huecas para la separacion de CO2

186



Chemical Engineering

Research Article 997

Technology

Ana Fernandez-Barquin™*
Clara Casado-Coterillo’
Miren Etxeberria-
Benavides?

Jon Zuhiga®

Angel Irabien’

1 Introduction

Comparison of Flat and Hollow-Fiber Mixed-
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chitosan (IL/CS) are mixed-matrix membrane (MMM) materials with enhanced
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flux because the MMM layer thickness is reduced by 97 % from flat to hollow-
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support of the same material, or composite membranes with a

Post-combustion technology is the strategy with the greatest
near-term potential in the CO, capture [1]. The research on
membrane technology as a potential alternative option in post-
combustion CO, capture has focused on two main lines: mem-
brane material development and membrane engineering of the
separation process.

Polymers are the most developed materials in CO, mem-
brane material development. Despite the outcome of several
commercial polymeric membranes, these are not yet an alter-
native to conventional technologies for the CO, postcombus-
tion capture at industrial-scale facilities, due to the lack of pro-
ductivity and separation selectivity [2]. This makes necessary a
large number of membrane modules to provide the membrane
area that could treat the large volume of flue gas in post-com-
bustion processes, which requires higher investment [3].

Mixed-matrix membranes (MMMSs) combine the molecular
sieving properties of inorganic fillers with the processability of
polymers to achieve a new hybrid homogeneous material with
synergic mechanical and functional properties [4,5]. Material
selection for both polymer and fillers is a crucial aspect in the
synthesis of MMMs [6].

For practical applications, membranes with high permselec-
tivity and high thermal and mechanical stability are required.
Synthesis of high-flux membranes with an asymmetric struc-
ture and the development of composite membranes may make
membrane technology competitive with other conventional
CO, capture technologies [7]. Asymmetric membranes can be
comprised of an integrally skin layer generated on a porous

Chem. Eng. Technol. 2017, 40, No. 5, 997-1007
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defect-free top thin dense layer on a porous support layer that
is usually made of a different material [8]. A polymeric mem-
brane with asymmetric structure is the most preferred materi-
al for industrial membrane-based gas separation applications
[9].

The performance of a membrane separator for gas separa-
tion depends not only on permeability and selectivity, but also
on membrane geometrical structure since processing mem-
brane materials into practical geometries is as important as
developing new membrane materials [10]. Asymmetric flat
membranes where the costly CO, selective materials are coated
as a thin layer on top of a robust, more economic support are a
first step of the development. Moreover, the hollow-fiber (HF)
membrane configuration allows a larger effective membrane
area per module volume which results in greater process inten-
sification and scalability [11].

Composite HF membranes (CHFs) for CO, capture have
been prepared by dip-coating as a more scalable way than spin-
ning to obtain a thin layer of a permselective material on top of
a processable, economic HF support [12]. This needs careful
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consideration of the porosity and pore size of the support to
avoid penetration and minimize resistance to gas transport
[8,9,11].

Poly(1-trimethylsilyl-1-propyne) (PTMSP) has gained atten-
tion in the last decades because it is the polymer with the high-
est reported permeability in spite of its glassy structure which
leads to a low chain mobility and high glass transition tempera-
ture > 523 K, which makes it resistant at elevated temperatures
[13]. Its high permeability comes with low ideal selectivity and
decreases with time due to physical aging because of the relaxa-
tion of its large free volume, and, sometimes, chemical aging
due to oxidation of the double bonds in the chain backbone
[13, 14]. Efforts to limit physical aging have been addressed by
MMMs and asymmetric configuration. In a previous work,
the compatibility between fillers and PTMSP has been
addressed by using porous zeolites, porous crystalline alumi-
nosilicates whose Si/Al ratio can be tuned up to enhance
PTMSP performance [15], while hardly influencing the uptake
of CO, [16].

Chitosan (CS) is the deacetylated derivative from chitin, an
abundant biodegradable natural polymer, cheap, and obtained
from renewable sources. For the separation of CO, from flue
gas effluents that contain water vapor, CS-based membranes
have been studied using water as fixed carrier for CO, and
water permeation, and the transport mechanism, i.e., solution
diffusion + facilitated transport, has started to be investigated.
The mechanical properties of CS are still a main drawback and
authors have attempted to enhance the resistance by crosslink-
ing, coating on a porous support, surface modification, and
interfacial polymerization of a polyamide/CS blend on a poly-
ethersulfone (PES) porous ultrafiltration (UF) membrane to
improve stability [17].

Tonic liquids (ILs) possess both cation and anion parts and
have been studied both as supported IL membranes and
MMNMs to enhance gas separation performance and mechani-
cal resistance [18]. In a previous work, we have explored the
hybridization effect of CS by introducing of 5wt % 1-ethyl-3-
methylimidazolium acetate, [emim][Ac], a highly CO,-absorb-
ing and nontoxic IL, which improved slightly the selectivity of
pure CS membranes and removed the effect of temperature on
CO,/N, separation performance, thus giving scope for operat-
ing at temperatures up to 323 K [19].

The reports on MMMs have been mostly focused on dense
flat homogeneous morphologies at a single temperature and
pressure, and the advantages gave scope to an abundant litera-
ture [5]. Carruthers et al. explored the effect of the change of
geometry on integrally skinned polymer membranes from
dense to HF geometry [20]. MMMs in HF configuration have
also been studied at laboratory scale for different polymer/filler
combinations and dual-layer spinning processes [21], but still
the formation mechanism is not well-known [22] and a com-
pletely dense (defect-free) selective layer is necessary to keep
the selectivity of the material [23], usually needing caulking
with silicone rubber [9, 24, 25].

In our previous works, we have investigated the performance
of MMMs made from highly CO,.selective and permeable
materials that overcome the Robeson upper bound [26] in self-
standing configuration, in two approaches: (i) the selectivity
and aging resistance of PTMSP has been improved by adding
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small-pore zeolites of varying Si/Al ratio [15] and topology
[27], and (ii) the thermal and mechanical resistance and selec-
tivity of CS biopolymer has been improved by adding
[emim][Ac] [19], microporous titanosilicate ETS-10 [28], and
ZIF-8 and HKUST-1 nanoparticles [29]. The effect of tempera-
ture on CO,/N, separation has been studied in the range
298-333K and the highest CO,/N,-permselective membrane
materials were selected in this work to fully explore the effect
of the change of geometry on membrane performance.

Therefore, the goal of the present work is to study the change
of geometry of CO,-permselective and thermally resistant
MMM self-standing materials as the coating layers on flat and
HF polymer-compatible supports, taking into account the re-
duction of selective layer thickness and influence of tempera-
ture to keep the high permselectivity and thermal stability in
advanced membrane configurations. Membranes were charac-
terized by field electron scanning microscopy (FE-SEM) and
N, and CO, permeation in the temperature range 298-333 K.
The comparison of the performance of dense homogeneous
flat, composite flat membranes, and composite HFs prepared
and characterized under the same conditions enables analysis
of the influence of geometry and temperature on membrane
behavior.

2 Experimental
2.1 Membrane Preparation
2.1.1 Dense Membranes

Dense homogeneous flat membranes were synthesized by solu-
tion casting as reported in previous works [15,29]. For
PTMSP-based membranes, PTMSP (Gelest) was dissolved in
toluene in a 1.5wt % polymer solution, for one day at 333K,
before being dried at 343 K to remove possible impurities. The
zeolites were dried at 373 K for several hours, then dispersed in
the solvent for 2h before adding the polymer solution. The
nominal zeolite loading employed was 20 wt % to the PTMSP
polymer ratio. The films were cast on glass Petri dishes and
dried slowly at ambient conditions. Finally, the membranes
were immersed in methanol for 5min before the gas perme-
ation tests, since this was the method that prevailed to assure
that all PTMSP-based membranes were in similar initial con-
ditions and thus guarantee reproducible permeation results
[15].

For the CS-based membranes, the procedure was similar
[29]. CS 1.5wt % was first dissolved in 2wt % acetic acid (gla-
cial; Panreac) aqueous solutions by stirring at 353K for 24h
under reflux. The obtained solution was then filtered to remove
possible impurities. After this step, the IL 1-ethyl-3-methylimi-
dazolium acetate (97 wt %; Sigma Aldrich) was added in 5wt %
proportion with respect to the CS concentration in the solu-
tion. For the preparation of HKUST-1/IL-CS membranes, the
HKUST-1 nanoparticle fillers were first stirred in 2 mL of deio-
nized water before being added to the IL-CS solution in 5wt %
loading with respect to the total IL-CS organic composition.

The dried membranes were removed from the Petri dish,
neutralized in 1 M NaOH, and rinsed with abundant distilled
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water before permeation experiments in order to ion-exchange
the NH;" functional groups of the polymer matrix [19,29]. As
the IL is in a very small proportion, ie., 5wt % to the total
amount of solid membrane, it is not expected to be in the lig-
uid form, but as a sort of binder between chains or nanoparti-
cles as observed in previous works [28,29].

The fillers used were zeolite A, with Si/Al =1 (molecular
sieves 4 A; Aldrich) and an average particle size of 2.5um,
nanometer-sized HKUST-1 particles (with an average particle
size of 0.34 um prepared by a procedure as described in [29],
and the highly CO,-absorbing [emim][Ac] (97 %; Aldrich),
which had proved to enhance the CO,/N, selectivity of the
IL-CS hybrid membranes as well as the thermal and mechani-
cal stability [19].

2.1.2 Composite Flat Membranes

Flat supports made of PES were purchased from PALL Corp.
(USA) with porosities of 0.1 pm. A selected volume of the cast-
ing polymeric or hybrid solution was degassed in the ultra-
sound bath (SELECTA, Spain) for 10 min before coating the
porous support.

For the preparation of asymmetric MMMs, the compositions
were selected among the most CO,/N,-permselective mem-
brane materials from the dense membranes studied previously:
5wt % HKUST-1/IL-CS/PES and 20wt% zeoliteA-PTMSP/
PES. Composite PTMSP/PES membrane was also prepared for
comparison. In general, a known volume of the coating solu-
tion was cast on top of the PES support and allowed to dry
slowly under ambient conditions, then removed from the glass
plates when dried, similarly to the dense homogeneous flat
membranes described above.

CS-based asymmetric membranes were prepared by a modi-
fied method after the interfacial polymerization (IP) reported
to correct imperfections on the coating of semi-crystalline
polymer composite membranes on porous polymer supports,
although the uniformity of the skin layer thickness is difficult
to control by this method [30,31]. In this work, a modified IP
method was used to prepare the CS and IL-CS composite
membranes to avoid the formation of scales that appeared by
simple coating. In this procedure, the organic phase, consisting
of n-hexane with 0.1 % (m/m) of trimesoyl chloride (TMC),
was first deposited on the support and, after drying at 323K
for 10 min, the hydrophilic phase composed of CS solution was
coated over the other. The membrane was dried at room tem-
perature for 48h prior to a final drying step at 323K for
90 min before characterization.

2.1.3 Composite Hollow-Fiber Membranes

Likewise, the same compositions accounting for the best selec-
tive membranes were used to prepare composite HF mem-
branes by dip-coating. The HF supports selected were polysul-
fone (PSf) for the CS-based membranes and P84 for the
PTMSP-based membranes, because of compatibility issues that
will be discussed later. Both PSf and P84 HF supports were pre-
pared at Tecnalia by conventional spinning techniques [32]. As

Chem. Eng. Technol. 2017, 40, No. 5, 997-1007

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

in the composite flat MMMs, the composite HF membranes
were prepared by coating the selective solution, i.e., PTMSP,
20 wt % zeolite A/PTMSP, IL-CS, and 5wt % HKUST-1/IL-CS,
respectively, on the outer side of the HF support, with the
extremes covered to prevent penetration in the lumen side. The
HF supports were immersed in the selective coating solution
for 60s. The CHF membranes were dried for at least 24h
under the same conditions as the flat membranes, i.e., slow
evaporation in fume-hood at room temperature, before they
were subjected to a second coating. At this point, the number
of coatings was studied for the first CHE ie., IL-CS-based
membranes, observing that two coatings were necessary to
obtain a smooth regular layer thickness. Finally, the composite
HF membranes were dried for another 48 h at least, before test-
ing the gas permeation performance.

2.2 Membrane Characterization

The pure gas permeance was measured using the experimental
setup described previously [27], where a differential transducer
(Omega, UK) measured the pressure difference between the
feed and permeate sides, in order to determine the gas volume
flowing through the membrane. The module is placed in a
thermostatic bath in order to operate under isothermal condi-
tions. The permeation cell, in the case of flat membranes, is
composed of two stainless-steel compartments that are pneu-
matically pressed to each other by a Viton ring sealing the
membrane. The effective flat membrane area is 15.55 cm”. The
composite HF membranes were sealed in 1/8-inch tubing using
an epoxy resin adhesive [33], and placed in a stainless-steel
permeation module. The effective length of the fiber was
20 cm, giving an effective area of 2.16 cm”.

Gas permeation tests were carried out at a temperature range
of 298-333 K. The gases were fed at 3bar and the permeate
was evacuated to create the pressure difference through the
membrane.

A commonly accepted unit for gas permeability is the
Barrer, where 1 Barrer = (cm®(STP) cm)/(cm?’s cmHg)xlO’w.
When the thickness is difficult to define, as is the case with
asymmetric membranes, the pressure-normalized flux, or per-
meance (J'=P/I), is used instead. In this case, the gas
permeation unit (GPU) is usually employed, defined as
1 GPU =107 (cm*(STP))/(cm?s cmHg). The permeance ratio
determines the selectivity of the separation for a component
in a binary mixture:

o =~ 4c0 (1)

The membrane thickness of the dense homogeneous films
and the overall thickness of composite flat membranes were
determined by means of a digital micrometer (Mitutoyo digi-
matic micrometer, IP 65) whose precision is up to 0.001 mm.

1)  List of symbols at the end of the paper.
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The thickness of a defect-free composite membrane, i.e., mem-
branes exhibiting near-intrinsic selectivity, is usually calculated
from the ratio of the permeance of the asymmetric membrane
and the permeability of the dense homogeneous film made of
the same material, as follows [8, 9]:

- P(dense film) 2

J(asymmetric membrane)

The cross-sectional area and morphology of selected mem-
branes of each composition of the selective layer were observed
by field electron scanning electron microscopy in the FE-SEM
Carl Zeiss MERLIN™ equipment of the Universidad de Zara-
goza. Sample specimens were prepared by freezing in liquid
nitrogen before fracturing and sputtering with gold prior to
observation. This allows observing the thickness of the selective
layer of composite membranes, and comparison with Eq.(2)
allows estimating the quality of the coating. In the case of the
HF membranes and supports, two specimens were cut, from
the top and bottom parts of the length of the fiber.

The viscosities of the solutions were measured at different
temperatures using a rotational viscometer (Smart Series,
Fungilab, Spain) with a shear rate of 20-100 rpm.

3  Results and Discussion

In this work, more permeable materials were used in the coated
layer than the support with the aim to obtain a higher produc-
tion rate of CO, while keeping the same value of CO,/N, selec-
tivity of the coating materials as in dense film configuration
[10]. Permeability data through PTMSP, 20wt% zeolite
A/PTMSP, IL-CS, and HKUST-1/IL-CS unsupported mem-
branes obtained in our laboratory have been previously report-
ed [15,29].

The permeance of CO, and N, through the porous PES
(flat), PSf (HF), and P84 (HF) supports employed in this work
at 298K are presented in Tab. 1. It can be observed that the
supports used in this work are not CO,-selective and the selec-
tivity is close to the Knudsen selectivity for the CO,/N, gas pair
(0.80), which means this is the gas transport mechanism domi-
nating gas transfer through the support that only offers
mechanical strength [8] and attributes any differences in perm-
selectivity for the composite membranes’ performance to the
selective coated layer. Although the permeance through the
supports used in this work is lower than some literature values,
they are similar to others [8, 9, 12, 34-41], as collected in
Tab. 1, probably because of the differences between considered
thickness and measurement procedures from one work to
another.

When the thin dense layer is prepared from materials with
extremely high permeability [36, 42-44] it will be responsible
of the molecular separation, while the bulk support layer pro-
vides mechanical strength with negligible mass transport resis-
tance [42]. When selecting highly permeable materials as
responsible of the transport mechanism to obtain high perme-
ation flux, Kattula et al. [42] observed that the permeance can
be enhanced by designing a selective layer with materials with
superior permeability of the support, as well as reducing the
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Table 1. Permeance of CO, and N, through the porous PES
(flat), polysulfone (HF), polyimide (PI), and P84 (HF) supports at
298K and 3 bar.

Support J(CO,) [GPU]  J(N,) [GPU] CO,/N,
PSf (HF) [8] 3160 4700 0.67

PSF (HF) [12] 1.85 0.37 5.00

PSF (HF) [34] 19.88 - -

PSF (HF) [35] 78.11 227 34.41

PSf (HF) [9] 69.66 18.78 3.71

PES (flat) [36] 235 276 0.85

PES (HF)[37] - 1.6 -

P84 (HF) [38] 34 _ _

P84 (HF) [39] 49 15 327

P84 (HF) [40] 12 - -

PI (HF) [41] 80 - -

PES (flat) (this work) 12 +1.5 8+0.6 1.5 +0.74
PSf (HF) (this work) 20+2.8 17 £0.7 1.17 £0.18
P84 (HF) (this work) 40 +3.1 28+0.5 1.43 £0.67

selective dense layer responsible of the separation mechanism.
For the fabrication of thin CHF for CO, separation, it is usually
necessary to provide a poly(dimethylsiloxane) (PDMS) [45] or
PTMSP [46] gutter layer to prevent penetration of the porous
support by the selective material of the coated layer.

Considering the viscosity of the coating solution is essential
to obtain a defect-free thin selective layer over all the support,
especially in HF membrane geometry since it is important that
the coating is homogeneously distributed not only on the
perimeter of the fiber but also along the whole length [47,48].
The concentration of the coating solution has a significant im-
pact on the ultimate gas separation performance [49]. He et al.
[50] reported that at a low concentration of sulfonated poly-
ethersulfone (SPES) in the coating solution, the coating layers
completely separate from the PSf support. Lasseuguette et al.
[44] showed that the thickness of a Newtonian fluid coating a
fiber depends on the viscosity.

In this work, the viscosity of different CS and PTMSP
solutions varying the mass concentration of the polymer at
different temperatures was investigated. The shear rates were
varied from 20 to 100 rpm and the viscosities were indepen-
dent of the shear rate, which means that the solutions pre-
sented a Newtonian behavior. As a result, the values of the
viscosities plotted in Fig.1 were recorded at a shear rate of
100rpm as a function of polymer mass fraction at different
temperatures.

The increase of both CS and PTMSP mass fractions led to an
increase of their viscosity following a classical experimental
power law, in Egs. (3) and (4), respectively [44]. As expected,
the polymer solution viscosity decreased with rising tempera-
ture.
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Taking into account the viscosity of the solutions and seek-
ing a compromise between the solution viscosity and the
amount of polymer used, the concentrations of CS and PTMSP
selected to prepare the coating solutions were 1.5 and 2 wt %,
respectively, since PTMSP has a lower viscosity than CS.
Besides, the P84 HF support was selected for PTMSP-based
CHF membrane preparation for two reasons: (i) to avoid the
support to be impregnated by the coating solution given the
lower viscosity of the PTMSP-based solutions than those based
on CS, since the P84 HF support
does not have the voids that are
present in the PSf HF structure,
and (ii) the apparent collapse or

HF membranes.

_ 2
4.96exp< 4.2x10 /8.314T)

coating is insufficient to achieve a membrane as selective as the
dense homogeneous unsupported IL-CS hybrid membrane
[19,29]. The thickness of the ZIF-8/6FDA-DAM layer coated
on 6FDA-DAM HF membrane presented by Zhang et al. [10]
has to be at least 7-12 um to assure adhesion and avoid defects.
The apparent thickness given in Tab.2 was calculated with
Eq.(2). The IL-CS-coated layer is homogeneous and well
adhered to the PSf HF support. Likewise, two coatings were
necessary so that the material covers equally the whole length
in CS/PSf CHF membranes [51] and the number of coatings
and concentration of the coating solution on the PSf HF sup-
port observed a trade-off. Consequently, two coatings were
used in the rest of the CHF membranes prepared and discussed
further on.

Fig. 3 presents the FE-SEM images of the dense homogene-
ous flat (left), composite flat (center), and CHF (right) geome-
tries prepared in this work. The IL-CS-based composite mem-
brane morphology revealed a homogeneous dense layer for all
the geometries (Fig. 3 a). In Fig. 3b, the HKUST-1/IL-CS-based
membranes are observed. The HKUST-1 nanoparticles were
found homogeneously dispersed all along the perimeter of the
outer layer of the CHF membrane, and very well dispersed in

Table 2. Influence of coating times with IL-CS hybrid solutions on the properties of composite

contraption of the PSf HF by plasti-

o Solution concentration ~ Viscosity Coating Apparent thickness  J(CO,) a (CO,/N,)
cization of the polymer after coat- [wt% ] [cP] (30°C)  times (um] [GPU]
ing with PTMSP-based solutions.
1.5 206.4 1 0.156 3120 1.35

This phenomenon could be attrib-
uted to a plasticization of the HF 2 0.53 4226 2.48
support in the presence of toluene
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Figure 3. FE-SEM images of the membranes prepared from (a) IL-CS, (b) 5wt %
HKUST-1/IL-CS, (c) 20 wt % zeolite A/PTMSP selective layers. Left, medium, and
right columns correspond to dense homogeneous flat, composite flat, and com-
posite HF geometries, respectively. Details of the selective layers are zoomed in

the insets.

the selective layer of the composite flat membrane, as the Cu
from HKUST-1 was homogeneously distributed throughout
the dense IL-CS unsupported membrane [29]. As to the zeolite
A/PTMSP-based membranes (Fig.3 c), the dual layer forma-
tion observed in the dense unsupported membranes seemed to
be transformed in regularly dispersed circular sockets contain-
ing the zeolite A particles in the CHF morphology, as reported
by Zhang et al. [10] for the ZIF-8 nanoparticles in 6FDA-DAM
HF and attributed by those authors to the aggressive fracturing
in liquid nitrogen prior to SEM observation. To improve zeolite
dispersion in the PTMSP-based layer, the drying procedure
was adapted as similar as possible to the dense homogeneous
flat membrane [15] and selectivity was slightly improved, as
discussed later.

Tab.3 gives the selective layer thicknesses of the different
membrane configurations studied in this work, both experimen-
tally measured and calculated from Eq. (2) [8,9]. The selective
layer of an asymmetric MMM cannot be thinner than the diame-

ter of a single particle without creating undesirable
membrane defects, and a “conceptually feasible”
MMM HF should possess minimal skin thickness of
<200-500nm to enable high permeance and
reduced sheath layer thickness of <1-5mm and
minimize membrane material cost [10].

From the measured values in Tab. 3, it can con-
cluded that the selective layer thickness is reduced
by 97 % from flat to HF geometry for the IL-CS-
based composite membranes. The layer thicknesses
of PTMSP- and zeolite A/PTMSP composite mem-
branes only decreased by 90 % and 85 % from flat
to fiber geometry, respectively. The thicknesses of
the dense homogeneous self-standing membranes
are also given for comparison. The selective layer
thickness calculated from Eq.(2) provided more
homogeneous values for the IL-CS based composite
membranes than for the PTMSP- based composite
membranes. This is attributed to higher compati-
bility between membrane material components in
the first case that allows the translation to defect-
free MMM composite membranes. This agrees
with the calculation of the apparent thicknesses by
Eq. (2), where the values of the calculated thickness
agree better for the IL-CS-based membranes than
for the PTMSP-based membranes, pointing to the
presence of pinholes in the latter case [24]. The least square
minimum error between the calculated and measured effective
thicknesses (not shown) are below 0.1 % and 1.5% for IL-CS
and PTMSP-based membranes, which is attributed to the fact
that the Knudsen contribution to the flux appears in the zeolite
A/PTMSP composite MMMs due to lower compatibility and
apparition of pinholes.

The influence of temperature in the CO,/N, gas separation
performance of these membranes was analyzed in terms of sin-
gle-gas permeance in the range from 298 K to 333 K. The CO,
permeances as well as the CO,/N, selectivities of the mem-
branes in dense homogeneous flat, composite flat, and CHF
geometries are collected in Tab. 4, with an experimental devia-
tion <15 %. The CO, permeance increases significantly for the
composite flat and HF geometries with respect to the corre-
sponding dense homogeneous unsupported membrane of the
same material. This enhancement is attributed to the reduction
of the selective layer thickness shown in Tab. 3.

Table 3. Measured and calculated selective layer thicknesses of the different membranes prepared.

Measured selective layer thickness [pim]

Calculated effective selective layer thickness [pm]

Selective Dense Composite flat  Composite HF ~ Composite flat ~ Composite flat  Composite HF ~ Composite HF
membrane material homogeneous flat (CO,) (N») (CO») (N»)

IL-CS 128 +4.0 16.75 +8.5 0.53+£0.1 13.66 +3.26 8.04 +1.03 6.5 +0.54 4.88 £0.51
5wt % 91.8 £2.7 76.55 £23.3 1.89 £0.5 67.18 £15.42 51.94 £10.91 36.85 £4.9 45.79 +12.5
HKUST-1/IL-CS

PTMSP 100 £31.6 76.15£5.4 720+1.7 131.9 +40.83 87.25 £28.17 306.85 £52.2 243.85 £59.29
20wt % 98.6 £23.6 45.55+9.6 693 £1.5 57.59 £21.24 27.86 £13.13 145 +29.83 4.1+241
zeolite A/PTMSP
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Table 4. Dense homogeneous flat, composite flat, and composite HF membranes performance obtained at different temperatures.
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Dense homogeneous flat Composite flat Composite HF
Selective membrane T [K] J(CO,) [GPU]  a (CO,/N,) J(CO,) [GPU]  a (CO,/N,) J (CO,) [GPU] a (CO,/N,)
material
IL-CS 298 8.49 +£1.65 2.66+0.85 102.31+£3.22 2.31+£0.65 4226.42 £92.98 2.48+0.91
308 9.78 +1.79 2.96+0.95 111.28 £4.25 2.26+0.41 4533.96 £86.71 2.46+£0.91
313 10.28 £2.17 3.25+1.13 118.54 +2.55 2.32+0.37 5096.23 +251.91 2.42+0.84
323 10.56 +£2.79 3.04+1.37 123.48 £6.96 2.14+0.28 5679.25 +425.36 2.31+0.73
5wt % HKUST-1/ 298 48.29+4.32 9.68+2.16 69.20 +2.47 3.37+0.46 224444 +72.14 5.51+0.35
1S 308 64.91+7.46 11.85+1.47 100.67 £ 10.46 4.39+1.46 2492.59 +285.02 5.93+1.98
313 67.28£9.46 7.20+0.99 106.34£7.56 4.44+0.80 3506.35+223.94  549+1.70
323 85.59+6.49 6.90+1.68 109.86 £ 6.55 3.90+0.85 3186.24+115.97 4.71+1.73
PTMSP 298 180.01 £25.51 0.97+0.15 128.56 +£16.86 0.97+0.16 1129.61 +266.34 1.15+0.09
308 179.30 £ 11.14 0.75+0.14 109.05+4.29 0.90+0.12 1115.48 +362.66 1.38+0.12
313 160.62 +10.39 0.81+0.14 107.26 +£15.84 0.93+0.12 574.59 +44.38 1.17+0.24
323 128.07 £13.04 0.96 +£0.05 102.99 £20.78 1.18 £0.14 560.36 +19.36 1.45+0.14
20 wt % Zeolite A/ 298 105.74 £ 31.71 25.57 +11.67 159.50 £21.05 3.70+£1.04 1251.40 £159.57 7.06+0.76
PIMSP 308 119.71 £23.13 27.74+9.82 176.51+4.18 3.41+0.84 1455.17 £ 48.76 6.90+0.81
313 149.07 £31.80 47.45+13.90 202.77 +14.76 3.64+1.02 1529.29+£47.71 7.12+1.18
323 212.58 +£12.69 43.59+3.53 334.16 £19.65 5.03+0.89 1589.47 +33.74 7.15+0.15

Since permeance is the ratio of permeability and layer thick-
ness, the thinner the skin layer, the higher the permeance
[25,50]. In the case of IL-CS-based membranes, the CO, per-
meance at 298 K increases from 8.49 GPU in the dense homo-
geneous flat form up to 102 GPU and 4226 GPU in composite
flat and composite HF configuration, respectively. This
enhancement is maintained, in the same proportion, in all the
temperature ranges studied. Furthermore, HKUST-1/IL-CS,
PTMSP, and zeolite A/PTMSP membranes also present this
increment of the CO, permeance up to two orders of magni-
tude.

Liu et al. [53] observed for semi-crystalline PEBA/PSf com-
posite membranes that the temperature increase reduced the
significance of plasticization, at the low pressure of CO, cap-
ture from flue gas in post-combustion processes [54].

Regarding selectivity, only in the IL-CS and HKUST-1/IL-CS
membranes, the selectivity approaches the intrinsic selectivity
of dense homogeneous flat membranes, so one can expect that
a defect-free thin selective layer has been obtained in these
cases.

In the case of PTMSP-based membranes, the selectivity and
thermal stability of zeolite A/PTMSP MMMs was greatly
improved in self-standing dense homogeneous membranes
[15], but not transferred to flat composite or HF geometries
because of lower compatibility between the particles and the
polymer matrix than in the CS-based membranes, leading to
the formation of pinholes. In both cases, the selectivity is still
too low to be considered as membranes for CO, separation in
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post-combustion processes, but the higher thermal stability,
easy fabrication method, and reproducibility give scope for
these membranes to be used as membrane contactors in CO,
desorption at elevated temperatures [55].

Figs. 4 and 5 display Arrhenius plots of the PTMSP-based
and IL-CS-based composite membranes in flat and HF geome-
tries as a function of temperature. A good correlation is ob-
served in all cases (R2 = 0.94+0.06), i.e, the effect of tempera-
ture on gas permeance is well described in terms of an
Arrhenius expression. Ji et al. [8] and Chen et al. [56] studied
the effect of temperature on CO, post-combustion separation
for polymer-blend composite HF membranes and found that
gas permeance increased with higher temperature. Fig. 4 a dem-
onstrates how the Arrhenius trend is followed by pure PTMSP
unsupported and composite membranes, while Fig. 4b presents
an opposite effect of temperature in the permeance of zeolite
A/PTMSP-based membranes.

The influence of temperature on zeolite A/PTMSP compos-
ite membranes is opposite to that of pure PTMSP composite
membranes, as observed in dense homogeneous flat morphol-
ogy [15]. In general, the composite MMMs show activated dif-
fusion transport mechanism by the effect of porous zeolite
within the selective layer [57].

Fig.5a illustrates the effect of temperature of IL-CS-based
membranes and Fig. 5b the behavior of HKUST-1/IL-CS-based
membranes with temperature. The temperature influence on
IL-CS membranes is almost negligible (Fig. 5a) as reported for
the dense homogeneous flat form [19]. The porous HKUST-1
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Figure 4. Arrhenius relationship of the dense homogeneous flat
(triangles), composite flat (squares), and CHF membranes (cir-
cles) with temperature. (a) Pure PTMSP selective layer, (b)
20 wt % zeolite A/PTMSP selective layer.

filler seems also to provide a slight activation with temperature,
as observed for the dense homogeneous flat configuration [29].
In the latter case, the impact of temperature on composite
membranes is not changed with respect to the self-standing
membrane configuration. When each temperature permeation
cycle was finished, an additional experiment was repeated at
298 K to check that the performance was the same as before, to
guarantee that the integrity of the membrane is maintained
[58].

The activation energies for permeation through the different
membranes and configurations are presented in Tab. 5. In pure
PTMSP-based membranes, the activation energy for perme-
ation is negative, as reported for glassy polyimides where the
influence of solubility in permeation is significant [13,59]. This
has been also observed for P84 HF membranes [60]. In the case
of the composite MMMs studied in this work, the activation
energies have positive values.

On the one hand, the increase of activation energies for per-
meation means that an interaction phenomenon occurs
between the dispersed zeolite fillers and the PTMSP matrix
[15,27,43]. For the zeolite A/PTMSP-based membranes, the
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Figure 5. Arrhenius relationships of the dense homogeneous
flat (triangles), composite flat (squares), and CHF membranes
(circles) with temperature. (a) IL-CS, (b) 5wt% HKUST-1/IL-CS
coated layer.

activation energies of permeation are positive in the three con-
figurations. Whereas the activation energies of the zeolite
A/PTMSP flat composite membranes are similar to those of
dense homogeneous self-standing configuration, the activation
energies of the CHF membrane slightly decreases. On the other
hand, for IL-CS-based membranes as well as HKUST-1/IL-CS
membranes, the activation energies are very similar in the three
membrane configurations. However, the activation energies of
the IL-CS dense homogeneous membranes were positive and
had low values because the IL enhances the CO, affinity of the
membrane material and reduces the influence of temperature
in diffusivity and, therefore, in permeability [19].

In HKUST-1/IL-CS MMM, the temperature influence in the
CO,/N, separation performance increases slightly as was com-
mented above. Consequently, the activation energies of HKUST-
1/IL-CS MMMs are higher than those of IL-CS membranes in
Tab. 5, regardless the configuration. This could be attributed to
the good adhesion and compatibility between IL, porous
HKUST-1 nanoparticles, CS matrix, and PSf support. In general,
the permeability through the MMM presented in this work de-
creases with lower temperature, and the activation energy of per-
meation is positive [25]. Raising the temperature increases the
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Table 5. CO, and N, activation energies obtained for the different membranes and configurations studied in this work.

Selective membrane Support Configuration E, CO, [kJ mol™] E, N, [kJmol™]
material
- PES Flat 8.31+2.85 5.41+1.06
PSf HF 9.24+0.68 9.43+0.15
P84 HF -6.85+1.56 -8.04+£2.41
PTMSP - Dense homogeneous flat -9.07+1.35 -12.64+3.33
PES composite flat -7.00+3.57 -13.13+£3.22
P84 composite HF -19.62+£5.27 -22.81+£1.26
20 wt % ZeoliteA/ - Dense homogeneous flat 15.34 +4.41 20.21+7.96
PIMSP PES Composite flat 23.39+3.78 13.78 £4.57
P84 Composite HF 528+1.15 1.54+0.62
IL-CS - Dense homogeneous flat 7.09+2.68 2.78+0.13
PES Composite flat 6.20+1.15 8.48+2.12
PSf Composite HF 6.87 +2.94 8.44+2.16
5wt % HKUST-1/IL-CS - Dense homogeneous flat 17.88 +£3.12 31.22+4.86
PES Composite flat 14.77 £4.51 9.92+2.87
PSf Composite HF 8.29+0.64 13.67 +4.42

kinetic energy of gas molecules as well as mobility of the poly-
mer chains and enhances the gases’ permeation flux [61].

4  Conclusions

The effect of the change of geometry of a highly CO,/N,-perm-
selective and thermally resistant self-standing MMM to com-
posite flat and composite HF configuration is important for the
scalability of MMM fabrication. In this work, composite
MMMs were prepared by dip-coating the highly CO,/N,-
permselective MMM materials developed in our laboratory on
selected compatible porous supports of flat and HF geometries.
The drying procedure and post-treatment previously optimized
for dense homogeneous flat MMMs was applied to the com-
posite membrane preparation.

The number of coatings and viscosity of the coating solu-
tions were taken into account to obtain a thin layer of the novel
material and prevent penetration of the support. The compos-
ite flat and HF membrane fabrication procedure developed was
reproducible. SEM images reveal that a homogeneous thin
layer was formed on top of the porous support along the whole
membrane area regardless the geometry. The thicknesses of
HKUST-1/IL-CS and IL-CS composite membranes were
reduced down 97 % from flat to HF morphologies. The selec-
tive layer thickness of pure PTMSP and zeolite A/PTMSP com-
posite MMMs was reduced by 90 % and 85 % from flat and HF
geometries, respectively.

The membranes were tested by CO, and N, gas permeation
performance in the temperature range 298-333 K. In all cases,
the selective MMM layer thickness reductions also led to an im-
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portant increase of the CO, permeance of more than one or two
orders of magnitude for composite flat and HF configuration, re-
spectively. The IL-CS and HKUST/IL-CS composite MMMs ex-
hibited increased permeation flux and similar CO,/N, selectiv-
ity, even with higher temperature, and this permselectivity was
correlated with the lower thickness of the selective MMM layer.

The effect of temperature on gas separation performance
was similar for the IL-CS and HKUST-1/IL-CS composite
membranes and the dense homogeneous unsupported mem-
branes. The activation energies of composite MMMs are
positive, regardless the composition and geometrical configu-
ration. Although the selectivity is still low to be considered
as CO,-selective membranes, the high thermal stability of the
novel composite MMMs may have potential as membrane
contactors for CO, desorption in post-combustion capture,
which can be addressed in a future work.
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4.5. Fernandez-Barquin, A., Casado-Coterillo, C., Irabien, A. Separation of CO>-N: gas
mixtures: Membrane combination and temperature influence. 2017. Sep. Purif.
Technol. 188, 197 — 205.

Resumen

Se han evaluado experimentalmente nuevas membranas mixtas (MMM) con diferentes
caracteristicas en una planta de separacion a escala de laboratorio de dos membranas en serie
para la separacion de mezclas de CO2/N.. Para la primera etapa, se ha elegido una membrana
con alta permeabilidad (mayor de 1000 Barrer) y baja selectividad (entre 5 — 10): la membrana
hibrida [emim][Ac]-Quitosano (LI-CS) sintetizada en nuestro laboratorio y la membrana
compuesta, Pervap 4060 (Sulzer). Para la segunda etapa se eligid la MMM Zeolita A/PTMSP, cuya
selectividad es mayor de 20 incluso a 343 K y su permeabilidad de CO2 no es menor a 5000
Barrer, lo que permite obviar el uso de un compresor entre las dos etapas. La influencia de las
propiedades intrinsecas de las membranas, el nUmero de mddulos en serie y la concentracion de
la alimentacion se han analizado de forma experimental en el comportamiento en la separacion
de CO2/N2. En este sistema, una concentracién del 10% (m/m) de CO: en la alimentacion se
concentra a un 43%, 26% y 40% para los sistemas de Zeolita A/PTMSP MMM - Zeolita A/PTMSP
MMM, LI-CS — Zeolita A/PTMSP y Pervap 4060 — Zeolita A/PTMSP en la etapa 1 y la etapa 2,
respectivamente. El ajuste de estos resultados experimentales a bajas concentraciones de CO2
en la alimentacién con un modelado matematico, permite estimar el area de membrana necesaria
de cada material para conseguir una determinada pureza y rendimiento de la eliminacion. El area
de membrana necesaria para alcanzar un 90% de pureza de CO: a la salida y rendimiento de la
separacién se reducen drasticamente si el rendimiento requerido se fija un 70%, especialmente
para las combinaciones de diferentes membranas en cada etapa, lo que da idea del potencial

desarrollo de nuevos materiales de membrana en procesos de captura de CO..

Original abstract

Novel mixed matrix membranes (MMM) with different characteristics are experimentally
evaluated in a two-stage membranes-in-series bench-scale setup for the separation of CO2-N2
gas mixtures. For stage 1, a high permeability (higher than 1000 Barrer) and low selectivity (about
5 — 10) membrane is chosen: the [emim][Ac]-Chitosan (IL-CS) hybrid membrane developed in
our laboratory and the Pervap 4060 (Sulzer) composite membrane. For stage 2, we chose our
Zeolite A/PTMSP MMM, whose selectivity is higher than 20 even at up to 343 K, the CO:
permeability not lower than 5000 Barrer, which allows skipping the use of the intermediate
compressor. The influence of membrane intrinsic properties (i.e. selective membrane material),
number of modules in series, and feed concentration on separation performance is evaluated

experimentally. In this system, a 10% CO: feed is concentrated to 43%, 26 and 40% for the
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Zeolite A/PTMSP MMM - Zeolite A/PTMSP MMM, IL-CS — Zeolite A/PTMSP and Pervap 4060 —
Zeolite A/PTMSP in stage 1 and stage 2, respectively. The agreement of the experimental results
with a mathematical model at the low CO: feed concentration of flue gas allows estimating the
membrane area needed for each membrane material to achieve a given CO: purity and removal
efficiency. The very large membrane areas needed to reach the 90% CO: purity and removal
efficiency target are drastically reduced if the CO2 removal efficiency required is set to 70%,
especially for the combinations with different membranes in each stage, which gives scope for

attempting further development of novel membrane materials for CO> capture processes.
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Novel mixed matrix membranes (MMM) with different characteristics are experimentally evaluated in a
two-stage membranes-in-series bench-scale setup for the separation of CO,-N; gas mixtures. For stage 1,
a high permeability (higher than 1000 Barrer) and low selectivity (about 5-10) membrane is chosen: the
[emim][Ac]-Chitosan (IL-CS) hybrid membrane developed in our laboratory and the Pervap 4060 (Sulzer)
composite membrane. For stage 2, we chose our Zeolite A/PTMSP MMM, whose selectivity is higher than
20 even at up to 343 K, the CO, permeability not lower than 5000 Barrer, which allows skipping the use of
the intermediate compressor. The influence of membrane intrinsic properties (i.e. selective membrane
material), number of modules in series, and feed concentration on separation performance is evaluated
experimentally. In this system, a 10% CO, feed is concentrated to 43%, 26 and 40% for the Zeolite
A/PTMSP MMM - Zeolite A/PTMSP MMM, IL-CS - Zeolite A/PTMSP and Pervap 4060 - Zeolite A/PTMSP
in stage 1 and stage 2, respectively. The agreement of the experimental results with a mathematical
model at the low CO, feed concentration of flue gas allows estimating the membrane area needed for
each membrane material to achieve a given CO, purity and removal efficiency. The very large membrane
areas needed to reach the 90% CO, purity and removal efficiency target are drastically reduced if the CO,
removal efficiency required is set to 70%, especially for the combinations with different membranes in
each stage, which gives scope for attempting further development of novel membrane materials for
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1. Introduction

Global warming and climate change are environmental issues
resulting from the rise on worldwide energy consumption that
releases increasing levels of greenhouse gases to the atmosphere.
The EU especially urges that technologies for the CO, capture from
flue gases are developed to achieve the climate targets by 2030 and
limit the average global temperature to 2 °C [1].

Despite the research efforts dedicated to the different strategies
of CO, capture from large emission sources such as chemical indus-
tries and power plants, it is still post-combustion the only feasible
option for implementation at large scale, because it enables retro-
fitting [2]. The main challenges of post-combustion capture are the
low CO, concentration, i.e. low pressure of the feed gas, and the
huge gas flow rates to be treated. Nowadays, the most mature
CO, post-combustion capture plants are based on chemical absorp-
tion with chemical solvents, usually amines. However, the high
energy requirements, solvent losses by flooding, solvent

* Corresponding author.
E-mail address: casadoc@unican.es (C. Casado-Coterillo).

http://dx.doi.org/10.1016/j.seppur.2017.07.029
1383-5866/© 2017 Elsevier B.V. All rights reserved.

deactivation or secondary CO, production, as well as the huge
equipment requirements, make retrofitting far from real imple-
mentation [3] and systematic materials and process research is
required to intensify the post-combustion carbon capture process
[4,5].

Membrane technology has been continuously studied in the last
decade as a potential alternative in terms of scalability, energy sav-
ing and modularity, low capital investment, small carbon footprint
and reduced energy requirement [6]. However, available gas sepa-
ration membranes use at commercial scale for CO, capture is still
limited to pilot plant studies [7-9]. The sensitivity of existing
membrane materials towards harsh process conditions, such as
temperature, pressure or the presence of impurities has prevented
so far the development of membrane technology to high technol-
ogy readiness levels (TRL) and justify a worldwide search on the
development of membrane materials [10] and process designs
[11,12].

The main parameters that influence the choice of a gas separa-
tion membrane are the intrinsic transport properties of the mem-
brane, ie. the permeability and selectivity. Polymer membranes
usually face a generally acknowledged trade-off in selectivity and


http://crossmark.crossref.org/dialog/?doi=10.1016/j.seppur.2017.07.029&domain=pdf
http://dx.doi.org/10.1016/j.seppur.2017.07.029
mailto:casadoc@unican.es
http://dx.doi.org/10.1016/j.seppur.2017.07.029
http://www.sciencedirect.com/science/journal/13835866
http://www.elsevier.com/locate/seppur

198 A. Ferndndez-Barquin et al. /Separation and Purification Technology 188 (2017) 197-205

permeability, defined by the Robeson’s upper bound [13], includ-
ing blends and mixed matrix membranes (MMMs) [14]. When
dealing with CO,-N, gas mixture separations, the effect of opera-
tion conditions (partial pressure and feed composition) and the
engineering design leading to integrate membranes in CO, capture
(module configuration, stage cut and flow management), depend
on the membrane material that provides the optimized permeabil-
ity and selectivity [10,12,15]. Regarding the process design
approach, simulated approaches reported state that current mem-
branes cannot offer high purity and high CO, recovery at the same
time in one stage due to the partial pressure driving force limita-
tion, irrespective of the membrane selectivity and permeability
[16-20].

Therefore, in order to reach with membranes the high removal
efficiency and CO, concentration in the permeate that would allow
membrane technology to be competitive with conventional pro-
cesses, different multi-stage process configurations have been sim-
ulated [21]. Most simulation and optimization approaches use data
from the Polaris® membrane from MTR, whose CO, permeance of
1000 GPU (1 GPU =10 cm3(STP)-cm 2-s '-.cmHg ') and moder-
ate CO,/N, selectivity, at an affordable pressure ratio [22]. The
selectivity loses significance if recycling to pre-concentrate the flue
gas before the membrane is enabled [23]. One step further in this
negligibility of the selectivity was the consideration of
Ny-selective instead of CO, selective membranes, simulated by
Yuan et al. [24], arriving to the conclusion that the feed
compression required in the single stage becomes optional in the
two-stage system.

Van der Sluijs et al. [25] were the first to simulate a two-stage
membrane system where different intrinsic permeability and
selectivity membranes were considered for each stage. Using avail-
able data for commercial polymeric membranes, they also con-
cluded that the two membrane system is necessary to reach a
CO, purity over 80%, but that the single membrane stage was the
most economic configuration if a CO, purity lower than 70% was
required. Gerber [26] patented the concept of a two-stage system
combining a membrane of high permeability in the first stage
and a different membrane of high selectivity in the second stage
in order to improve the CO, capture from natural gas to reach
the 90% purity target at the exit. Using a similar concept, Brunetti
et al. [27] simulated the intensification of CO, capture from biogas
by considering the intrinsic values of a Hyflon AD60 high perme-
ability membrane material in the first stage and a high selectivity
Matrimid membrane in the second stage. Actually, the develop-
ment of CO, separation using membrane technology is more devel-
oped for natural gas than flue gas [28].

The results of all these simulations should be taken with cau-
tion since there are relatively few papers comparing them with real
CO,/N, mixture separation experiments at bench or pilot scale. As
far as we know, the experimental evaluation of CO, separation
from CO,-N, gas mixtures has not been reported for multi-stage
membrane systems [18,20,29]. This lack of demonstration of CO,
capture from industrial plants outside simulation work implies
that it is too early to identify which CO, capture technologies
may become dominant [30].

In this work, we will use the concept of combining a high per-
meability and moderate selectivity membrane (permeability
higher than 1000 Barrer) in stage 1 and a high selectivity (in the
range 20-50) membrane in stage 2 to evaluate the CO,/N, separa-
tion performance of novel membrane materials developed in our
group [31,32]. In addition to the aforementioned concept, the
membrane material selected for stage 2 provided high selectivity
(up to 50) and high permeability even at 343 K (about 5000 Barrer),
which allows avoiding the use of the intermediate compressor. The
effect of the membrane combination and the number of modules,
the CO, concentration in the feed stream and temperature has

been experimentally evaluated and studied by a mathematical
model. This model will then be applied to the estimation of the
necessary membrane area to fabricate of each material to reach
the coupled purity in the permeate and CO, removal efficiency
established as design target.

2. Experimental
2.1. Gas separation experimental system

Gas separation experiments are carried out by means of CO,/N;
mixed gas separation tests using the experimental setup described
elsewhere [33], and represented in Fig. 1. The membrane modules
consist of two parts pneumatically pressed onto each other, where
the membranes are placed on a 316LSS macro porous disk support
of 20 pm nominal pore size (Mott Corp., USA) and sealed by Viton
rings. The effective membrane area is 15.55 cm? in each module.
The permeate of the stage 1, working at ambient temperature, is
fed to the membrane module in stage 2 at 343 K set at a convection
oven (Memmert UNE 200, Germany), without the use of a com-
pressor between both stages.

The feed mixture is controlled using two MC-50SCCM-D mass
flow controllers (Alicat Scientific, USA) and varied from 5 to 66
CO, mol% in N,. The gases used in the experiments were carbon
dioxide (99.97%) and nitrogen (>99.9999%) (Air Liquide, Spain).
The pressure is regulated at the feed and retentate of the mem-
brane modules to generate the transmembrane pressure for sepa-
ration. Pressure gauges are installed at the permeate side of stage 1
and stage 2 to measure the pressure difference in each stage. The
details of the operating conditions used in the laboratory for the
binary CO,-N, gas mixture separation experiments simulating flue
gas streams conditions are summarized in Table 1. Please note the
absence of an intermediate compressor between the membrane
stages in series.

The permeate flow rate is measured at the exit of the entire sys-
tem using a bubble flow meter. The CO, concentration is measured
by an infrared gas analyzer G100 (Fonotest, USA). The permeate
stream is mixed with a N, flow as carrier before entering the ana-
lyzer, in the conditions given in Table 2, whose maximum CO, con-
centration is 20%. N, concentration is calculated by mass balance.

2.2. Membranes

The membranes selected for stage 1 are a Pervap 4060 commer-
cial membrane with a permeability higher than 1000 Barrer and a
selectivity below 10 [7], a IL-CS hybrid membrane, whose perme-
ability is larger than 1000 Barrer and its selectivity is constant
around 5 in the range of 298-323 K. For stage 2, a Zeolite A/PTMSP
MMM developed in our laboratory, whose permeability and selec-
tivity is larger than 5000 Barrer and 20-50, respectively, in the
range 298-343 K. Table 3 shows the different membrane configu-
rations evaluated in this work.

The mixed matrix membranes (MMM) were prepared by the
solution casting method, as reported elsewhere [30,31]. The poly-
mers were PTMSP (ABCR GmbH, Germany) and Chitosan (CS,
Sigma-Aldrich Quimica S.L., Spain). Zeolite A (ZA, molecular sieves
4 A, Sigma-Aldrich Quimica S.L., Spain) or the ionic liquid (IL, 1-
ethyl-3-methylimidazolium [emim][Ac]) 97%, Sigma-Aldrich
Quimica S.L., Spain) were used as fillers in 20 wt% and 5 wt% load-
ings, for the ZA/PTMSP MMM and the IL-CS hybrid membrane,
respectively.

The average thickness of the membranes is 128 +4.0 um,
101.60 + 7.3 pm and 180 * 5.0 um for IL-CS, ZA/PTMSP and Pervap
4060 (Sulzer GmbH, Germany) membranes, respectively.
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Fig. 1. Experimental setup. (1) Mass flow meters, (2) pressure regulators, (3) pressure gauges, (4) module for membrane in stage 1, (5) module for membrane in stage 2, (6)

bubble flowmeter and (7) CO, analyzer.

Table 1

Experimental conditions in each stage of membrane modules in series. F¢ is the feed
flow rate, T, the operating temperature, ps and p, the feed and retentate pressures and
@; the pressure ratio of stage j (j = 1,2).

Stage 1 Stage 2
Fr (mol/s) T (K) pr (bar) [ON T (K) pr (bar) D,
3.47-107° 298 39 1.8 343 2.1 1.7

Table 2
N, dilution flow rate for the different feed concentrations.

CO, feed content [mol%] N, dilution flow rate [mol/s]

4.57 3.46-10°°

8.33 6.93-10°°

10.1 6.93-10°°

17.5 6.93-10°°

39 6.93-10°°

66.7 1.04-10°°
Table 3

Membrane configurations.

Single -stage system (stage 1): Two-stage system (stage 1 + stage 2)

IL-CS IL-CS + ZA/PTMSP
ZA/PTMSP ZA/PTMSP + ZA/PTMSP
Commercial PDMS (Pervap4060) Pervap 4060 + ZA/PTMSP

The main assumptions considered for the mathematical model
presented in Appendix A, as an initial tool for the analysis on the
perspectives of new membranes in CO,-N; separation [34], are jus-
tified below by the references in literature using them in the con-
text of the experimental conditions employed in our laboratory
(Table 1):

e The model only for a binary CO,-N, gas mixture, which is the
simplifying assumption first employed to evaluate the predic-
tion of a multicomponent model [25,34].

e The process is considered at steady and isothermal conditions
[6,12,35-38].

e The influence of temperature on the intrinsic permeability and
selectivity of the membranes is stronger than that of the CO,
concentration and pressure [39-41].

e The gases behave ideally and there is no concentration polariza-
tion, given the low pressure of the system and the thickness of
the membranes involved [35,42].

o The feed side pressure drop is measured experimentally, and it
is negligible since the membrane modules employed have flat
geometry [17].

The parameters used in the mathematical model equations in
Appendix A are summarized in Table 4. The permeability, P, and
ideal selectivity, o, were measured by single gas permeation in a
constant-volume setup and reported in our previous works, as a
function of temperature in the range 298-343 K, which allowed
the determination of the activation energies given in Table 4.

3. Results and discussion

Table 5 collects the experimentally obtained values for perme-
ate flux, concentration and CO, removal efficiency at each stage
over the entire CO, feed composition under study, in terms of
CO, purity and CO, recovery at the exit, for stage 1, stage 2 and
the global system, as evaluated experimentally in the bench-
scale pilot plant schematized in Fig. 1.

The feed stream with a CO, content of 10% is enriched to a CO,
concentration in the permeate of 26% (IL-CS - ZA/PTMSP), 43% (ZA/
PTMSP - ZA/PTMSP) and 64% (Pervap 4060 — ZA/PTMSP).

From Table 5, the ZA/PTMSP - ZA/PTMSP and Pervap 4060 - ZA/
PTMSP configurations allow higher CO, purity at the exit of stage 2
regardless the feed concentration and IL-CS - ZA/PTMSP and Per-
vap 4060 - ZA/PTMSP configurations give a slightly higher global
CO, removal efficiency. The CO, removal efficiency for each mem-
brane stagej (j = 1, 2) has been calculated by Eq. (1), and the global
removal efficiency of the whole system, e, is described by Eq. (2).

0j -y,
o= M
1= 7%
_01-0-y,
e*ixf (2)

The CO, removal efficiency obtained at a 10% CO, concentration
in the feed is 13% (Pervap 4060 — ZA/PTMSP). The global CO, con-
centration in the permeate is between 64% (IL-CS - ZA/PTMSP) to
86% CO, (ZA/PTMSP - ZA/PTMSP), for 50:50 wt% feed mixtures of
C0,-N; only varying the membrane in the stage 1. As expected,
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Table 4
Membrane thickness, intrinsic permeability and selectivity and permeation activation energies.
298 K 383K Ea(CO;) [k]/mol] Ea(N,) [k]/mol] & [pum]
Membrane P(CO,) [Barrer] o(COz/N2) [-] P(CO,) [Barrer] o(COz/N2) [-]
IL-CS 1146 3.0 N.A. N.A. 7.09 2.78 128 +4
ZA/PTMSP 10,184 [39] 25 32,493 60 534 20.21 101.6+7
Pervap 4060 47,376 10 N.A. N.A. 3.04 18.9 1805
N.A.: Not Available.
Table 5
CO,/N; separation performance using different membrane material combined in a two-stage membrane system different contents of CO, in the feed.
Stage 1 Stage 2 Global
Stage 1 Stage 2 Feed CO, Permeate CO, Efficiency [%], eq Permeate CO, Efficiency, e, [%] Removal CO, flux
[mol%], x¢ [mol%], y4 [mol%], y» efficiency [%], e [mol/m?h]
IL-CS ZA/PTMSP 4.57 6 28 10 31 9 0.38
8.33 10 26 20 56 15 0.86
10.10 13 18 26 49 9 1.17
17.50 21 17 40 44 8 1.28
38.89 48 17 64 35 6 2.24
65.63 75 16 97 45 12 7.42
ZA/PTMSP ZA/PTMSP 4.57 10 23 17 38 9 0.38
8.33 18 30 37 58 18 0.95
10.10 22 30 43 33 10 1.41
17.50 33 32 52 28 9 1.50
38.89 58 42 83 22 9 3.39
65.63 79 39 99 29 11 7.22
Pervap 4060 ZA/PTMSP 4.57 9 18 17 51 9 0.40
8.33 18 19 38 61 11 0.91
10.10 21 20 40 64 13 1.25
17.50 37 23 52 36 8 1.39
38.89 68 30 86 29 9 3.29
65.63 88 38 99 31 12 7.36

in the case with the lowest CO, content in the feed stream (4.6%),
the permeate enrichment is the lowest, because the lower CO, con-
tent in the feed the lower the partial pressure and driving force
through the membrane. This agrees with the well-known fact that
membranes perform most efficiently when the concentration of
the target component in the feed is high [36,43].

As expected, the performance of a membrane material in one
stage configuration is enhanced by the incorporation of a second
membrane stage [44].

From Fig. 2, as the CO, concentration in the feed increases, the
concentration in the permeate increases and the enrichment in one

-
o
o

Stage 1

60+

40

204

o

- T
0 10 20 30 40 50 60 70
CO, concentration in the feed [mol%], x,

CO, permeate concentration [mol%], y,

Fig. 2. Comparison of experimental and model predicted CO, permeate concen-
tration from stage 1, versus CO, concentration in the feed for the different
configurations under study: IL-CS - ZA/PTMSP (void black squares), ZA/PTMSP-ZA/
PTMSP (filled dark gray triangles) and Pervap 4060 - ZA/PTMSP (half-filled gray
circles).

stage agrees with literature. For instance, Lin et al. [8] reported a
CO, enrichment in a single stage membrane system from 9 to
33% using the Polaris® membrane. The shape of the curves in
Fig. 2 indicates that the type of membrane material (rubbery
PDMS, semi-crystalline IL-CS or amorphous PTMSP-based mem-
branes) influences the membrane performance. In Fig. 3, the CO,
concentration of the permeate from stage 2 increases with increas-
ing the CO, concentration coming from stage 1.

The dependence of CO, permeate concentration on feed concen-
tration differed in stage 1 with the type of membrane: Pervap
4060, with a thin rubbery PDMS layer, the semi-crystalline IL-CS
hybrid membrane and the ZA/PTMSP MMM (from the amorphous
glassy PTMSP), as shown in Fig. 2, while this difference is attenu-
ated in the stage 2 represented in Fig. 3. The only membrane used
in stage 2 was the ZA/PTMSP MMM.

The experimental data obtained in one and two stages are com-
pared in Figs. 2 and 3 with the model predictions (dashed lines) for
the CO, permeate concentration in stage 1 and stage 2, respec-
tively, versus CO, feed concentrations in order to characterize
the different membrane systems under study. The error bands in
Figs. 2 and 3 reflect the reproducibility of the experimental results
obtained in the laboratory. The proposed model agrees acceptably
well with the experimental results, with errors in the CO, concen-
tration in the permeate as collected in Table 6.

Fig. 4 illustrates the effect of CO, concentration in the feed gas
on the global permeate purity for the different two-stage mem-
brane combinations. As expected, when the CO, concentration in
the feed increases, the purity of the permeate increases accord-
ingly. The trend is a combination of the dependences shown in
Figs. 2 and 3 for stage 1 and stage 2 separately. This agrees with
the fact that at lower feed concentrations the partial pressure dif-
ference across polymer-based membranes is usually low, causing a
smaller driving force through the membrane [8,45,46]. In this way,
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Fig. 3. Comparison of experimental and model predicted CO, concentration of the
permeate of the stage 2, versus CO, concentration in the permeate of the stage 1 for
the different configurations under study: IL-CS - ZA/PTMSP (black squares),
ZA[PTMSP-ZA/PTMSP (dark gray triangles) and Pervap 4060 - ZA/PTMSP (gray
circles).

Table 6
Deviation of the experiments and model predictions for the CO, concentration in the
permeate as a function of the number of stages and membrane configurations.

Stage 1 Stage 2
IL-CS - ZA/PTMSP 5-18% 18-23%
ZA[PTMSP - ZA/PTMSP 9-23% 0.7-16%
Pervap 4060 - ZA/PTMSP 0.5-8% 1.8-9%
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Fig. 4. Experimental and simulated CO, permeate purity versus CO, concentration
in the feed: IL-CS - ZA/PTMSP (void black squares), ZA/PTMSP - ZA/PTMSP (filled
dark gray triangles) and Pervap 4060 - ZA/PTMSP (half-filled gray circles).

the increment in the CO, permeate concentration is attributed to
the increasing driving force due to the increment in the CO, feed
composition leading to higher CO, partial pressure [36].

Fig. 5 shows how the CO, permeate flux increases with CO, con-
centration in the feed and that the proposed model agrees with the
results at low CO, feed concentration. At high CO, concentration in
the feed, the model prediction only adjusts the ZA/PTMSP - ZA/
PTMSP system, while the Pervap 4060 — ZA/PTMSP system is the
one showing the worst agreement with the model simulation. This
may be attributed to the fact that the selective layer thickness of
the Pervap 4060 membrane is only 1.5 pum thick, versus the self-
standing IL-CS and ZA/PTMSP MMM. Besides, there may be an
antiplasticization effect due to competition between plasticization
and compaction in the self-standing IL-CS or ZA/PTMSP MMM, lar-
ger than that offered by the substrate of the Pervap 4060 mem-
brane [47-49].
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Fig. 5. Comparison of experimental and simulated CO, permeate flux versus CO,
concentration in the feed: IL-CS — ZA/PTMSP (black squares, dashed lines), ZA/
PTMSP - ZA/PTMSP (dark gray triangles, dotted lines) and Pervap 4060 - ZA/PTMSP
(gray circles, continuous lines). The area at lower CO, concentration in the feed is
zoomed in the inset.

The agreement between the model predictions and experimen-
tal permeation flux data, especially at low concentrations of CO, in
the feed, allows the use of this mathematical model for a first anal-
ysis on the perspectives of new membranes in CO,-N, separation
[34]. The discrepancies between the model and the experimental
data in CO, and N, fluxes may be attributed to the opposite influ-
ences of competitive sorption and plasticization in mixed gas sep-
aration experiments compared to single gas experiments [50],
which depend on the membrane material. There is a different pref-
erential sorption behavior of Zeolite A, the IL, and the polymers for
CO, versus N [33]. The simplifying assumptions used for this pre-
liminary assessment are not completely valid and the expressions
including the permeability dependence on concentration should be
taken into account in a future work [39,47,48,50,51].

To our knowledge this is one of the first works that study exper-
imentally the CO,-N, gas mixture separation performance of a
two-stage membrane system connected in series investigating
the influence of membrane materials with different intrinsic trans-
port properties in each stage.

3.1. Application to process design

The mathematical model allows estimating the required area of
each membrane material that would be necessary to achieve a cer-
tain CO, purity and removal efficiency, as the coupled design tar-
gets in CO, - N, separation to consider membrane technology as
a potential alternative to conventional CO, capture methods and
direct future investigations regarding membrane development
and fabrication [16]. The operating conditions considered for this
calculation are the same as those in Table 1.

In Fig. 6, the membrane areas required for stage 1 and stage 2 of
the two-stage membrane systems under study are plotted as a
function of pressure ratio and temperature, for a 90% CO, concen-
tration in the permeate and 90% CO, removal efficiency, since this
is the design target usually required for membrane-based CO, cap-
ture processes to be competitive with chemical absorption [52]. As
expected, high pressure ratios reduce the membrane area require-
ments but increase the energy consumption [40]. Low pressure
ratio generally results in low driving force [45], existing a trade-
off between the energy used to achieve the required pressure ratio
and the membrane area [20]. Energy considerations will limit the
maximum pressure ratio attainable by feed compression or perme-
ate vacuum to about values of 10, which makes high membrane
permeability being more important than high CO,/N, selectivity
[21], as observed for the CO,-selective Polaris® membrane, whose
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Fig. 6. Analysis of the membrane area required of the membrane materials in stage
1 and stage 2, as a function of the global pressure ratio and the temperature in stage
2 for the system configurations studied. Membrane in stage 1 operates at 298 K.

selectivity is in the range 12-50 [8], since the membrane separa-
tion performance is determined by the membrane properties and
operating conditions.

When the ZA/PTMSP is the same membrane material used in
both stages, the area required for the stage 1 doubles that of the
stage 2 in all the temperature range under study, in agreement
with other systems in literature [53,54]|. Brinkmann et al. [55]
reported that for the Polyactive® membrane, an area of 300 m?
and slightly more than 8 m? were needed in stage 1 and stage 2,
respectively, which was enabled by using different types of module
configuration in each stage to separate CO, from flue gas. Hussain
and Hdgg [45] analyzed an inlet stream with 700 MMSCEFD, 10%
CO,, with pressure ratios of 100 and 80 for stage 1 and stage 2,
respectively, and concluded that the effective area of membrane
1 and 2 should be 8.20 - 10° m? and 2.32 - 10° m? in the first and
the second membrane module, even for a CO,/N, selectivity of
200. In this work, when the two stages are operated with different
membrane materials and temperatures, 298 K and 343 K in stage 1
and stage 2, respectively, the required membrane area in stage 2
(IL-CS - Zeolite A/PTMSP and Pervap 4060 - Zeolite A/PTMSP con-
figurations, in this work), dominates the total membrane area of
the system. The reason may be that ZA/PTMSP is the membrane
material with the highest CO,/N, separation and permeation flux,
and its high thermal stability allows increasing the operating

temperature in stage 2 without losing permselectivity. Fig. 6 shows
that this increase from 298 K to 343 K reduces the membrane area
of stage 2 to a 67% in the ZA/PTMSP -ZA/PTMSP and Pervap 4060 -
ZA/PTMSP, respectively, without the need of intermediate com-
pressor or final vacuum [41]. It should be remarked that the use
of the hybrid IL-CS membrane in stage 1 is able to reduce the influ-
ence of temperature even on the ZA/PTMSP MMM performance in
stage 2, as plotted in Fig. 6(a). This results reflects the translation of
the negligible influence of temperature on the ideal CO,/N, selec-
tivity through the IL-CS hybrid membrane material [30] to a sepa-
ration process performance.

Thus, to obtain 90% permeate concentration in CO, and 90% CO,
removal efficiency, the membrane area in the stage 1 should be 39,
22 and 4 times that at laboratory scale, for the IL-CS - ZA/PTMSP,
ZA/PTMSP - ZA/PTMSP and Pervap 4060 — ZA/PTMSP system con-
figurations, respectively. The membrane area of the necessary ZA/
PTMSP membrane at stage 2 should be 279 + 4 times the lab-scale
membrane, both at 298 K and 343 K, for the IL-CS - ZA/PTMSP sys-
tem, 39 and 15 times the lab-scale membrane, for the ZA/PTMSP -
ZA/PTMSP system and 87 and 43 times the lab-scale membrane for
the Pervap 4060 - ZA/PTMSP system.

The CO, purity of the permeate is enhanced with increasing
operating temperature in the stage 2 (not shown), due to the pos-
itive activation energies for CO, permeability of the ZA/PTMSP
MMM used in stage 2 (Table 4) because the CO,/N; selectivity of
the ZA/PTMSP MMM is higher than those of the others [33]. By
placing a high permeability and selectivity membrane material in
stage 2, it is possible to increase the CO, purity in the permeate
even at low CO, concentration in the feed (i.e., 10%), instead of
increasing the pressure ratio [56]. Besides, this makes the use of
a compressor between the stages unnecessary [24].

Likewise, operating at high temperature in the stage 2 with a
highly permselective membrane material, the required area to
reach the 90% separation targets is reduced. From the system con-
figurations studied in this work, the one that requires the least
total membrane area to reach the 90% purity and removal efficien-
cies targets, is that of Pervap 4060 at stage 1 and ambient temper-
ature and ZA/PTMSP MMM at 343 K at stage 2. For a removal
efficiency of 70%, however, the membrane area required in stage
1 and stage 2 would be only 291 and 18 cm?, for the ZA/PTMSP -
ZA/PTMSP system, 54 and 22 cm?, for the Pervap 4060 - ZA/PTMSP
system, and 721 and 41 cm?, for the IL-CS - ZA/PTMSP system,
respectively, with CO, removal efficiencies in the range 89-95%,
87-94% and 80 - 90%, respectively. These values give scope to
the further development and scalability of novel CO,-selective
membrane materials for carbon capture processes.

4. Conclusions

The experimental evaluation of the binary CO,-N, separation
performance using a two-stage membrane system with two differ-
ent membranes in series has been carried out to see whether a high
permeation flux in stage 1 and high permeation and selectivity in
stage 2, can lead to acceptable CO, removal efficiency and CO, con-
centration in the permeate, as design targets, avoiding the use of
intermediate compressor or vacuum simultaneously, as well as
introducing novel mixed matrix membrane materials in gas sepa-
ration. When the system is fed with a CO, content of 10%, the per-
meate is enriched to a CO, concentration from 26 to 43% with a
global removal efficiency up to 13% with the Pervap 4060 mem-
brane in stage 1. The final permeate is enriched to 26, 43 and
40% when the membrane in the first stage is IL-CS, ZA/PTMSP or
Pervap 4060, respectively. The CO, removal efficiency of stage 2
is 49 and 64% for the IL-CS - ZA/PTMSP and Pervap 4060 -
ZA/PTMSP systems. These experimental data agree well with a
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mathematical model, as a function of the membrane material and
temperature in stage 2, for each two-stage system combination, at
low CO, concentration in the feed.

Applying this model, we can estimate that, to attain a 90% CO,
purity and removal efficiency at the exit, the lowest total mem-
brane area required is obtained for the Pervap 4060 - ZA - PTMSP
system, although the agreement is the worst. When the CO,
removal efficiency is set to a lower target like 70%, the membrane
area that would have to be fabricated so that these materials reach
the goal in the experimental conditions of this work, would be only
291 and 18 cm? for ZA/PTMSP in stage 1 and stage 2, and 721 and
41 cm? for IL-CS and ZA/PTMSP in stage 1 and stage 2, and 54 and
22 cm? for Pervap 4060 and ZA/PTMSP for stage 1 and stage 2,
respectively. These values of area are really feasible, thus giving
scope to pursue the research and development of novel robust
membrane materials and their potential in CO, capture processes.
Since we have observed that the permeability and selectivity of
this novel membrane materials are not greatly affected by the
reduction in thickness in composite membranes [57], we can
expect an improvement of the performance. Further work on the
effect of impurities such as water vapor is being conducted in
our group.
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Appendix A. Mathematical model

The applied mathematical model used in this work is composed
of a set of equations implemented using two different models: one
covering the equations governing the membrane in stage 1 and the
other used to describe the membrane in stage 2. As the permeate
stream of the first stage feeds the second one, both models are con-
nected by means of port and stream types. All the set of equations
are solved using the software Aspen Custom Modeler by
Aspentech®.

The overall mass balance and the component mass balance are
carried out for each stage in Fig. A.1, considering X as y4, so that
the permeate stream of the stage 1 is the feed to stage 2. Since
the gas separation performance depends on the membrane mate-
rial, gas components in the mixture and the process conditions,
the governing flux equation for the gas permeation mechanism fol-
lows Fick’s law, where the driving force is the difference in partial
pressures over the membrane:
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where ] (m?(STP)/m? h) is the flux of gas component i, g, is the vol-
umetric flow rate of the permeating gas i (m3(STP)/h), P; is the
intrinsic permeability of the membrane material for gas (i=CO,
or Ny) (m*(STP)-m/m? hbar), 4; is the effective membrane area
(m?) of stage j (j=1, 2), 6 the membrane thickness (m), pf and p,,
the pressure in the feed and permeate side, respectively, and x¢
and y the molar fractions of the desired component in the feed
and permeate side, respectively.

In order to account the particularity of the experimental system
validated in this work, the i component flow across the membrane
in Eq. (A.1) can only occur if the partial pressure of i on the feed
side of the membrane (pgX) is greater than the partial pressure
of i on the permeate side (py;-y;) [21,58]. Consequently, the maxi-
mum separation reached by the membrane cannot exceed the
pressure ratio (¢), regardless the selectivity of the membrane
[22], as mentioned before:
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This is related to the different strategies possible in membrane
technology are present here so that two limiting cases to be con-
sidered. On one stage, the membrane ideal selectivity is greater
than the pressure ratio (¢), the performance is determined only
by the pressure ratio across the membrane and independent of
the membrane selectivity, i.e. the pressure ratio limited region. On
the other stage, the membrane selectivity may be smaller than
the pressure ratio, which is named as the membrane selectivity lim-
ited region, the membrane separation is determined only by the
membrane selectivity and independent of the pressure ratio [58],
as in Eq. (A.3)
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The flow rate of the different gases passing through the mem-
brane has to be evaluated. Eq. (A.4) describes the CO, transport
as function of the membrane area. When Fy, = Fp,1,
0;-y; = Pi- (Ai/Fg) - pg - (X; — v/ ;) - (Epi/ (Fpj + Fay)) (A4)
where P; is the CO, permeability, Fg the feed flow and py the pres-
sure of the feed stream.

For a given feed flow rate and feed composition, the membrane
properties (permeability and selectivity), effective membrane area,
and fixed operating conditions such as pressures, pressure ratios
and temperature of each stage are fixed as design parameters
and the solution of system equations provides the overall perfor-
mance in terms of the CO, purity and the recovery in the final per-
meate stream.

FrZ, X3, sz, ¢,
—_—

AZ, Pz’ (12

sz, Y2, 0,
—

Fig. A.1. Schematic diagram of the two step membrane system used in this work. Symbols are described in Appendix B.
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Appendix B. List of symbols

See Tables B.1 and B.2.

Table B.1
Variables used in the mathematical equations.
Variable description Units Symbols
Input variables
CO, feed molar fraction - X
Feed pressure (experimentally obtained from bar Ps
backpressure regulator (2) in Fig. 1)
Permeate pressure (experimentally obtained from bar Dpi
pressure gauge (3)
Pressure ratio D;

Feed flow rate (experimentally obtained from mass flow mol-s™!  F
controllers (1) in Fig. 1)

Permeate flow rate (experimentally obtained from mol-s~! Fyi
flowmeter (6) in Fig. 1)

Dilution flow rate (measured in mass flow controller (1) mol-s™! F4

in Fig. 1)
Output variables
CO, permeate molar fraction (experimentally obtained - Yi
from gas analyzer (7) in Fig. 1)
CO, retentate molar fraction (set in mass flow - X
controllers (1) in Fig. 1)
CO, removal efficiency - [4
Flow rates ratio - 0= Fpj/Fg
j=stage 1 or 2, respectively.
Table B.2
Other symbols appearing in the text and equations.
Description Units Symbols
Other variables
Area m? A
Permeability m>(STP)/m? h bar P
Solubility cm>3(STP).cm/ S
cm?-s-cmHg
Diffusivity cm?/s D
Selectivity - o
Activation energy kJ/mol E,
Thickness m J
Temperature K T
Flux m3(STP)/m? h ]
Volumetric flow rate of the permeating m>3(STP)/h ap
gas
Acronyms
Poly(trimethyl-1-silylpropyne) - PTMSP
Mixed matrix membranes - MMM
Zeolite 4 A - ZA
Poly(dimethylsiloxane) - PDMS
Ionic liquid - IL
Chitosan - (&
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Resumen

Ampliar el conocimiento de la influencia del vapor de agua en nuevas membranas mixtas
(MMM) podria favorecer la integracién de nuevos materiales de membrana en la recuperacion de
CO:2 de corrientes industriales himedas. En este trabajo, se ha investigado el efecto del vapor de
agua en la permeabilidad de N2, CH4 y CO: a través de una MMM de 20 % (m/m) de la zeolita
hidréfila 4A y el hidréfobo PTMSP, en el rango de humedad relativa de 0 — 75 %. Mientras que
en las membranas de PTMSP puro la permeabilidad de todos los gases disminuye con la actividad
del vapor de agua, sin variar la selectividad CO2/N2 y CO2/CH4, en las MMM de zeolita A/PTMSP
la permeabilidad de CO2 aumenta con el contenido de agua en el sistema, lo que da lugar a un

aumento de la selectividad CO2/N2 y CO2/CH4 en comparacién con el polimero puro.

Se ha estudiado también la adsorcidn de gases para observar el efecto que la humedad
residual en la zeolita 4A tiene en la solubilidad de los demas gases. Se evalud el comportamiento
de la solubilidad y la permeabilidad himedas mediante un modelo simple basado en la teoria
NELF, que tiene en cuenta la solubilidad en una mezcla multicomponente y la difusion de gases
en presencia de humedad relativa, asi como los efectos opuestos de la hidrofobicidad del PTMSP

y la hidrofilicidad de la zeolita A, con buena precision del ajuste.

Original abstract

Increasing the knowledge of the influence of water vapor in new MMM could favor the
integration of novel membrane materials in the recovery of CO2 from wet industrial streams. In
this work, the water vapor effect on the N2, CH4 and CO2 permeability through mixed matrix
membranes (MMMs) comprised of 20 wt.% hydrophilic Zeolite 4A in hydrophobic PTMSP polymer
were investigated in the relative humidity range 0 - 75%. While in the pure PTMSP membranes,
the permeability of all gases decreases with water vapor activity, with almost unchanged CO2/N2
and CO/CH4 selectivities, in Zeolite A/PTMSP MMMs, the CO: permeability increases with
increasing water content in the system, resulting in an increase in CO2/N2 and CO2/CH4

selectivities with respect to pure PTMSP.

Gas sorption was studied so that the effect the residual humidity in the Zeolite 4A has on
the sorption of the different gases helped explaining the permeability observations. The sorption
and humid permeation behavior were evaluated by a simple model equation based on the NELF

theory, taking into account the multicomponent gas sorption and diffusion in the presence of
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humidity, as well as the counteracting effects of the hydrophobic PTMSP and hydrophilic Zeolite

A in a very accurate way.
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Increasing the knowledge of the influence of water vapor in new mixed matrix membranes (MMMs) could
favor the integration of novel membrane materials in the recovery of CO, from wet industrial streams. In this
work, the water vapor effect on the N, CH4 and CO, permeability through MMMs comprised of 20 wt%
hydrophilic zeolite 4A in hydrophobic PTMSP polymer were investigated in the relative humidity range
0-75%. While in the pure PTMSP membranes, the permeability of all gases decreases with water vapor
activity, with almost unchanged CO,/N, and CO,/CH, selectivities, in zeolite A/PTMSP MMMs, the CO,
permeability increases with increasing water content in the system up to 50% R.H., resulting in an
increase in CO,/N, and CO,/CH, selectivities with respect to pure PTMSP. Gas sorption was studied so

that the effect the residual humidity in the zeolite 4A has on the sorption of the different gases helped
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Accepted 10th January 2018 explaining the permeability observations. The sorption and humid permeation behavior were evaluated

by a simple model equation based on the NELF theory, taking into account the multicomponent gas
sorption and diffusion in the presence of humidity, as well as the counteracting effects of the
hydrophobic PTMSP and hydrophilic zeolite A in a very accurate way.
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1. Introduction

Carbon dioxide emissions from fossil fuel combustion are
a major contributor to climate change and global warming. One
way to reduce CO, emissions to the atmosphere is carbon
capture, utilization and storage (CCUS). Nowadays, post-
combustion CO, capture is the strategy that can be imple-
mented with the lowest technical risk and thus has the greatest
near-term potential in the CO, capture.’

Among novel concepts for post-combustion capture,
membrane separation is emerging as a promising technology to
solve the drawbacks of conventional chemical absorption.*®
Compared to the traditional technologies, membrane gas sepa-
ration shows better prospects for industrial application due to its
module compactness and modularity, operation simplicity and
reliability, cost efficiency, energy saving, and environmental
impact.>”
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Polymeric membranes show the highest maturity among the
existing membrane materials for CO, separation, although rela-
tively few polymeric membranes have been commercialized for
gas separation, compared to the number of polymeric materials
commercially available.? This is attributed to various reasons such
as the lack of performance on productivity and separation selec-
tivity, as polymeric membranes normally present a trade-off
between selectivity and permeability,” as well as module fabrica-
tion and lack of information regarding the performance in the
presence of impurities in the CO, streams, such as water vapour.'®

Mixed matrix membranes (MMMs) constitute one of the
ways of enhancing the performance of polymeric membranes.
MMM combine the molecular sieving effect of inorganic fillers
with the good processability of polymers achieving new mate-
rials with synergistic functional properties."* Material selection
for both polymeric matrices and sieve phases is a key aspect in
the synthesis of MMMs. As the performance of the MMM is
limited by the polymer performance, a highly performing
polymer should be used as continuous matrix.">** In this work,
poly(1-trimethylsilyl-1-propyne) (PTMSP), a polymer with one of
the highest gas permeabilities, was chosen. PTMSP is a glassy
polymer with extremely high fractional free volume (0.29),'***
whose glassy structure leads to a low chain mobility and a glass
transition temperature higher than 523 K, making it a good
material for high temperature gas separations.'>'” However, its
large gas permeability is coupled with low ideal selectivity® and

This journal is © The Royal Society of Chemistry 2018
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a tendency to undergo physical ageing,'® which limits the
applicability of PTMSP as pure membrane material. We have
overcome these drawbacks by adding small-pore zeolites with
low Si/Al ratio to the hydrophobic PTMSP polymer, and both
components showed good compatibility so that no defects were
found in the interphase between the polymer and the filler.*

The effect of minor compounds frequently present in
industrial separations can affect significantly the polymer
membrane behaviour.”*** In particular, the influence of water
vapour on membrane permeability and selectivity is stronger
than that of other minor components regarding competitive
sorption, plasticization and ageing.” Besides, this influence
depends on the hydrophilic or hydrophobic character of the
membrane material or the affinity of water with the different
gases.”* In spite of the amount of works on high free volume
glassy membranes,'****" to the best of our knowledge, only a few
have dealt with the water effect on the gas permeability through
such polymer membranes as PTMSP, PIM-1 and thermally
rearranged (TR) materials.>>**” In all such membranes, the
presence of humidity reduced the gas permeability affecting to
a lesser extent the selectivity. Therefore, there is still limited
information on the effect of water vapour in these high free
volume polymer membranes,'””® and even less in MMMs.

In this work, we studied the water vapour effect on N,, CH, and
CO, gas sorption and permeation through the 20 wt% zeolite A/
PTMSP MMM developed in our laboratory™ in the range 0-75%
relative humidity (R.H.). This MMM is comprised of a hydrophilic
porous filler in a hydrophobic high free volume matrix. The
performance of the MMM has been compared to that of pure
PTMSP membranes. These experimental results have been
described by a simple but effective model that describes the
permeation process under humid conditions in the framework of
the solution-diffusion mechanism. In particular, the free volume
theory was considered to account for the gas diffusivity®® while the
solubility, taking into account the multicomponent competitive
sorption of gas and water in the membrane,* was modelled by the
NELF model. For this purpose, the N,, CH, and CO, sorption
curves of this MMM have been also experimentally obtained by
means of the pressure-decay technique to be introduced in the
model applied in this work.

2. Results and discussion

In Fig. 1, the N,, CH, and CO, permeabilities obtained at 35 °C
and 1 bar of upstream pressure, in the range of 0-75% R.H. are
plotted as a function of water vapour activity. The dry gas
permeability of pure PTMSP membranes agrees with the range
reported for other PTMSP membranes in literature.'®**>*
Interestingly, the addition of zeolite A to PTMSP in the MMM
caused a decrease of permeability in the order of magnitude of
50% for N, and CH,, and to a lesser extent for CO,. This has
been previously attributed to the MMM dual-layer morphology,
as already reported in a previous work.' This MMM is
comprised of two layers, one almost pure PTMSP layer at the
top, and a zeolite layer at the bottom where the PTMSP acts as
binder and the zeolite particles partly occupy the free volume of
the final MMM. This contributes to the rigidification and
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membranes (void symbols). N, (grey triangles), CH,4 (dark grey squares)
and CO, (black circles).

densification of the membrane matrix, by reducing further the
flexibility of the polymer chains and somewhat inhibiting the
gas diffusion.* In that work, we observed that the CO, perme-
ability decreased with increasing temperature up to a maximum
zeolite loading that depended on the composition of the zeolite
particles, thus revealing the molecular sieving effect of the
zeolite A in the PTMSP matrix.

Regarding the water effect, the gas permeability through
PTMSP membranes generally decreased with increasing water
activity for all gases investigated, in agreement with other
polyimide membranes made of PIM-1 **** or Matrimid,*® due
to the reduction in diffusivity when water molecules occupy
part of the free volume of the polymer. The gas permeability
through the zeolite A/PTMSP MMM also decreased for N, and
CH, with increasing water activity, while the CO, permeability
showed a slight increase to about 50% RH, followed by a slight
decrease. At average relative humidity, the CO, permeability of
the MMM is similar to the value measured in pure PTMSP
membranes. The behaviour of the humid gas permeability in
zeolite A/PTMSP MMM can be correlated qualitatively with the
gas sorption in the pure zeolite A particles, at two different
hydration levels. It is well known that zeolite A is extremely
hydrophilic, so that it contains some water adsorbed from the
environment, at ambient conditions.**?** Such water can be
removed by treating the system at high temperatures. The
exact quantification of the amount of water adsorbed by the
zeolite as a function of relative humidity and temperature was
beyond the scope of the present paper, although we checked by
thermal gravimetric analysis (shown in Fig. S1 of the ESIt), the
water content in the undried and dried zeolite, obtaining
a 12.6% and 5.7% content of water in the undried, “as
received”, and dried at 105 °C zeolite, respectively, to account
for the effect of the residual water content in the zeolite
sample on the sorption of the different gases with different
contents of humidity (Fig. S2 of the ESIY). Since the residual
water content in the MMM is in the range 0.5 to 3.1 wt%, with
increasing zeolite A loading, which accounts for the dispersion
of the hydrophilic zeolite in the hydrophobic polymer matrix,
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these data can help interpreting the humid permeability
results.

On one hand, from Fig. S2a,T it seems that the CO, adsorption
in the zeolite is not inhibited by the presence of water, possibly
due to the higher affinity of CO, for water molecules.”*** On the
other hand, we can see in Fig. S2b and S2c7 that the uptake of CH,
and N, in the dried zeolite sample is much higher than that
measured on the undried one, which contains water molecules
adsorbed from the atmosphere. This means that the water present
in zeolite A does inhibit the sorption of gases like CH, and N, due
to competitive effects. This behaviour is consistent with that
observed in the humid permeability of the zeolite A/PTMSP MMM,
where the relative humidity was detrimental for the permeation of
N, and CH,, but not for the transport of CO, molecules. Besides,
the shape of the isotherms is similar to those obtained for the
zeolite A at the same conditions of this work, i.e. low pressures, by
Palomino et al.*

The effect of water on permeability is clarified using the
normalized gas permeability, defined as the ratio between the
permeability at a given R.H. and the dry gas permeability, and
plotted on Fig. 2. Indeed, the normalised gas permeability of
pure PTMSP membranes shows a similar decrease for all three
gases with increasing water activity, being somewhat stronger
for CO,. In particular, the CO, permeability through the PTMSP
membranes is decreased by 40% from the dry value at a water
activity of 0.75, whereas the permeability of N, and CH, is only
reduced by 20%. The data agree with the reduction of N,
permeability reported by Scholes et al.>* in mixed gas separation
experiments and water activity below 0.40. The reduction in CO,
permeability reported by those authors was lower than 12%,
thus smaller than the reduction observed here.

The large decrease of the CO, permeability through the PTMSP
membrane is related to a combination of competitive sorption of
N, and CH, with water in the micro cavities,> water clustering
and pore blockage, which reduce diffusivity and CO, solubility,
thus compensating the effect of CO, dissolution in water and the
expected increase in CO, permeation through the membrane.””
The permeability reduction with increasing water activity will be
evaluated in the next section when discussing the modelling.*®
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Such decreasing trend in permeability was also observed for N,
and CH, through the zeolite A/PTMSP MMM, though less
pronounced than that of pure PTMSP membranes.

The deviations are attributed to the different experimental
set-ups. The influence of water activity on gas permeability
visible in Fig. 2 was definitively lower in the case of the zeolite A/
PTMSP MMM than in the pristine PTMSP membrane. On
average, the gas permeability of the MMM decreased by 9% and
15% from the dry permeability at 0.5 and 0.75 water activity,
respectively. The decrease in gas permeability never exceeded 15
+ 2.6% in the R. H. range investigated. The error of experi-
mental permeabilities, calculated by experiments repetition, is
always below 3%. In contrast, the CO, permeability increases up
to 10% at a water activity of 0.50, due to the higher affinity of
CO, with water,* the hydrophilic character of zeolite A**** and
the higher sorption at higher water activities.*® The reduction of
CO, permeability through MMM observed in Fig. 2 may be
attributed to the combination of competitive sorption between
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Fig. 3 Comparison of (a) CO,/N, and (b) CO,/CH,4 selectivity as
a function of R.H. with the Robeson's upper bound.® Open symbols:
PTMSP. Filled symbols: zeolite A/PTMSP MMM. The symbols indicate
the direction towards increasing relative humidity values as follows: 0%
(circles) < 25% (squares) < 50% (triangles) < 75% (rhombuses).
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water and gas molecules and the plasticization by water of the
high free volume polymer, as observed also by Nakamura et al.*®
for PTMSP-related membranes in dry and wet states.

Fig. 3 shows the effect of the R.H. on the membrane separation
performance in terms of the distance from the Robeson upper
bound.’ In general, the CO,/N, and CO,/CH, selectivities of pure
PTMSP are not strongly affected by the presence of water in the
feed, with a slight increment in the distance from the upper
bound upon increasing R.H., as observed in Matrimid.” In
contrast, it is clear that the overall permselectivity of the zeolite A/
PTMSP MMM approaches the upper bound with increasing R.H.,
up to 50%. The difference in membrane performance in the
presence of water vapour is attributed to the presence of the
zeolite, which increased the membrane selectivity in humid
conditions. This is due to the enhancement in the CO, perme-
ability of the MMM with the water content in the gas feed, which
leads to an additional improvement in the CO, selectivity in the
presence of water, with respect to dry conditions.

The CO, permeability of the MMM is slightly lower than that
of the pristine PTMSP membrane and the increase in CO,/CH,
selectivity is not high enough to counteract the decrease in CO,
permeability, thus the separation performance is maintained at
about the same distance from the upper bound. This agrees
with other MMM formed by zeolites and glassy polymers,
because of the combined effects of CH, and water vapour on
CO, permeation.*” This is also attributed to the reduction of free
volume by the space occupied by the zeolite particles and the
rigidity imparted to the polymer matrix thereby,"” which has
a larger effect than plasticization or competitive sorption.* This
issue requires some research effort in the materials knowledge,
but as a starting point it can be noticed that the CO, solubility of
the hydrated zeolite is almost the same as the dried zeolite, in
opposition to the solubility of N, or CH,, as discussed above
regarding Fig. S2.1

2.1. Modelling of permeability in the presence of water

2.1.1. Modelling the gas solubility in the membranes. First
of all, the competitive sorption effects between the gases and
water in the membrane were studied in the MMM and PTMSP
membranes using a thermodynamic model that describes the
solubility of gases and vapours in glassy polymers, i.e. the Non-
Equilibrium Thermodynamic model for glassy polymers.*"*
This model describes the non-equilibrium behaviour of a glassy
polymer by using the actual polymer density as additional state
variable, in order to account for the departure from equilibrium
conditions. The NET-GP approach is applied by using the lattice
fluid model by Sanchez-Lacombe,* giving rise to the so-called
Non-Equilibrium Lattice Fluid (NELF) model. The main charac-
teristic parameters necessary in this work are collected in Table 1.
The model parameters to describe the gas solubility by NELF are
a binary gas molecule-membrane interaction parameter, k;;,
involving the characteristic pressure of the gas-polymer mixture,
and a swelling coefficient, kg, defined as the ratio between the
relative polymer volume increase and the gas pressure.*® They are
estimated for PTMSP by adjusting the NELF model** with the
experimental N,, CH, and CO, sorption isotherms obtained

This journal is © The Royal Society of Chemistry 2018
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Tablel Sanchez Lacombe EoS characteristic parameters for PTMSP#¢
and gas and vapor molecules*?

Component ™ (K) p* (MPa) p* (g em™?)
PTMSP 416 405 1.250
CO, 300 630 1.515
N, 145 160 0.943
CH, 215 250 0.500
H,0 670 2400 1.050

experimentally for the PTMSP membranes, which agree with
previously reported literature,**** as shown in Fig. 4, using the
characteristic parameters of Table 1.

The kjj, gas-polymer interaction parameter and &, swelling
parameter calculated for PTMSP are reported in Table 2. Such
parameters were adjusted with the pure gas solubility isotherms
in pristine PTMSP membranes, as represented in Fig. S3 in the
ESLT For all gases, k;; is slightly positive, in agreement with the
values reported for other glassy polymers as PIM-1 *” and HAB-
6FDA polyimides.”®* For water vapour sorption, the binary
parameters reported in Table 2 were adjusted using the
isotherm reported by Scholes et al.>*

In addition, the model has been modified to take into
account the gas sorption into MMMs.**** The mass of penetrant
adsorbed in the MMM per unit mass of total solid, Qy, is
evaluated from the mass adsorbed on the pure filler per unit
mass of filler, Qr, and that adsorbed in the polymeric phase of
the MMM per unit mass of polymer, Qp rm:

.QM = Wg X QF + (1 — WF) X QP,MM (1)

For “ideal” MMMs, the sorption capacities of the polymer
and the filler in the composite material are considered equal to
the pure component values so a simple additive rule is used to
determine the sorption capacity of the composite. However,
mixed matrices of high free volume glassy polymers, such as
PTMSP, may not show this additive behaviour because of how
the inorganic rigid phase affects the volumetric space of the
polymer.*® In a first approximation, however, we can assume
that the adsorption capacity of the filler remains the same as in
pure state:

Qp = Q (2)
Eqn (2) becomes:
Qm = wpQf + (1 — wg) X Qpvm 3)

where, in general, polymer properties in the mixed matrix are
different from the corresponding pure component values:

Qpmm # b, ppmm # pp and FFVp vy # FEVp

By applying the NELF model,**** the value of Qp v is
univocally related to the MM polymer density pp vt

QII;“IE\/ILI\I/:I :f(Tvp’ pP.MM) (4)
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Fig. 4 Sorption isotherms in the pure zeolite, pure PTMSP, zeolite A/
PTMSP MMM and the PTMSP phase in the MMM. The solid line
represents the adjustment with the NELF model.

Eqn (4) was used to estimate the density of the polymer phase
in the MMM, pp vv- This density value can be associated to the
fractional free volume value in the MMM, FFVp yiv by

P}/:dw - 1~3PP,MM

FFVpuum = — (5)
Pp
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Table 2 Binary gas—PTMSP interaction and swelling parameters for
the NELF model for the PTMSP sorption isotherms in Fig. S3 in ESI

PTMSP
Components kij kew (MPa ™)
CO, 0.075 0.009
CH, 0.020 0.007
N, 0.10 0
H,0 —0.17 0

Thus, the sorption isotherm in the polymeric phase of the
MMM, Qp mm, Was adjusted by NELF model and eqn (4), looking
at the MMM, pure zeolite and PTMSP membrane sorption data,
and allowing pp vy and kg to iterate, while keeping k;; equal to
the value obtained for pure PTMSP (Table 2). The sorption
isotherms thus obtained are represented in Fig. 4 for CO,, CH,
and N,, respectively. Here, it is observed that the polymer phase
in the MMM adsorbs less gas than in the pure state. This is
attributed to the fact that the polymeric matrix is constrained by
the presence of the zeolite.

The density of the polymer in the MMM can be lower or
higher than the pure polymer density in the same operation
conditions, depending on the interaction with the filler. For
instance, the polymer density decreased, resulting in lower FFV
and transport parameters in MMM where silica domains were
generated in situ in a PTMSP solution via sol-gel.** Other
studies®*** revealed that when pre-formed hydrophobic fumed
non-porous silica particles were added to PTMSP, lower density
of the MMM than the pure PTMSP membranes was achieved,
resulting in additional free volume mainly due to poor
adhesion. The porous zeolite particles are larger than those
non-porous silica particles so they are not supposed to disrupt
the chain packing and the changes in density and permeability
are caused by the flow through the zeolite particles, which
depends on the size and morphology, influencing the compat-
ibility with the polymer matrix.>® In particular, the value of
ppmm that best adjusts the data of all the gases is equal to
0.885 g cm ™, which is higher than the value for pure PTMSP
membranes, and corresponds to a lower fractional free volume
FFVp am of 0.162. The swelling coefficient ks, diminishes from
0.007 to 0.005 MPa !, for CH,, and from 0.005 MPa ™ to zero for
CO,. This indicates a rigidification of the polymer matrix in the
MMM.

2.1.2. Modelling of the humid gas permeability. The effect
of water activity, a, in the membrane on the gas permeability
can thus account for the effects on gas solubility, due to
competitive sorption, and gas diffusivity, due to the free volume
reduction, on the permeability, according to the solution-
diffusion mechanism,* as

—B
P(a) = D(a)S(a) = A exp (m) S(a) (6)
where A and B are the parameters that correlate the model with

the membrane material properties, for each penetrant
gas 43,54
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Table 3 Parameters considered for the diffusivity and diffusivity + solubility based modelled permeability

Parameter Value

Unit Reference

Veaw (PTMSP)
p(PTMSP)
p(zeolite A)

0.728

0.750
0.720

p(PTMSP phase in the MMM) 0.885

p(zeolite A/PTMSP) 0.744

p(zeolite A/PTMSP) 0.846

—

Vyaw (H,0) 0.602

Since for rigid glassy polymers the diffusivity is known to
dominate the transport of small substances,* in this work, two
approaches have been undertaken to model the influence of
water activity on permeability. The first one considers that the
predominant effect of water in the membrane matrix is due to
the kinetic part of permeability in eqn (6), that is, the diffusivity.
The humid gas permeability is thus expressed in terms of the
humid fractional free volume, FFV, as function of the water
activity a, with two adjustable parameters that depend on the
gas penetrant ,>*® using a simple but effective model reported
recently by Ansaloni et al.,*® as

P(a) = D(a) = A; exp (W) @)

This approach estimates that the permeability reduction
observed in the PTMSP-based membranes in the presence of
water is only due to the reduction of the free volume because of
the partial occupation by the absorbed water molecules and the
zeolite particles embedded in the polymer matrix. No swelling is
induced by the water vapour, due to the high rigidity of the
membrane matrix and the low quantity of absorbed water by the
polymer.”* When water is present, the FFV is estimated by
considering both the occupied volume of the polymer chains,
the zeolite particles and the water molecules adsorbed in the
membrane matrix.*”** The volume of a water molecule is
assumed to be constant and proportional to its van der Waals
volume over the whole water activity range. The expression that
links the FFV with the water activity in this approach is given by

eqn (8),

—

FFV(a) = 1 — 1.31/%— 1.3%9(@ (8)

where V and V0 are the occupied volumes of the membrane

and water,mand m are the membrane and water van
der Waals volume, respectively, estimated by Bondi's method.*®

This journal is © The Royal Society of Chemistry 2018

cm?® g ! 51

g cm? 51

gcm™? Commercial data from Sigma-
Aldrich

gcm™? For the diffusivity + solubility
model. From the NELF model in
Section 2.1.1

gem ™ For the diffusivity model.
Calculated by the additive rule, for
the 20 wt% zeolite A/PTMSP MMM,
from the p(PTMSP)

gem For the diffusivity + solubility
model. Calculated by the additive
rule, with the p(PTMSP phase in the
MMM) for the 20 wt% zeolite A/
PTMSP MMM

em’ g ! 29

Q(a) is the amount of water vapour in the membrane, expressed
as g H,0/g membrane. In this work, this value for the pristine
PTMSP membrane has been taken from water solubility
isotherms reported in literature,* while that of the zeolite A/
PTMSP MMM has been calculated by the additive rule from
water sorption in PTMSP and zeolite A,* respectively. All the
parameters used to calculate the FFV in eqn (8) are given in
Table 3.

When calculating the effect of water on the gas solubility,
S(a), the multicomponent sorption has to be considered. Thus,
a gas-water interaction parameter k;; (Table 4), was added to the
NELF characteristic parameters in Table 1 and the gas-polymer
interaction and swelling parameters in PTMSP and MMM, k;
and kg, calculated above, in order to model the solubility of
CO,, CH, and N, in zeolite A/PTMSP MMM and pristine PTMSP
membranes, in the presence of relative humidity.

The calculated humid gas solubilities S(a) are plotted in
Fig. 5 as a function of the water activity. It is worth remarking
that the solubility of CO, increases with increasing water
content while the solubility of the other gases decreases,
because of their general lower solubility.* These observations
explain some of the experimental observations discussed above,
by the affinity of CO,-water, and the k;; in Table 4.

The effect of water activity in diffusivity has been estimated
using the experimental data of humid gas permeability and the
humid gas solubility of the membranes obtained by NELF
model shown in Fig. 5, by means of the solution diffusion

Table 4 Gas—water interaction parameters used in this work, from
VLE and solubility data from3°-6*

Components kij
CO0,-H,0 —0.117
CH,-H,0 0
N,-H,0 0
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Fig. 5 Calculated humid gas solubility S(@) as a function of water
activity of (a) CO,, (b) CH,4 and (c) Ny, and in the PTMSP membrane
(dotted lines) and the zeolite A/PTMSP MMM (continuous lines)
calculated by the NELF model, at the same pressure and temperature
as the experimental isotherms.

model. The humid gas diffusivities calculated this way are
represented in Fig. 6. It can be seen that the expected strong
influence of the decrease in gas diffusivity in the permeability
with increasing water activity through the pristine PTMSP
membranes is somehow softened by the effect of the zeolite
particles in the MMM, because of the combining effects of
competitive gas sorption and water clustering and membrane
matrix rigidification mentioned above.

3542 | RSC Adv., 2018, 8, 3536-3546

Paper

2.0x10°
1.8x10°
1.6x10° 1
4 5
& 1.4x10° - s °
o o
3‘1.2x10_5 o G
s 1.0x107 4
(2] -6 _|
.=EB.0X1OJa
0 6.0x10™
o 6]
Q4.0x10Ja
2.0x107
00 T T T T T T T
00 01 02 03 04 05 06 07 08
Water activity
(a)
1.2x10°
i
Q
“E 1.1x10° =
S
2 1
.5 [ ]
2 5
£ 1.0x10° o L]
[a]
:E" O
O
9.0x10° . . . . ; : .
00 01 02 03 04 05 06 07 08
Water activity
(b)
3.0x10°
2.5x10°
Q
% 2.0x10°4 A 2 A
C A
21.5x10°
=
[7]
£ 1.0x10°
£
=2'5.0x10°-
0'0 T T T T T T T
00 01 02 03 04 05 06 07 08
Water activity
(c)

Fig. 6 Calculated humid gas diffusivity D(a) as a function of water
activity of (a) CO,, (b) CH4 and (c) Ny, in the PTMSP membrane (void
symbols) and the zeolite A/PTMSP MMM (filled symbols).

2.1.3. Comparison of permeability modelling approaches.
Once the humid gas diffusivity D(a) and the humid gas solu-
bility S(a) are calculated, the humid gas permeability values
obtained by eqn (6) are represented by the dotted lines in Fig. 7.
The humid gas permeability obtained by the simplified model

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Permeability of (a) CO, (black circles) and (b) N, (light grey
triangles) and CH, (grey squares) as function of water activity for the
PTMSP membrane (void symbols) and the zeolite A/PTMSP MMM (full
symbols). Dashed lines correspond to the diffusivity-based model and
continuous lines to the (diffusivity + solubility)-based model.

considering only diffusivity (eqn (7)) is plotted as the dashed
lines also in Fig. 7, to estimate the contribution of diffusivity
and solubility in the prediction of gas permeation through
MMM and PTMSP membranes in the presence of relative

RSC Advances

humidity. There is a good agreement between the experimental
results and the predictions of both modelling approaches, and
the consideration of water effect on both gas solubility and
diffusivity increased the accuracy on the prediction of humid
gas permeability. The deviations observed for the pure PTMSP
membrane at low water activity were observed by Olivieri et al.*®
in the whole range of water activity. We attribute this to the
combining effects of competitive sorption and plasticization
between gas molecules and the membrane matrix, which may
be intensified at increasing relative humidity values.

The adjustable parameters A and B obtained from both
approaches are given in Table 5, as a function of membrane
material and gas penetrant. The deviations from the experi-
mental data for both model approaches are also included in
Table 5. The parameter A calculated considering only the effect
on humid gas diffusivity on humid gas permeability, by eqn (7),
is higher for the PTMSP membrane than the zeolite A/PTMSP
MMM, being the highest that of CO, and the lowest that of
N,. This observation is consistent with the order or magnitude
of permeability reported by other authors for other polyimide
membranes, like Matrimid,* PSf* or 6FDA-6FpDA.*®* When the
model equation takes both solubility and diffusivity on the
description of humid gas permeability, as in eqn (6), the A
parameter of CH, is lower for the PTMSP membrane than the
MMM, while that of N, is higher for PTMSP than MMM and that
of CO, does not vary. This is also consistent with the experi-
mental behaviour of the humid permeability in the MMM
observed in this work. The parameter B predicted by the
complete solubility and diffusivity based model is the same in
the pristine PTMSP membrane and MMM, for all gases, in
agreement with reported data for co-polyetherimides.*®

It is important to remark that both model approaches
employed in this work are able to predict the experimental
performance of the PTMSP membrane under humid conditions
in a very accurate manner, using only two adjustable parameters
depending on the permeating gas and membrane composition.
However, the model accounting for solubility and diffusivity
estimates better the experimental performance of the MMM.
This is attributed to the reduction of free volume by the space
occupied by the zeolite particles and the rigidity imparted to the

Table 5 A and B adjustable parameters, considering the effects of solubility and diffusivity, egn (6), and diffusivity only, egn (7), in the calculation

of humid gas permeability

Modelling approach Parameter N, CH, CO,
Diffusivity model A(10° em®s™Y) 2.70 (PTMSP) 3.35 (PTMSP) 9.05 (PTMSP)
2.10 (MMM) 3.21 (MMM) 7.70 (MMM)
B(-) 0.180 (PTMSP) 0.047 (PTMSP) 0.042 (PTMSP)
0.319 (MMM) 0.165 (MMM) 0.015 (MMM)
Error (%) 7.58 (PTMSP) 7.54 (PTMSP) 12.70 (PTMSP)
4.68 (MMM) 2.14 (MMM) 7.38 (MMM)
Diffusivity + solubility model A (10° em® s7Y) 2.24 (PTMSP) 1.19 (PTMSP) 1.36 (PTMSP)
1.79 (MMM) 3.05 (MMM) 1.18 (MMM)
B(-) 0.040 (PTMSP) 0.046 (PTMSP) 0.040 (PTMSP)
0.049 (MMM) 0.043 (MMM) 0.047 (MMM)
Error (%) 6.06 (PTMSP) 6.45 (PTMSP) 11.96 (PTMSP)
4.03 (MMM) 1.49 (MMM) 7.69 (MMM)

This journal is © The Royal Society of Chemistry 2018
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polymer matrix thereby,* which has a larger effect than plasti-
cization or competitive sorption,* which is accentuated by the
presence of the water molecules. As hinted above, this issue
requires some research effort in the materials knowledge
regarding water sorption and diffusivity, however, it should be
remarked that the CO, solubility of the hydrated zeolite is
almost the same as the dried zeolite, in opposition to the
solubility of N, or CH, (Fig. S2 in the ESIf).

3. Experimental

3.1. Materials

Membranes were prepared by the solution casting method as
reported elsewhere." Pure PTMSP membranes were prepared
from a 1.5 wt% toluene solution of PTMSP (ABCR GmbH,
Karlsruhe, Germany) and cast on a glass Petri dish. The
membranes were then covered by a Petri dish at ambient
conditions, to ensure the slow evaporation of the solvent. Before
the permeation tests, membranes were immersed in liquid
methanol for 5 min, because this was the method that ensured
that all the PTMSP-based membranes were in similar initial
conditions and presented reproducible permeation perfor-
mance,* since this is a common procedure for high fractional
free volume polymers.®*** The MMM were prepared in a similar
way, except that the zeolite particles were previously dispersed
in the solvent for 2 h and added to the polymer solution and
stirred for other 24 h prior to the casting on the glass plate. The
nominal zeolite loading in the PTMSP matrix for the MMM
studied in this work was 20 wt%, which revealed the highest
permselectivity performance in CO,/N, separation from a group
of PTMSP- based MMM prepared with small-pore zeolites of
different Si/Al and topology, due to the dual-layer morphology of
the zeolite 4A/PTMSP MMM, due to the different densities
between zeolite particles and PTMSP and the slow evaporation
procedure, which has already been discussed in our previous
publications.”* This MMM consists of a top layer of almost
pure PTMSP and a bottom layer containing the zeolite A parti-
cles, where the PTMSP acts as a binder, and thanks to the good
compatibility between the zeolite 4 A and the PTMSP, this layer
provides thermal and mechanical resistance as well as selec-
tivity to the membrane.

The thickness of the membranes was measured using
a digital micrometre (Mitutoyo, precision of +1 pum). The
average thickness of the membranes tested in this work was 60
+ 6 um.

The membrane density was obtained by the buoyancy
method (Sartorius Density Kit YDKO01), weighing the samples in
air and water.

3.2. Humid gas permeation experiments

The effect of the water vapour content on the transport perfor-
mance of zeolite A/PTMSP MMM and pristine PTMSP
membranes has been studied at 35 °C in the relative humidity
(R.H.) range from 0 to 75%. Humid gas permeability tests were
carried out in a modified constant volume variable pressure
permeometer. The system is equipped with a manometric

3544 | RSC Adv., 2018, 8, 3536-3546

Paper

apparatus that determines the amount of gas diffusing across
the membrane by the variation of the gas pressure in a cali-
brated downstream volume, described in previous works®®*’
and schematized in Fig. S4 in the ESIL.{ There is a humidifying
section on the upstream side of the membrane, a water vapour
reservoir and a purge flow. After placing the membrane into the
sample holder, a vacuum test was performed to ensure the
absence of leakage. At the beginning of the experiment, the
membrane was equilibrated to the same level of water activity
(i.e. the ratio between partial pressure and vapour pressure of
water®) on both sides. When equilibrium was reached, the
downstream volume of the apparatus was closed, and the
upstream side of the membrane was fed by a gas stream at the
same R. H. of the equilibrated membrane. As a consequence,
the water activity at both sides of the membrane remained
constant along the measurement, so that only the gas species
was diffusing across the membrane at each level of R. H.

3.3. Sorption experiments

The sorption of N,, CH, and CO, pure gases in the membranes
and zeolite powders were measured using a pressure decay
equipment reported elsewhere* (drawn in Fig. S5 in the ESIf)
with an average precision of the data higher than 93%. Before
every pure gas sorption experiment, the whole equipment was
kept under vacuum overnight. The membrane sample chamber
D2 was then isolated from the rest of the equipment by closing
valve V1. The volume separated from the surroundings with
closed valves V1, V2 and V3 was then pressurized with the
penetrant gas. Once the pressure was stable, the experiment was
started by opening V1 and waiting several minutes to reach the
equilibrium. Then, V1 was closed to set the post-equilibrium
pressure. Sequential filling stages were carried out by
increasing the pressure stepwise in order to obtain a complete
sorption isotherm. The volumes of the membrane sample and
pre-chambers, were calibrated by helium expansion experi-
ments using a metal cylinder of known volume as a volume
standard. The sorption isotherms were obtained in the order:
N,, CH, and CO, at 35 °C. The sorption isotherms for CH, and
CO, were taken up to 30 bar, while those of N, only to 10-12 bar,
because of the pressure of the N, bottle. The zeolite samples
were measured both as received and dried at 105 °C for 24 h in
a vacuum oven.

4. Conclusions

In this work, the effect of humidity on the gas permeability of
N,, CH, and CO, has been studied in the range of relative
humidity from 0% to 75% at 35 °C in the new zeolite A/PTMSP
MMM whose performance in dry conditions improves that of
the pure PTMSP membranes. At a 50% R. H., while the gas
permeability of all the studied gases decreases for pristine
PTMSP membranes, the CO, permeability through the zeolite A/
PTMSP MMM increases up to 10% from the dry value, and N,
and CH, permeabilities decrease with water activity.

This behaviour can be related with the reduction of free
volume and increased rigidity in the MMM compared to PTMSP

This journal is © The Royal Society of Chemistry 2018
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membranes. Furthermore, it has been proven that the adsorp-
tion of CO, in pure zeolite A is not impaired by the presence of
water, while that of CH, and of N, is. Therefore, the presence of
zeolite A in PTMSP, under humid conditions, may be generally
favourable to the permeation of CO,, while not helping that of
N, or CH,. Thus, the selectivity of zeolite A/PTMSP MMM is
enhanced with increasing relative humidity in the feed in all the
water activity range studied.

The sorption of gases in PTMSP and MMM has been
measured experimentally and adjusted accurately by the NELF
model, for all gases considered, using an approach for
composite structures.

The permeability of gases in humid conditions in both pure
PTMSP membranes and MMM is also modelled with a tool
based on the free volume theory for diffusion, and NELF for
sorption, with only two adjustable parameters. While the
diffusivity only -based model equation predicts accurately the
humid gas permeability through pristine PTMSP glassy poly-
imide membranes, the consideration of both solubility and
diffusivity is necessary to approach the experimental results
obtained in the laboratory for the novel zeolite A/PTMSP MMM
under humid conditions in a very accurate way. This gives scope
to the relevance of considering the multicomponent competi-
tive sorption and the free volume reduction by occupation of the
hydrophobic polymer matrix by water molecules and the
hydrophilic character of zeolite fillers in the model prediction of
new membranes with potential application in the treatment of
humid gas streams.
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oral.

A.3. Modelo matematico

Modelo de la etapa 1:

Model membranal

//Definicion de variables

Areal as area; P1 as notype;//mol/(s'bar'm2) P11 as notype; membranel as material; mixture
as mezcla; alfal as notype;//adim al as notype; bl as notype; Ff1 as notype(3.4684E-5);//mol/s
xf as notype;//adim pfl as notype;//bar phil as notype;//adim fd as notype;//mol/s T as
notype;//K PN2 as notype;//mol/(s'bar'm2) PCH4 as notype;//mol/(s'bar'-m2) x1 as fraccion;

rendl as notype; RH as humedad; pm as notype; pmn2 as notype; Pn21 as notype;

//Definicién de puertos

corr_out as output corriente;

//Balances de materia
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xf=(1-corr_out.tita)*x1+corr_out.y*corr_out.tita;

corr_out.tita=corr_out.Fp/Ff1;

//Propiedades intrinsecas de la membrana y tipo de membrana y geometria
if membranel=="za-ptmsp flat" then
if mixture=="C02-N2" then
P1=(7.056e7*exp(-21905.7272/(8.314*T)))*3.2938e-7;
PN2=(3.326e3*exp(-5191.2616/(8.314*T)))*3.2938e-7;
alfal=P1/PN2;
endif
else if membranel=="pdms flat" then
if mixture=="C02-N2" then
P1=(1.616e5*exp(-3041.42/(8.314*T)))*1.85916e-7;
PN2=(9.50e6*exp(-18850.3/(8.314*T)))*1.85916e-7;
alfal=P1/PN2;
endif
else if membranel=="il-cs flat" then
if mixture=="C02-N2" then
P1=(1.4e4*exp(-6200/(8.314*T)))*2.6144e-7;
PN2=(9.15e2*exp(-2000/(8.314*T)))*2.6144e-7;
alfal=P1/PN2;
endif
else if membranel=="il-cs hollow fiber" then
if mixture=="C02-N2" then
if RH=="RH=0%" then
106.38/P11=105.38/1886+1/Pm;
106.38/PN21=105.38/1632+1/PmN2;
Pm=(3.538e4*exp(-6.87e3/(8.314*T)));
PmN2=(2.666E4*exp(-8.44e3/(8.314*T)));
P1=P11*3.15e-7;
PN2=PN21*3.15e-7;
alfal=P1/PN2;
//influencia de la humedad
else if RH=="RH=50%" then
106.38/P11=105.38/1886+1/Pm;
106.38/PN21=105.38/1632+1/PmN2;
P1=P11*3.15e-7;
PN2=PN21*3.15e-7;
Pm=2772;
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PmN2=1159;
alfal=P1/PN2;
endif
endif
endif

else if membranel=="pdmsx-10 hollow fiber" then
if mixture=="C02-N2" then
if RH=="RH=0%" then
P1=2465.65*6.08e-7;
PN2=405.9*6.08e-7;
alfal=P1/PN2;
//influencia de la humedad
else if RH=="RH=50%" then
P1=1441%*6.08e-7;
PN2=385*6.08e-7;
alfal=P1/PN2;
endif
endif
endif
else if membranel=="hkust-il-cs hollow fiber" then
if mixture=="C02-N2" then
if RH=="RH=0%" then
158.68/P11=156.79/1886+1.89/Pm;
158.68/PN21=156.79/1632+1.89/PmN2;
Pm=(6.332e4*exp(-8.28e3/(8.314*T)));
PmN2=(1.815E5*exp(-13.66e3/(8.314*T)));
P1=P11*6.08e-7;
PN2=PN21*6.08e-7;
alfal=P1/PN2;
endif
endif
else if membranel=="za-ptmsp hollow fiber" then
if mixture=="C02-N2" then
if RH=="RH=0%" then
184.45/P11=177.51/3814+6.9/Pm;
184.45/PN21=177.51/2638+6.9/pmn2;
Pm=((1.18e-5*exp(-0.047/0.1986)*0.0943))/1e-10;
Pmn2=((1.79e-5*exp(-0.049/0.1986)*0.0057))/1e-10;
P1=P11*1.82e-7;
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PN2=PN21*1.82e-7;
alfal=P1/PN2
//influencia de la humedad
else if RH=="RH=50%" then
184.45/P11=177.51/3814+6.9/Pm;
Pm=((1.18e-5*exp(-0.047/0.1639)*0.0944))/1e-10;
PN21=((1.79e-5*exp(-0.049/0.1639)*0.0055))/1e-10;
P1=P11*1.82e-7;
PN2=PN21*1.82e-7;
alfal=P1/PN2;
endif
endif
endif
else if membranel=="ptmsp hollow fiber" then
if mixture=="C02-N2" then
if RH=="RH=0%" then
158.68/P11=151.48/3814+7.20/Pm;
158.68/PN21=151.48/2638+7.20/pmn2;
Pm=((1.35e-5*exp(-0.040/0.2899)*0.0787))/1e-10;
Pmn2=((2.29e-5*exp(-0.040/0.2899)*0.0089))/1e-10;
P1=P11*2.11e-7;
PN2=PN21*2.11e-7;
alfal=P1/PN2;
//influencia de la humedad
else if RH=="RH=50%" then
158.68/P11=151.48/3814+7.20/Pm;
Pm=((1.35e-5*exp(-0.040/0.2891)*0.0802))/1e-10;
PN21=((2.29e-5*exp(-0.040/0.2891)*0.0087))/1e-10;
P1=P11*2.11e-7;
PN2=PN21*2.11e-7;
alfal=P1/PN2;
endif
endif
endif
endif
endif
endif
endif
endif
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endif
endif
endif

//relacion de fracciones molares

if alfal>3*phil and phil*xf<1 then
corr_out.y=xf*phil;

else if 3*alfal<phil then
corr_out.y=alfal*xf/(1-xf*(1-alfal));

else
corr_out.y=phil/2*(xf+1/phil+1/(alfal-1)-sqrt((xf+1/phil+1/(alfal-1))"2-
4*alfal*xf/(alfal-1)/phil));

endif

endif

//Transporte del CO2 en funcién del area de la membrana
corr_out.tita*corr_out.y=P1*(Areal/Ff1)*pf1*(xf-corr_out.y/phil);
corr_out.Fpco2=corr_out.Fp*corr_out.y;
rendl=corr_out.tita*corr_out.y/xf;

End

Modelo de la etapa 2:

Model membrana2

//Definicion de variables

Area2 as area(0.001555);//m2 P2 as notype;//mol/(s'bar'-m2) alfa2 as notype;//adim Ffl as
notype;//mol/s a2 as notype; b2 as notype; xf as notype;//adim pf2 as notype;//bar phi2 as
notype;//adim rend as notype;//adim rend2 as notype;//adim fp2 as notype;//mol/s Fd as
notype;//mol/s x2, y2 as fraccion; tita2 as notype; Fp2co2 as notype; PN2 as notype; T as notype;

//Definicién de puertos

corr_in as input corriente;

//Balances de materia
corr_in.y=(1-tita2)*x2+y2*tita2;
tita2=Fp2/corr_in.Fp;
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//Propiedades intrinsecas de la membrana
P2=(7.056e7*exp(-21905.7272/(8.314*T)))*3.2938e-7;
PN2=(3.326e3*exp(-5191.2616/(8.314*T)))*3.2938e-7;
alfa2=P2/PN2;

//Relacion de fracciones molares
if alfa2>3*phi2 and phi2*corr_in.y<1 then
y2=phi2*corr_in.y;
else if alfa2*3<phi2 then
y2=alfa2*corr_in.y/(1-corr_in.y*(1-alfa2));
else
y2=phi2/2*(corr_in.y+1/phi2+1/(alfa2-1)-sqgrt((corr_in.y+1/phi2+1/(alfa2-1)) " 2-
4*alfa2*corr_in.y/(alfa2-1)/phi2));
endif
endif

// Transporte del CO: en funcién del area de la membrana
tita2*y2=P2*(Area2/corr_in.Fp)*pf2*(x2-((y2/phi2)*(Fp2/(Fp2+Fd))));
Fp2co2=fp2*y2;
rend2=tita2*y2/corr_in.y;
rend=corr_in.tita*tita2*y2/xf;

End
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