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Resumen/Abstract

Resumen/Abstract

La disminucion de las emisiones de diéxido de carbono es uno de los principales retos
del siglo XXI para paliar el impacto de los gases de efecto invernadero producidos en la
combustidn de combustibles fosiles en procesos industriales y de generacion de energia. Desde
1750 la concentracion de CO: en la atmdésfera ha aumentado en mas de 100 ppm llegando a
situarse en la actualidad en torno a los 400 ppm. La captura y almacenamiento o utilizacién de
carbono es considerada, como una de las tecnologias mas prometedoras para reducir las

emisiones atmosféricas de carbono.

Entre todas las tecnologias existentes para la captura de CO:, este trabajo esta
centrado en la post-combustion. La captura de gases de post-combustién, por lo general,
trabaja a presion ambiente y a una temperatura entre 318 y 352K, con una composicion de
CO2 de la corriente de entrada en torno a un 15%. En este contexto, la presente Tesis
Doctoral, sustituye (i) el absorbedor tradicional por contactores de membranas de fibras
huecas y (ii) los absorbentes tradicionales por liquidos i6nicos, para llevar a cabo una

absorcion no dispersiva con cero emisiones de disolvente.

Se ha llevado a cabo la preparacion y caracterizacion de médulos de fibras huecas de
PVDF con y sin liquidos iénicos inmovilizados; se ha realizado un estudio del proceso en funcién
de distintas variables, claves en los procesos de captura tales como caudal de gas, temperatura
y material de las fibras; una evaluacién para determinar el coeficiente global de transferencia
de materia asi como de las distintas resistencias que afectan al proceso y finalmente, un
modelado del proceso para determinar los parametros del modelo y estimar el factor de
intensificacion que proporcione esta tecnologia de membranas aplicada a la captura de CO:2 de

gases de postcombustion.

A lo largo de la presente Tesis Doctoral, se han utilizado médulos de fibras huecas de
escala laboratorio de polipropileno, de PVDF y polisulfona. Para la absorcion no dispersiva de
CO2, se han utilizado los liquidos i6nicos 1-etil-3-metilimidazolio etilsulfato [emim][EtSOa], (por
su baja viscosidad, bajo coste y baja toxicidad) y 1-etil-3-metilimidazolio acetato [emim][Ac]
(por su alta solubilidad al CO2), asi como este Ultimo con distintas cantidades de agua (que

permiten reducir la viscosidad).

Se ha realizado un estudio que contribuye al progreso de la captura de dioxido de
carbono, consiguiendo resultados novedosos competitivos en relacion con el estado actual de la
investigacion en la aplicacién de la tecnologia de membranas para la absorciéon no-dispersiva de
CO2, ademds de dar las claves para lograr un proceso también competitivo respecto a los

procesos convencionales que emplean columnas de absorciéon con aminas.
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El reto actual se traslada a la implantacién industrial de la tecnologia de membranas
para llevar a cabo la absorcién no-dispersiva de CO2, evitando de este modo los problemas
asociados a (i) la pérdida de solvente (y contaminacion asociada), y (ii) el elevado coste

energético del proceso.




Resumen/Abstract

Resumen/Abstract

The mitigation of carbon dioxide emissions is one of the main challenges of the 21%
century to alleviate the impact of greenhouse gases produced from combustion fossil fuels in
industrial processes and power generation. Since 1750, COz concentration in the atmosphere
has increased by more than 100 ppm. Nowadays this value is around 400 ppm. Carbon capture
and storage or valorization is considered, as one of the most promising technologies to reduce

atmospheric carbon emissions.

Among all existing CO:2 capture technologies, this work is focused on the post-
combustion. Post-combustion gas capture is usually performed at ambient pressure and
temperature between 318 and 352K. The CO2 composition in the gas stream is around 15%. In
this context, this thesis, replaces (i) the conventional absorption tower by hollow fiber
membrane contactors and (ii) the traditional absorbents by ionic liquids, to carry out a non-

dispersive absorption with zero solvent emissions.

The preparation and characterization of PVDF hollow fiber modules with and without
immobilized ionic liquids has been carried out. Moreover, a study of the influence of key
variables in capture processes such as gas flow rate, temperature and fiber material has been
conducted. An assessment to determine the overall mass transfer coefficient and the different
resistances that affect the process has also been carried out. Finally, the process has been
modelled with the aim of determining the module parameters and the intensification factor for

CO2 capture of post-combustion gases.

Throughout this thesis, different modules of different materials have been used in an
experimental set-up at laboratory scale for CO2 non-dispersive absorption: polypropylene, PVDF
and polysulfone. As solvents two different ionic liquids have been used: 1-ethyl-3-
methylimidazolium ethylsulfate [emim][EtSO4] (due to its low viscosity, low cost and low
toxicity) and 1-ethyl-3-methylimidazolium acetate [emim][Ac] (because of its high CO:
solubility). The effect of the addition of different amounts of water to [emim][Ac] (to reduce its

viscosities) was also analyzed.

This work contributes to the progress of the carbon dioxide capture, achieving innovate
values related to the state of the art of the non-dispersive absorption for CO: capture.
Moreover, the thesis also gives the keys to accomplish a competitive process compared with the

conventional processes operated in absorption towers with amines.

Based on the results obtained in this thesis the challenge is transferred to the industrial

implementation of membrane technology in order to accomplish a non-dispersive CO:
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absorption, avoiding the problems associated with (i) solvent losses (and associated pollution),

and (ii) the high energy cost of the conventional process.
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“La ciencia siempre vale la pena porque sus descubrimientos, tarde o

temprano, siempre se aplican”
Severo Ochoa (1905—1993)
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Capitulo 1: Planteamiento

CAPITULO 1: PLANTEAMIENTO

1.1. Problematica del CO>

El diéxido de carbono es un gas de efecto invernadero que contribuye al cambio
climatico global. La eliminacién de este gas junto con los deméas gases acidos es uno de los
grandes objetivos del siglo XXI (Khaisri et al., 2011). En este sentido, el quinto Panel
Intergubernamental sobre el Cambio Climéatico (IPCC, por sus siglas en inglés) alert6 acerca de
la necesidad de recortar las emisiones de CO2 en un rango entre 50-80% para el afio 2050 con
el fin de evitar un dafio irreversible por el aumento de la concentracién de CO2 en la atmosfera
(Fang et al., 2015). La mitigacion del Cambio Climatico es uno de los principales retos del siglo
XXI recogido en la "Estrategia Espafiola de Ciencia y Tecnologia 2013-2020. Ejes Prioritarios" y
en el Programa HORIZONTE 2020 de la Union Europea.

La concentracion de dioxido de carbono en la atmoésfera ha aumentado de manera
significativa en los dltimos afios pasando de 280 ppm en la era pre-industrial (1750), a los 367
ppm en 1999 y llegando a 384 ppm en 2007 lo que equivale a un aumento de méas de 100 ppm
(Luis et al., 2012; Zhao et al., 2016). Ademas, si no se llevasen a cabo medidas para la
mitigacion de las emisiones de dioxido de carbono, se estima que este valor podria llegar a
estar entre los 540 y los 970 ppm para el afio 2100 (Liu et al., 2016). Este aumento de CO2z en
la atmosfera proviene tanto de las emisiones antropogénicas como de las naturales, sin
embargo hay evidencias de que este aumento atmosférico global se debe principalmente a las
emisiones de CO2 de la combustiéon de combustibles fosiles, la quema de gas y la produccién de
cemento. A nivel mundial, las centrales eléctricas alimentadas mediante combustibles fésiles
son las mayores fuentes de emisiones de CO2 (Mansourizadeh and Ismail, 2011; Luis et al.,

2012; Mansourizadeh et al., 2014; Saeed and Deng, 2015).

La captura y almacenamiento de carbono (CCS por sus siglas en inglés) es considerada,
en la actualidad, como una de las tecnologias mas prometedoras para reducir las emisiones
atmosféricas de carbono y se prevé que, gracias a ella, en el afio 2050 se podra reducir en un
14% las emisiones de gases de efecto invernadero provocados por el hombre (Roussanaly et
al., 2016). El proceso CCS consta de tres etapas: la captura, en la que el diéxido de carbono es
separado de los otros componentes, concentrado y comprimido a 100-150 bares; el transporte,
que se puede realizar mediante tuberias, barco o tren y finalmente, el almacenamiento, donde
el gas es aislado (Rao y Rubin, 2002; Rubin et al., 2012).

Si bien la captura de CO: mediante disolventes es la tecnologia mé&s madura y
desarrollada, existen otras tecnologias emergentes para la captura, como las membranas, la
separacion criogénica, y la adsorcion. Entre todas ellas la captura de CO2 a base de membranas

estd considerada como una de las opciones méas prometedoras (IEAGHG, 2014; Roussanaly et

al., 2016).
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Por otra parte, el CO2, como fuente de carbono, tiene el potencial para ser usado en la
fabricacion de combustibles, carbonatos, polimeros y productos quimicos. La Captura y la
Utilizacién de Carbono o la Utilizacion de Dioxido de Carbono (CCU y CDU por sus siglas en
inglés) pueden representar una contribucién a una nueva economia circular en la que el CO2 se
use como materia prima en sustitucion de productos derivados del carbén, petréleo o gas
natural (European Commission, 2016). Estas tecnologias tienen beneficios potenciales tales
como la reduccién de emisiones, la seguridad energética y la innovacién industrial, por lo que
estd méas que justificado el creciente interés de la investigacion. Ademas, la opcion CCU puede
servir de apoyo para la implantacion de la captura y almacenamiento de diéxido de carbono,
mediante la creacion de ingresos adicionales que pueden compensar parcialmente los costes de

establecer una cadena de CCS (Hendriks et al., 2013).

1.2. Tecnologias convencionales de absorcién de CO»

Tres son los sistemas basicos para la captura de diéxido de carbono derivados del uso
de combustibles fésiles y/o biomasa: pre-combustidon, oxy-combustion y post-combustion
(Kunze and Spliethoff 2012). La Figura 1.1, muestra un esquema de estas tres rutas con sus
principales caracteristicas adaptado de los textos de Merkel et al. (2010), Singh et al., (2011) y
Sanders et al., (2014).

Atmoésfera

A

Co,

v
H, N, OA N
i6 i —» | Electricidad/calor —> S
Pre-combustion —» Reformado y separacion de CO, O
c
pire 1 3
co, J &
Oxv-combustion »| Electricidad/calor 1 5
Ny
(%]
Toz N 3
~N
Unidad de separacion de aire 2 » S
$
Aire g-
o
o
co,| %

Post-combustién (| Electricidad/calor |—»  Separacién de CO, N, O, R

Aire

Combustible fosil

Figura 1.1: Esquema de las tres rutas de captura de CO. derivados del uso de combustibles fosiles.
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- Pre-combustion: En este tipo de separacion el CO2, a presiones elevadas, es separado
del gas de sintesis (principalmente H. y CO) antes de que éste vaya a la turbina de
combustiéon. Se trata de una técnica utilizada mayoritariamente en plantas de

gasificacion.

- Oxy-combustion: En este caso el oxigeno es separado del aire antes de la combustion y

se produce un efluente de salida de alta concentracion de CO: listo para almacenar.

- Post-combustion: ElI CO2, a baja presion parcial, es separado de la corriente de gas

(principalmente N2) después de que el combustible haya sido quemado completamente.

La Tabla 1.1, presenta a modo de resumen, las distintas caracteristicas principales de los

tres sistemas basicos para la captura de CO2 (editado de Favre, 2011).

Tabla 1.1: Principales caracteristicas de las tres rutas para la captura de CO;,

Captura de CO2 Mezgla Condiciones Proceso sepa_rguon Tecnologia
Principal 12generacion emergente
L P<80 bar  Absorcién gas-liquido en Reactor de
Pre-combustion COz/H T=573-973K solventes fisicos membranas
P=1 bar Transferencia iénica
Oxy-combustion 02/N2 T Criogénico de membranas para
T=ambiente
separar Oz
e P=1 bar  Absorcion gas-liquido en Membrana de
Post-combustion  CO2/No T=318-523K solventes quimicos separacion de gases

En el proceso tradicional de post-combustidn, la corriente de gases generada en la
combustién se compone principalmente de entre 10-16% de CO2, entre un 70-75% de N2, 5-
7% de H20 y otros componentes en menores proporciones (02, CO, NOx, SOx...) (Ramdin et al.,
2012; Zhao et al., 2016). Como absorbentes, se utilizan alcanolaminas en solucion acuosa,
principalmente una primaria como la monoetanilamina (MEA). Las reacciones con el CO2 que se
producen en las soluciones acuosas de alcanolaminas primarias se muestran a continuacién (Liu
et al., 2014):

Formacién de carbamato: CO; + 2R;R;NH & R;R;NCOO™ + RyR;NH;  (1.1)

K*
Formacién de bicarbonato: CO; + OH™ P HCO3 (1.2)

El sistema por su parte, consta de dos columnas (Puxty et al., 2009 Luis et al., 2012);
la primera en la que se produce la absorcion y la segunda en la que se produce la desorcién. En
la primera de ellas el gas se introduce por la parte inferior de la columna y el MEA por la parte
superior. Las dos corrientes se ponen en contacto a presién atmosférica y en modo
contracorriente, generalmente a baja temperatura, entre 318 y 353K. Una vez que se ha

producido la absorcién, la solucién de amina rica en CO2 pasa a la segunda columna, la cual
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opera a alta temperatura (393K aproximadamente). A esta temperatura, el diéxido de carbono
absorbido se libera y sale a través de la parte superior de la columna. Ademas la solucion de
amina regenerada se recircula de nuevo a la columna de absorcién. El diagrama de flujo
simplificado del proceso empleado se muestra en la Figura 1.2 (editado de Ramdin et al., 2012
y Khalilpour et al., 2015).

CO, concentrado
Gases de combustion limpia 4

\4

A

20-30% wt. MEA
D — Reflujo

Absorcién { } Desorcion

 —

MEA““COzQ 2 MEA+CO, en baja

concentracion

Rehervidor
Figura 1.2: Diagrama del proceso tradicional de absorcion-desorcion de CO:.

Aunque este proceso tiene grandes ventajas, como una alta capacidad de absorcién por
parte de las aminas, altas eficacias (mayores al 90%) y una alta estabilidad térmica, tiene
importantes desventajas tales como, gran tamafio de los equipos, pérdida, arrastre,
vaporizacion y degradacion quimica del disolvente y un alto consumo de energia. Esto dltimo, el
coste del consumo de energia, es la principal barrera para comercializar la captura de CO: y el
proceso de almacenamiento a gran escala. La captura de CO2 con aminas implica una reaccién
guimica con una gran entalpia de reaccion y, en consecuencia, se requiere una gran cantidad

de calor para liberar el CO2 capturado en la etapa de regeneracion.

El consumo de energia para la captura de COz en un proceso convencional de absorcion

con aminas, en concreto, con MEA 30% acuosa, asumiendo un 90% de captura, se sitda en el

12



Capitulo 1: Planteamiento

intervalo de 2,5-3,6 GJ/ton CO2, y los costes asociados al proceso de captura estan en el
intervalo de $50-150/ton CO2 (Ramdin et al., 2012). En relacion a los costes de captura de COz,
se han de tener en cuenta los valores que se plantean como objetivos a no superar en la
implantacién de las alternativas tecnolégicas, como por ejemplo, el objetivo indicado por la DOE

para el afio 2025 de $40/ton CO:x.

1.3. Intensificacién del proceso de captura de diéxido de carbono

Actualmente, la absorciébn mediante torres de absorcion a base de aminas es la
tecnologia lider para la captura de diéxido de carbono, ocupando mas del 90% del mercado
(Zhao et al., 2016). La eliminacion de pérdidas en el disolvente manteniendo los valores de
eficacia que ofrecen los sistemas tradicionales se propone en este estudio mediante dos
estrategias de intensificacion. Por un lado, mediante la sustitucion de los equipos
convencionales de contacto dispersivo, por mddulos de membrana de fibras huecas que
permitan un transporte selectivo y eficiente de componentes especificos mejorando el
desarrollo de procesos reactivos y por otro lado, mediante la sustitucion de los disolventes
convencionales basados en aminas, por absorbentes de baja volatilidad como son los liquidos
i6bnicos (ILs por sus siglas en inglés). La Figura 1.3 muestra el esquema propuesto de

intensificacion del proceso de absorcion de COa.

: L 1IL+CO, E
| :
1

! HCO2 CO, (15%) !
i N, N, (85%) !
1 Médulo de membranas !
1

1 1
Y Linea de liquido e e '
. Linea de gas v

1

STTTTTTTTTTTTTTTIITT T IL

Figura 1.3: Propuesta de intensificacion del proceso de absorcion de CO» mediante modulo de

membranas y liquidos ionicos objeto de este estudio
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1.3.1. Tecnologia de membranas: médulos de fibras huecas

Los procesos de captura de didxido de carbono tradicionales, requieren la aplicacién de
altas temperaturas para la regeneracion del disolvente, asi como para la concentracién de COz,
lo que plantea como inconveniente principal el consumo de energia. Por ello, la busqueda de
nuevos métodos de absorcion innovadores que mejoren las caracteristicas de los sistemas
tradicionales ha sido objeto de estudio durante los Ultimos afios. Los contactores de membranas
de fibras huecas han sido considerados tradicionalmente como una de las estrategias mas
prometedoras para lograr la captura de CO2> mediante absorcién de gas-liquido (Fearon et al.,
1992).

Un contactor de membranas es un dispositivo que permite la transferencia de materia
entre dos sistemas gas/liquido, liquido/liquido o gas/gas sin dispersién de una fase en otra. La

Figura 1.4 muestra un esquema de un contactor de membranas de fibras huecas.

Fluido 2, salida Fluido 2, entrada

Fluido 1, entrada Fluido 1, salida

\ / X

/ N\

Fibras Carcasa

Figura 1.4: Modulo de membranas de fibras huecas.

Los modulos de fibras huecas se han utilizado para multitud de aplicaciones tales como
extraccion liquido/liquido, destilacién, pertraccion, ultrafiltracién-nanofiltracién-6smosis inversa,
pervaporacion, electrodidlisis o absorcion. Este tipo de sistemas ofrecen numerosas ventajas
entre las que destacan (Mavroudi et al., 2006; Rongwong et al., 2009; Lin et al., 2009a; Lin et
al., 2009b; Albo et al., 2010; Luis et al., 2012; Zhang y Wang, 2013):

- Flexibilidad operacional: Cada una de las fases fluye a través de un lado del modulo
(fibras o carcasa) gracias a lo cual se tiene un control independiente de los flujos. Esto
es especialmente ventajoso para evitar los problemas tipicos, de los sistemas
tradicionales como columnas de relleno y torres de absorcién, inundaciones, formacién

de espuma, corrosién, canalizacion y arrastre.

14



Capitulo 1: Planteamiento

- Economia: Debido a la naturaleza compacta de los contactores de membrana de fibras
huecas, poseen una gran area de contacto por unidad de volumen por lo tanto son

menos voluminosos y mucho méas econdmicos que los sistemas tradicionales.

- Escalado lineal: La modularidad hace que los disefios de estos sistemas de absorcidon

sea simple y facil.

- Facilidad de prediccion: El area interfacial es conocida y constante por lo que es mas

facil predecir el rendimiento de un contactor de membrana.

Algunos trabajos ya han cuantificado los beneficios de utilizar modulos de membranas,
entre los que se destacan: ahorro en los costes de funcionamiento: 38-42%; reduccién en el
peso en seco del equipo: 32-37%; reduccién del peso del equipo de funcionamiento: 34-40%;
ahorro total del peso en seco: 44-47%; ahorro total del peso en operacion: 44-50%; y ahorro

del coste total: 35-40% (Falk-Pedersen et al., 2005; Zhao et al., 2016).

Los mddulos de fibras huecas estan formados por una carcasa que contiene en su
interior un conjunto de fibras unidas entre si mediante un material de sellado (normalmente
resina epoxi). Por lo general, el contactor de fibras huecas opera con los fluidos fluyendo en
contracorriente en configuracion paralela (Luis et al., 2012), sin embargo, en ocasiones se
utilizan contactores de flujo cruzado (Albo et al., 2010). Una de las dos fases circula por el
interior de las fibras (generalmente la menos viscosa) y la otra por el exterior, la carcasa
(Levenspiel, 1993). El contacto entre ambas fases tendra lugar por tanto en la boca de los

poros de las fibras.

Entre los materiales que se utilizan para las membranas, los mas comunes son el
polipropileno (PP) (Bottino et al., 2008; Zhang et al., 2008; Lu et al., 2009; Ly et al., 2012; Albo
e lrabien 2012; Wang et al., 2013; Zhang et al., 2015), fluoruro de polivinilideno (PVDF) (Lin et
al., 2008; Zhang et al., 2008; Mansourizadeh et al., 2012; Fashandi et al., 2016) y polisulfona
(Ps) (Mansourizadeh e Ismail, 2010; Korminouri et al., 2015). La Tabla 1.2 muestra ejemplos de
mezcla de la corriente de gas, asi como los distintos absorbentes referidos por otros

investigadores que han utilizado contactores de membrana de fibras huecas.
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Tabla 1.2: Captura de CO» mediante el contacto no dispersivo utilizando membranas microporosas:

ejemplos de materiales de las fibras huecas y los absorbentes.

Material
Mezcla Principal Absorbente” Referencia

Fibras

PP 15%C02/85%N. MEA Bottino et al., 2008

PP 20%C02/80%Nz2 Agua Zhang et al., 2008

PP 20%C02/80%Nz2 DEA Zhang et al., 2008

PP 10%C0O2/90%N2 Glycin salt Lu et al., 2009

PP 20%C02/80%N2 MEA Lv et al., 2012

PP 8.8-41.4% CO2/N2 [emim][EtSO4] Albo e Irabien., 2012

PP 149%C02/86%N. MEA, DEA, MDEA, AMP, MDEA/Pz  Wang et al., 2013

PP 12%C02/88%N2 MEA Zhang et al., 2015
PVDF 8.8-41.4% CO2/% N2 Pz-AMP Lin et al., 2008
PVDF 20%C02/80%Nz2 Agua Zhang et al., 2008
PVDF 20%C02/80%Nz2 DEA Zhang et al., 2008
PVDF CO2/N2 Agua Mansourizadeh, 2012
PVDF CO2 Agua Fashandi et al., 2016

Mansourizadeh e

Ps co- Agua Ismail, 2010

Ps CO, Agua Kormlr;%ulré etal.,
PEEK 13%C02/87%N2 MDEA, DEA Li et al., 2013
PDMS CO2/CH2 Agua Heile et al., 2014

*Acronimos: [emim][EtSO,]: 1-etil-3-metilimidazolio etilsulfato; MEA: Monoetanolamina; DEA:

Dietanolamina; MDEA. metildietanolamina,; AMP: 2-amino-2-metil-1-propanol; Pz: piperazina.

A altas temperaturas, las propiedades de los polimeros cambian drasticamente. Por ello
es importante conocer la temperatura de transicién vitrea, Tg de los polimeros amorfos o el
punto de fusién, Tm de los polimeros cristalinos, ya que el material de la membrana puede
sufrir degradacion o descomposicién. La Tg de un polimero se determina a través de su
estructura quimica, la flexibilidad e interaccion de la cadena. Tanto el polipropileno como el
fluoruro de polivinilideno tienen un valor de Tg muy bajo, de 258K y 233K respectivamente, lo
que puede contribuir a la inestabilidad y problemas de mojado en la membrana. La polisulfona,
en cambio tiene un alto valor de Tg muy alto, 463K, por lo que es mucho més estable y un
polimero a tener en cuenta si se quiere recrear las condiciones reales de los procesos de post-
combustidn, especialmente la etapa de desorcion ya que ésta a menudo se lleva a cabo a altas

temperaturas (Li y Chen 2005).

Por su parte, la aplicacion de contactores de membranas de fibras huecas ya esta
implementada a escala gran planta piloto, como se recoge en la Tabla 1.3 (Zhao et al., 2016),
en la que se recogen 4 instalaciones que estdn en marcha. Cabe destacar que en la planta de

Australia observaron que los contactores de membranas de PP sufrieron graves problemas de
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mojado. Los modulos de Politetrafluoroetileno (PTFE) por su parte también experimentaron
mojado, aunque en menor medida que los de PP, y los modulos no porosos de
Polidimetilsiloxano (PDMS) no tuvieron ningan problema con la humedad. Sin embargo, los
valores del coeficiente global de transferencia de materia de los contactores de PDMS fueron
dos 6rdenes de magnitud menores que los de PP. Con el fin de evitar los problemas de mojado
de las fibras de PP, en el proyecto de Holanda se utiliza una solucién aminoacido acuosa. El
proyecto de Noruega, por su parte, ha demostrado que la tecnologia de absorcién no dispersiva
es la mejor alternativa a las columnas de absorcion convencionales, con una reduccién
significativa tanto en el tamafio como en el peso y en el coste. Finalmente la planta de EEUU
utiliza contactores de poli éter cetona (PEEK), y logra una eficacia superior al 90% con un 95%

de pureza del dioxido de carbono.

Tabla 1.3: Ejemplos de plantas de captura de CO, basadas en contactores de membranas a nivel gran

piloto, asi como su ubicacion.

Material Fibras Absorbente Ubicacién

PP Solucién aminoéacida acuosa Holanda

PTFE MDEA Noruega

PP, PTFE, PDMS Disolvente comercial a base de aminoacidos Australia
PEEK aMDEA"/K2COs3 EEUU

*aMDEA: metildietanolamina activada

El uso de contactores de fibra hueca supone afadir una nueva resistencia al transporte
de materia en los sistemas de post-combustion, ademas de las resistencias de la fase liquida y
gaseosa, la de la membrana. La Figura 1.5 muestra las distintas resistencias que aparecen en el

proceso (Lu et al., 2007).
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Figura 1.5: Resistencias al transporte de materia en el proceso.

La resistencia de la membrana debe ser tenida en cuenta, en aquellos casos en los que
hay mojado de la membrana (Zhao et al., 2016). Cuando esto no ocurre, ademas de lograrse
una eficacia mayor, los poros de la membrana se llenan Gnicamente con el gas y la resistencia
de la membrana puede considerarse despreciable (Luis et al., 2007; Ortiz et al., 2010). Ademas,
en los casos en los que no hay mojado la difusividad efectiva es varios érdenes de magnitud
mayor que la resultante cuando los poros estan llenos de liquido debido al mojado. La Figura
1.6 muestra de manera esquematica, el no-mojado y mojado de la membrana (adaptado de
Zhao et al., 2016).

Fase Gas I | Fase Liquida Fase Gas Fase Liquida
e e
[ | L1
—_— e
I | 1
_— I : _—
6a IJL&DSI&L&D.QIa de materia 6b Eff?ffff?iia de materia
Membrana Microporosa Membrana Microporosa

Figura 1.6: No mojado (6a) y mojado (6b) de la membrana.
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El modelado y simulacion del proceso resultan muy uatiles para avanzar en la
intensificacion del proceso a nivel mayor que la escala laboratorio, ya que permiten predecir el
comportamiento del sistema en diferentes condiciones de operacion, realizar analisis de
sensibilidad de las principales variables y céalculos de escalado, tal como se resume en la Figura

1.7 (adaptada de Zhao et al., 2016):

Contactor de membranas de fibras huecas

ini s . Absorbente
Condiciones de operacién Caracteristicas del contactor —_

Variables del proceso \ l / Caracteristicas del absorbente

Modelado y simulacién

/ N

Disefio 6ptimo Escalado Integracion

Condiciones 6ptimas de operacion ~ Pautas de actuacion

Figura 1.7: Esquema general de modelado y simulacion de procesos, aplicado a la captura de CO,

mediante tecnologias de membranas.

Zhao et al., (2016) recopila en su trabajo las cuatro estrategias de modelado
propuestas para la descripcion de los contactores de membranas de fibras huecas. La Tabla 1.4,

muestra un resumen de estas estrategias con los supuestos que se tienen en cuenta.

Tabla 1.4: Resumen de las estrategias de modelado de los contactores de membranas de fibras

huecas.

Estrategia de modelado Supuestos”

T, P, Koveral, Qg constantes
Liquido de absorcion lejos de saturacion
Flujo pistén en fase gas

T, kg y ki constantes
Ciy P variables
Flujo pistén en fases gas y liquida
Se considera la posibilidad de reaccion quimica

Coeficiente global de
transferencia de materia, Koverall

Resistencias en serie (1D)

T y P constantes
Conveccion y difusion (2D) Conveccién axial y difusion radial en fases gas y liquida
Se considera la posibilidad de reaccion quimica

P constante
Sistema no isotermo (2D) Conveccion axial y difusion radial en fases gas y liquida
Se considera la posibilidad de reacciéon guimica
Acronimos.: Koveran: Coeficiente global de transferencia de materia, k,: Coeficiente de transferencia

de materia en la fase gas; k.. Coeficiente de transferencia de material en la fase liquida.

1.3.2. Liguidos iénicos

Los liquidos i6nicos son compuestos que estan siendo considerados prometedores en

los dltimos afios, en cuanto a disolventes se refiere, para la recuperacién de dioxido de carbono
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en sustitucion de los solventes tradicionales como las alcanolaminas (Albo e Irabien 2012). Los
ILs son sales que, por lo general, tienen un catién organico y un anién inorganico lo cual
permite ajustar sus propiedades fisico-quimicas y optimizarlos para una aplicacién especifica
(Seddon, 1997; Freemantle 1998; Stark y Seddon, 2007). Sus ventajas mas destacadas son las
siguientes (Ramdin et al., 2012):

- Estabilidad térmica y baja presion de vapor: Los ILs tienen una gran estabilidad térmica
por lo que no sufren degradacion asi como una presion de vapor insignificante (Wappel
et al., 2009, Luis et al., 2009), reduciendo los posibles riesgos medioambientales
asociados a la contaminacion del aire. En el caso concreto de los contactores de
membranas para la captura de un determinado gas, el uso de solventes facilmente
volatiles puede provocar que su vapor llene los poros e incluso penetrar en la

membrana lo que perjudicaria gravemente la captura.

- Modularidad: Esta propiedad es probablemente una de las mas importantes ya que
permite el disefio de liquidos ionicos especificos de acuerdo a los requerimientos del

proceso.

- Tension superficial: Puesto que las membranas utilizadas generalmente para la captura
de CO2 son hidrofobas es recomendable usar solventes con baja tension superficial. Lo
ideal es escoger un liquido que sea incapaz de mojar la membrana, de modo que los

poros se llenen Unicamente de gas, incluso a presiones altas.

- Facilidad de regeneracion: Gracias a esta caracteristica los liquidos iénicos pueden ser
reutilizados en numerosas ocasiones y por tanto se necesita mucha menos cantidad

que con otros disolventes como las alcanolaminas.

Respecto a la seleccién de un liquido iénico para la separacion de diéxido de carbono
mediante mddulos de fibras huecas es importante realizar en primer lugar un estudio de la
compatibilidad quimica entre el IL y el material de la membrana. El mojado de la membrana, en
ocasiones, puede ser causada por una reaccion entre el disolvente y la membrana lo que
conduce a cambios en la superficie y consecuentemente a modificaciones en la morfologia de la
membrana. La compatibilidad es un factor importante que decide la estabilidad a largo plazo del

maédulo de fibras huecas.

En la captura de diéxido de carbono, los liquidos idnicos convencionales presentan, por
lo general, absorcion fisica y los ILs funcionalizados, en cambio, suelen presentar absorcion
quimica (Gurau et al., 2011; Maginn, 2004). La modularidad de los ILs, ademas, permite

realizar multitud de funcionalizaciones distintas, aunque el coste y la estabilidad de estas
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combinaciones se convierten en consideraciones importantes. La Tabla 1.5 muestra los distintos

tipos de liquidos idnicos (Boot-Handford et al., 2014).

Tabla 1.5: Tipos y ejemplos de liquidos ionicos

Tipo de Liquidos lénicos Ejemplos™
Carboxilados [emim][Ac]; [bmim][Ac]
Fluorados [bmim][BF4]; [omim][PFs]
Amino funcionalizados [aPa443][Gly]; [aPaasz][Ala]
Reversibles (TEtSAC); (TPSAC)
Proticos [C1Im]CI; [C2lm][BF4]
Membranas soportadas PES-[bmim][BF4]; Ps-[hmim][Tf2N]
Poli-liquidos iénicos (PVBIT); (PBIMT)

*Acronimos. [emim][Ac]: 1-etil-3-metilimidazolio acetato; [bmim][Ac]: I1-butil-3-metilimidazolio
acetato [bmim][BF4]: 1-butil-3-metilimidazolio tetrafluoroborato; [bmim][PFs]: 1-butil-3-metilimidazolio
hexafluorofosfato; [aP.us][Gly]: sal de dcido (3-aminopropil) fosfonio tributilo aminoetanoico;
[aPuus][Ala]: sal de dcido (3-aminopropil) tributil-fosfonio I-a-aminopropionico, (TEtSA). (3-aminopropil)-
trietilsilano;  (TPSAC).:  (3-aminopropil)-triisopropilsilano,;  [C1Im]CI: cloruro de I1-metilimidazolio;
[Colm][BF,]:  tetrafluoroborato de  1-etilimidazolio;  PES-[femim][BF4]:  Polietersulfona-1-butil-3-
metilimidazolio tetrafluoroborato, Ps-fhmim][TN] : Polisulfona-1-hexil-3-metilimidazolio bis
(trifluorometilsulfonil) imida; (PVBIT): poli [1- (bencil 4-vinil) -3-metilimidazolio tetrafluoroborato];
(PBIMT): poli [2- (1-butilimidazolio-3-yl) etil metacrilato tetrafluoroborato].

La Tabla 1.6, por su parte, muestra algunos ejemplos de liquidos i6nicos comunes
segun el tipo de absorcion del COz; si es mediante fisisorcion o quimisorciéon. Los ILs
[emim][EtSO4], [bmim][Tf2N], [omim][BF4] y [bmim][PFs] son ejemplos de fisisorcion (Zarca et
al., 2015; Dai et al.,, 2016). Sin embargo, los liquidos i6nicos [Ni11a][Tf2N], [emim][Ac],
[bmim][Ac], [Psss14][Pro] son ejemplos de quimisorcion ya que son capaces de formar enlaces

quimicos con el diéxido de carbono (Maginn, 2004; Gurau et al., 2011; Dai et al., 2016).
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Tabla 1.6: Ejemplos de liquidos ionicos comunes y tipo de absorcion. Valores de capacidad de
absorcion de CO: reportados por Maginn (2004),; Gurau et al. (2011); Dai et al. (2016).

Liquido 16nico” Tipo de absorcion Capacidad absorcion CO2
(mol LY
[emim][EtSO4] Fisisorcion 0.064
[bmim][Tf2N] Fisisorcion 0.078
[bmim][BF4] Fisisorcion 0.064
[bmim][PFe] Fisisorcion 0.076
[emim][eFAP] Fisisorcion 0.086
[N1124][TF2N] Quimisorcion 0.082
[emim][Ac] Quimisorcion 2.09
[bmim][Ac] Quimisorcion 1.57
[Psss14][Pro] Quimisorcion 0.761

“Acrénimos:  [emim][EtSO,]: 1-etil-3-metilimidazolio  etilsulfato;  [bmim][TEN]:  1-butil-3-
metilimidazolio bis (trifluorometilsulfonil) imida, [bmim][BF4]: 1-butil-3-metilimidazolio tetrafluoroborato,
[bmim][PFg]:  1-butil-3-metilimidazolio hexafluorofosfato; [emim][eFAP]: 1-Etil-3-methylimidazolium
Tris(pentafiuoroetil) trifluorofosfato; [N1114][Tf2N]: N-trimetil-N-butilamonio  bis(trifluorometanosulfonil)
imida; [emim][Ac]: I1-etil-3-metilimidazolio acetato; [bmim][Ac]: I1-butil-3-metilimidazolio acetato;

[Psss14][Pro]: trihexil (tetradecil) fosfonio prolinato.

La quimisorcion del COz en liquidos i6nicos que contienen un anién carboxilico puede
ser una alternativa prometedora a los procesos de aminas comunes (Blath et al., 2012, Gurau
et al., 2011). El liquido iénico 1-etil-3-metilimidazolio acetato, [emim][Ac] es un ejemplo de IL
capaz de formar enlaces quimicos (Shiflett and Yokozeki, 2009; Gurau et al., 2011; Ramdin et
al., 2012; Blath et al., 2012; Papatryfon et al., 2014). Gurau et al. (2011) propuso el posible
mecanismo de reaccion de este liquido ionico con el didéxido de carbono, con la formacién de

carboxilato, tal como se muestra en la Figura 1.8.
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Figura 1.8: Esquema de reaccion [emim][Ac]-CO- propuesto por Gurau et al. (2011).

Finalmente, es importante seleccionar liquidos idnicos para la captura de diéxido de
carbono que no sean toxicos. Trabajos previos del grupo de investigacion, Alvarez-Guerra e
Irabien (2011), han abordado los aspectos de la ecotoxicidad de los ILs, que resultan de gran
utilidad desde las primeras etapas del proceso de disefio de un proceso de absorcion no

dispersiva con ILs, para poder seleccionar aquellos que respeten el medioambiente.

1.4. Objetivos vy estructura de la Tesis

La presente Tesis se ha desarrollado principalmente en el marco de dos proyectos, por
una lado el denominado ENE2010-14828 “Desarrollo de un proceso de captura y reciclado de
CO2” y por otro el CTQ2013-48280-C3-1-R “Desarrollo e Integracién de Procesos con
membranas para la Captura y Valorizacién de Didxido de Carbono”, liderados por el Prof. A.

Irabien y la Dra Garea, en el grupo de investigacién DePro, de la Universidad de Cantabria.

El objetivo general de esta Tesis es el desarrollo de la captura eficiente de
diéxido de carbono en corrientes de gases post-combustién mediante absorciéon no

dispersiva en mdédulos de fibras huecas, empleando liquidos iénicos.
Los objetivos especificos planteados en esta Tesis se concretan en:

- Preparacién y caracterizacion de médulos de fibras huecas basados en PVDF con

distintos aditivos asi como con los liquidos i6nicos comerciales: 1-etil-3-metilimidazolio
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etilsulfato [emim][EtSO4] y 1-etil-3-metilimidazolio acetato [emim][Ac], inmovilizados

en ellas.

Estudio de la eficacia del proceso de captura de CO: en funcién de la influencia del
caudal de gas y la temperatura, en médulos de membranas de fibras huecas de
diferentes materiales; polipropileno (PP), fuoruro de polivinilideno (PVDF) y polisulfona
(Ps), en combinacion con los dos liquidos i6nicos comerciales [emim][EtSO4] y
[emim][Ac]. Ademas, trabajando con el [emim][Ac] se ha estudiado la presencia de
agua para calcular la cantidad de agua requerida para aprovechar las ventajas del

[emim][Ac] y contrarrestar sus inconvenientes (basicamente, su alta viscosidad).

Evaluacion del coeficiente global de transferencia de materia asi como de las distintas

resistencias que afectan al proceso.

Modelado del proceso con los distintos contactores, asi como célculo de los distintos
parametros del proceso necesarios para poder conseguir una eficacia competitiva
(90%) con el proceso convencional (uso de torres de absorciéon y aminas), y el factor
de intensificacién que supone el proceso propuesto respecto al convencional (tomando

como referencia la absorcién con MEA 30% ac)

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 presente Tesis.

El Capitulo 2 describe de forma detallada los materiales y métodos empleados para la
realizacion de la Tesis, asi como un resumen global de los principales resultados y la

discusion de los mismos

El Capitulo 3 resume las conclusiones generales obtenidas asi como las claves para

seguir desarrollando la absorcion no dispersiva.

El Capitulo 4 supone el nucleo central de la Tesis, incluyendo copia de los articulos que

la sustentan.
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CAPITULO 2: DESARROLLO

2.1. Método experimental

2.1.1. Liquidos iénicos

Se han utilizado dos liquidos i6nicos comerciales a lo largo del presente trabajo:
- 1-etil-3-metilimidazolio etilsulfato, [emim][EtSO4], Sigma Aldrich, y
- 1-etil-3-metilimidazolio acetato, [emim][Ac], Sigma Aldrich

El [emim][EtSO4] (=95%) fue escogido debido a su bajo coste (285.50 €/kg) asi como
su baja viscosidad (144 cP a 291K) y baja toxicidad.

El [emim][Ac] (=90%) se selecciond, ademas de por no presentar toxicidad, debido a la
alta solubilidad del CO2 (8.6%) y porque al poseer un anién carboxilico se considera prometedor
para la captura de dioxido de carbono, con la formacion de carboxilato en el mecanismo de
quimisorcién (Gurau et al., 2011; Blath et al., 2012). Debido a que el [emim][Ac] comercial era
de relativa baja pureza, se midié su solubilidad mediante un método termogravimétrico
utilizando una termobalanza TG-DTA 60H Shimadzu (Japén) y asi se confirmd que cumplian los
ratios de solubilidad de referencia (Santos et al., 2014, Albo et al., 2012a). La figura 2.1

muestra la estructura de ambos liquidos i6nicos.

Figura 2.1: Estructura de a) [emim][Ac] y b) [emim][EtSO,].

2.1.2. Preparacién de médulos de PVDF

2.1.2.1. Materiales y métodos utilizados

A continuacion, se explica la caracterizacion y construccion de médulos de fluoruro de
polivinilideno (PVDF) con los liquidos i6nicos [emim][EtSO4] y [emim][Ac]. Esta parte del
trabajo fue realizado en el Laboratorio de Ingenieria Quimica en la Universidad de Toulouse Il1-

Paul Sabatier bajo la supervisién de Jean Chrstophe Remigy.

Se seleccionaron cuatro tipos de fibras huecas distintas a base de PVDF combinadas
con distintos aditivos de entre un total de 200 elaboradas en un trabajo previo consistente en

una Tesis Doctoral (Savart, 2013). Como criterio se tomaron aquellas que, a priori, poseian
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mayor permeabilidad al CO. asi como un alto punto de burbuja. Los cuatro tipos de fibras
seleccionados fueron llamadas A, B, C y D y se fabricaron mediante inversion de fase. El
material utilizado para la fabricacion de las fibras fue, PYDF HSV900, proporcionado por Arkema
(Francia); n-metil-pirrolidona, NMP, suministrado por Sigma Aldrich (Francia) que se utilizé
como disolvente y Cloruro de Litio, LiCl, también suministrado por Sigma Aldrich (Francia) con
un copolimero de bloque que fueron utilizados como aditivos. El copolimero consistia en dos
bloques denominados 1 y 2. El primero, 1, era un bloque hidré6fobo compuesto por
poli(metacrilato de metilo) (75% en peso) y el segundo, 2, era un bloque hidréfilo compuesto
de poli(acrilato de butilo) (20% en peso) y metacrilato de hidroxietilo (5% en peso) (Savart,

2013, Lorain et al., 2014 y Medina-Gonzalez et al., 2012).

Los parametros de operacién utilizados para la preparacion de las fibras huecas se
muestran en la Tabla 2.1. Las soluciones dopadas para fabricar las fibras A y B estaban
compuestas por un 15% de PVDF HSV900 y 3% LiCl. Las fibras C estaban formadas por un
15% PVDF HSV900, 3% de copolimero de bloque y 3% LIiCl. Por ultimo, las fibras D estaban
compuestas de 15% PVDF HSV900, 3% copolimero de bloque, 3% LiCl y 1% de agua (Savart,
2013, Lorain et al., 2014). La unica diferencia entre las fibras A y B fue el flujo de fluido interno,
1.8 y 3.9 ml min, respectivamente (Tabla 2.1). En el caso de las fibras D, un 1% de agua se

inmovilizé en la solucién de dopaje.

Tabla 2.1: Condiciones de preparacion de las fibras huecas de PVDF.

Qc Qi Composicién Tc  Thafio de coagulacien ~ Tinterna  Air gap  Velocidad

(mL minY)  (mL mint)  (relacion masa)  (K) (K) (K) (cm) (m min?)
A 7.2 1.8 Agua/NMP 70/30 350 322 351 10 11
B 7.2 3.9 Agua/NMP 70/30 350 322 351 10 11
C 7.2 1.8 Agua/NMP 85/15 308 333 308 10 11
D 7.2 1.8 Agua/NMP 70/30 323 323 323 32 11

Durante la preparacion de las membranas, el LiCl fue eliminado mediante una etapa de
lavado con agua (Savart, 2013). El copolimero de bloque fue parcialmente eliminado ya que
aunque no se pudo cuantificar el contenido de copolimero final en la fibra si se observé que tras
la etapa de coagulacién, que se produce cladsicamente con técnicas de inversion de fase, el
copolimero de bloque se encontr6é en el bafio de coagulaciéon. Tras un andlisis mas detallado
con la tecnologia de espectrometria de masas de iones secundarios (SIMS, por sus siglas en
inglés) se mostré que el copolimero no solo estaba presente en la fibra en la superficie del
polimero, sino también dentro de la matriz de PVDF (Savart, 2013). Para el secado de las fibras,
en los casos en los que se utlizaban en forma seca, éstas se mantuvieron durante,

aproximadamente, 72 horas en un horno a una temperatura de 50°C y a presion atmosférica.
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Posteriormente, las fibras C y D fueron tratadas para inmovilizar en ellas los liquidos
i6nicos, el [emim][EtSO4] y el [emim][Ac]. Para ello, los liquidos idnicos se incluyeron en los
cuatro tipos de fibras virgenes mediante la adicion de 150 mL liquido en agitado permanente
durante 48 h. Este tipo de impregnacion con liquidos i6nicos es sumamente novedoso (Kim et

al., 2011; Wickramanayake et al., 2014).

2.1.2.2. Caracterizacion de las fibras de PVDF

El diametro externo e interno y el espesor de las fibras fueron medidos a través de la
microscopia electrénica de barrido (SEM, en inglés) mediante un equipo suministrado por
Hitachi TM1000 (Jap6n). Para poder realizar los cortes transversales de las fibras y llevar a cabo
las medidas mencionadas anteriormente, éstas fueron sumergidas primero en etanol, luego
crio-fracturadas en nitrégeno liquido, y posteriormente sometidas a una pulverizacion catddica

con oro. La figura 2.2 muestra el equipo SEM utilizado.

Figura 2.2: Equipo de microscopia electronica de barrido.

2.1.2.3. Propiedades mecdnicas de las fibras

Las propiedades mecéanicas de las fibras también se evaluaron utilizando un dispositivo
de ensayo de tracciéon (INSTRON, modelo 3342) y el software Bluehill (Bluehill 2 Software,
Instron). A partir de los datos, se determinaron la resistencia a la traccion (MC), la deformacién
por traccion en la rotura (CC), el alargamiento en el limite elastico (€b) y el Mddulo de Young

de cada tipo de fibra.
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2.1.2.4. Ensayos de permeabilidad

La permeacion de gas de las fibras huecas se midié usando CO: puro, y con unos
maddulos de acero inoxidable fabricados en el propio laboratorio. Para las mediciones, tres fibras
de aproximadamente 30 cm de largo fueron ensambladas dentro de cada médulo. Las medidas
se repitieron al menos dos veces con cada uno de los tipos de fibras. El gas fue introducido a
través de la carcasa, y el flujo de permeacién de gas se midié a la salida de las fibras mediante
un controlador de flujo méasico (MFC Brooks Instrument 5850, Emerson Process Management
Espafia). La descripcion del sistema experimental se muestra en la Figura 2.3. Se varié la
presion entre 0 y 15 bares en intervalos de 0,5 bares. Para asegurar que el sistema estaba
estable, se esperd un tiempo de estabilizacion de 100s para medir la permeabilidad en cada

cambio de presion.

Médulo de membranas

Controlador masico

Figura 2.3: Esquema de la planta de permeacion para ensayos de permeabilidad.

2.1.2.5. Calculo del punto burbuja

Para terminar de realizar la caracterizacion de las fibras, se midi6 el punto burbuja. Para
ello, cada tipo de fibra fue sumergida en agua y una corriente de aire comprimido fue inyectada
por el interior de la fibra. La presion de la corriente de aire fue variando de 0 a 7.16 bar con un
intervalo de 0.1 bar, manteniendo el lado del agua a presion atmosférica. Con la primera

burbuja en la superficie del agua, determina la presion del punto burbuja.
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2.1.3. Captura de CO>»

Los experimentos se llevaron a cabo en una planta a escala laboratorio, actualmente
operativa, situada en el laboratorio 538 del Departamento de Ingenierias Quimica y
Biomolecular de la Universidad de Cantabria, y que ha sido adaptada a partir de los trabajos

previos (Gomez-Coma et al., 2014).

La Figura 2.4 muestra un esquema de la planta de absorcién no dispersiva de dioxido
de carbono en contactores de membrana. La planta esté constituida por dos lineas, la de gas y
la de liquido. Las lineas operan en contracorriente para permitir una mayor eficacia en el
contacto. La linea de gas parte de las tomas de salida del diéxido de carbono y el nitrégeno.
Ambos gases han sido suministrados por Air Liquide (Espafia) y tienen una pureza de
99.7+0.01 vol.% y 99.999+0.001 vol.% para el COz2 y N2 respectivamente. El caudal de gas se
ajusta por medio de controladores de caudal méasico de la marca Emerson Process Management

(Espafia).

Salida de gas Analizador de CO>
== -

3

L

Madulo de fibras huecas

Controladores masicos

Rotametro

Horno

Y

N2 CO» g
Depdsito del liquido

===eesne | inea de liquido Linea de gas

Figura 2.4: Esquema de la planta experimental de captura de CO. en modulo de fibras huecas.

La linea de liquido esta constituida por un reactor de vidrio para el deposito del liquido,
y una bomba de engranajes digital (Cole Parmer Instrument Company, Hucoa-Erloss SA,
Espafia) para impulsar el liquido a través del contactor. Al final de cada experimento el liquido

es desorbido mediante una corriente de gas constituida Unicamente por No.
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Para poder operar a distintas temperaturas y en condiciones isotermas se utilizaron dos
mecanismos distintos, primero unas cintas calefactoras (Selecta, Espafia) y, posteriormente
estas fueron sustituidas por un horno (Memmert UNE 200, Espafia) en el cual se introducia el
modulo y gran parte de las lineas de gas y liquido. Cada experimento fue repetido tres veces
bajo las mismas condiciones de operacion y se calcularon, el valor medio y el error

experimental. La Figura 2.5 muestra un médulo de fibras huecas introducido en el horno.

Figura 2.5: Detalle de un modulo de fibras huecas introducido en el horno.

En todos los experimentos realizados la composicion del gas de entrada fue de un 15%
CO2 y 85% N2, condiciones tipicas de concentracién de CO: de post-combustion. La corriente
gaseosa fue introducida al modulo a través de las fibras, ya que la parte menos viscosa y facil
de limpiar es la idonea para atravesar las fibras (Levenspiel, 1993). Antes de enviar la corriente
de salida al analizador, fue necesario diluir la muestra con N2 para conseguir el minimo caudal
necesario requerido (al menos 200 ml mint). El analizador, suministrado por Emerson Process
Management, esta basado en espectroscopia de infrarrojos no dispersiva (NDIR, por sus siglas
en inglés). La concentracion de dioxido de carbono en la corriente de gas de salida se
monitoriz6 mediante el software NGA Win-Control. El estado estacionario fue indicado mediante

una concentracion de COz constante en la corriente de gas de salida.

Para poder determinar el material de las fibras idoneo para la captura de diéxido de
carbono, en este trabajo se evaluaron distintos modulos de fibras huecas de flujo paralelo

(Gomez-Coma et al., 2014; Gomez-Coma et al., 2016a-d):

- Modulo de Polipropileno (PP) suministrado por Liqui-Cel® (EEUU). Este contactor fue
escogido debido a su competitividad en el mercado debido a su bajo coste y la gran
hidrofobicidad que presenta este material. Como desventaja este material Unicamente soporta
temperaturas de hasta 318K sin sufrir dafios en el médulo. Los experimentos fueron realizados
a temperatura ambiente (291), 298, 318 y 333K con cada liquido i6nico. Operando a la

temperatura de 333 K se observé degradacién del médulo tras un nimero de experimentos, por
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lo que no se recomienda el uso del mddulo de PP a esta temperatura, al no ofrecer estabilidad

térmica. La Figura 2.6 muestra el médulo de PP utilizado.

Figura 2.6: Modulo de fibras huecas de PP.

- Médulo de fluoruro de polivinilideno (PVDF) impregnado con [emim][Ac] (Figura 2.7).
Este mddulo se prepard en el Laboratorio de Ingenieria Quimica en la Universidad de Toulouse
I11-Paul Sabartier bajo la supervision de Jean Chrstophe Remigy. La fabricacién de dicho
modulo se prepard de acuerdo a lo explicado en el apartado 2.1.2.1 (las fibras utilizadas fueron
las tipo D). Este material, PVDF, se seleccion6 debido a que posee valores bajos de energia
superficial ademas de ser un polimero hidréfobo que se puede disolver en disolventes comunes
para preparar membranas asimétricas a través de un proceso de inversion de fase. El PVDF
permite trabajar a temperaturas superiores al PP sin sufrir ningin tipo de dafio. Los

experimentos con este material fueron realizados a las temperaturas de 303, 313, 323 y 333K.

Figura 2.7: Modulo de fibras huecas de PVDF.

- Médulo de Polisulfona (Ps) suministrado por VWR International Eurolab, S.L. (Spain)
(Figura 2.8). Este material se selecciond porque permite la posibilidad de trabajar a
temperaturas aun mas elevadas que el PVDF sin sufrir ningln tipo de desperfecto las fibras. La
polisulfona, es un polimero poroso y asimétrico que ha sido ampliamente estudiado para la
permeacion y separacioén de gases, debido a su baja permeabilidad y comparativamente alta
selectividad, que lo acercan al limite superior del grafico de Robeson, el cual compara
materiales en funcion de su permeabilidad y selectividad (Casado-Coterillo et al., 2012). Este
material posee una excelente resistencia mecénica, alta estabilidad térmica y quimica y no esta
considerado estrictamente como hidrofobo (Korminouri et al.,, 2015; Nabian et al., 2015).
Utilizando el médulo de Ps los experimentos se llevaron a cabo a las temperaturas de 303, 313,
323 y 343K.
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Figura 2.8: Modulo de fibras huecas de Ps.

La Tabla 2.2 muestra un resumen de las principales caracteristicas de los contactores

de membranas utilizados. Como se puede apreciar en ella, el médulo de polipropileno y el de

polisulfona tenian el mismo area aunque el de PP poseia muchas mas fibras.

Tabla 2.2: Caracteristicas de los distintos modulos de fibras huecas utilizados.

Material de la membrana PVDF PP Ps
Diametro exterior, ab (M) 7.7-10* 3-10* 1.3-10%
Diametro interior, di (m) 4.51-10% 2.2 -10* 7-10*
Longitud de la fibra, £ (m) 0.295 0.115 0.347
Numero de fibras, n 11 2300 400
Area efectiva interna de la membrana, A (m?) 4.60-103 0.18 0.18
Porosidad (%) 30 40 43
Factor de empaquetamiento 0.04 0.39 0.43
Tortuosidad®? 3.3 2.5 2.3

aAsumiendo 1/€

2.1.4. Calculo de las resistencias que afectan al proceso

En los procesos de captura de diéxido de carbono utilizando contactores de membrana,

se produce una transferencia de materia sin dispersion ya que la membrana actlla como una

barrera entre la zona por la que circula el liquido (la carcasa) y la zona por la que pasa el gas

(las fibras).

La Figura 2.9 muestra los tres pasos consecutivos que tienen lugar para la transferencia

de materia en el proceso cuando los poros de la membrana estan llenos de gas, ya que se

asume que en los tres materiales de fibras utilizados no existe mojado de la membrana.
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Gas Membrana Microporosa Liquido
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Figura 2.9: Resistencias a la transferencia de materia y concentraciones locales en la membrana.

La resistencia global de transferencia de materia, Roveral Se calcula como la suma de las

distintas resistencias individuales dispuestas en serie, de acuerdo a la Ecuacién 2.1.

Roveran = Rg + R, + R 2.1

donde Rg, Rm y Ri representan las resistencias en la fase gas, en la membrana y en la fase

liquida respectivamente.

Para una configuracion en la que el gas circula por dentro de las fibras huecas y la fase
liquida fluye a través de la carcasa, la interfaz de gas-liguido se encuentra en el diametro
exterior de los tubos. Teniendo en cuenta una reaccion quimica en el lado del liquido
(expresada mediante el factor de mejora, Ea) la Ecuacion utilizada para obtener la resistencia

global es la siguiente (Ortiz et al., 2010, Luis et al., 2009):

= + +
Koverall kg di kmg dlm kl Hd EA

(2.2)

donde do, di y dim son el diametro exterior, interior y medio de las fibras, expresados en m, Ha
representa la constante adimensional de Henry y kg, kmg, ki, son los coeficientes de
transferencia de materia individuales de la fase gaseosa, la membrana y la fase liquida
respectivamente (m s?). El coeficiente global de transferencia de materia, Koveral, esta

expresado en ms.

Si las contribuciones de la fase gaseosa y de la membrana pueden considerarse
insignificantes, la Ecuacién 2.2 se puede simplificar dando lugar a la Ecuacién 2.3 (Ortiz et al.,

2010).
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11
Koverall kl Hd E

(2.3)

La densidad de flujo de diéxido de carbono se ha calculado de acuerdo a la Ecuacién
2.4, asumiendo que en el estado estacionario se igualan los flujos de CO2 de la fase gas y
liquida. De esta forma, el coeficiente global de transferencia de materia, Koverat, puede ser
evaluado experimentalmente mediante la densidad de flujo a través de la membrana.

NCOZ,g = %(Ccoz,in - CCOZ,out) = Koverau A}];LTPT (2.4)
donde Qg representa el flujo de gas (m3s?), A es el area de la membrana (m?), Pt es la presion
total en la fase gaseosa y por ultimo Aylm es la media logaritmica de la fuerza impulsora sobre
las fracciones molares de la fase gas. Teniendo en cuenta la concentracion de diéxido de
carbono en la entrada es ycozin ¥ a la salida del médulo de fibras huecas es ycozout Y
suponiendo que la concentracién de CO: en el liquido i6nico esta muy lejos de la saturacién,

Aylm puede ser calculado como:

(yCOZ,in) - (yCOZ,out)

Aylm =
Y= (o, m)] Vco,oud))

(5)

Para el calculo de la eficacia total del proceso, en funcién del diéxido de carbono

capturado, se ha utilizado la Ecuacion 2.6:

Eficacia (%) = (1 - CCOZ"””) 100 (2.6)
COyin

En cuanto al célculo de la transferencia de materia en la fase liquida, numerosos

autores han propuesto diferentes correlaciones empiricas, cuando el absorbente circula a través

del lado de la carcasa. En el presente trabajo, la correlacion de Kartohardjono fue la utilizada

para calcular ki ya que tanto el factor de empaquetamiento como el nimero de Reynolds

estaban dentro del intervalo de aplicacion de dicha ecuacién para los diferentes mddulos

utilizados (0,029 <@ <0,53; Re <400) (Shen et al., 2010):

5h=<’”dh
D

1
) = 0.1789 (¢°#¢) Re®3* Sc3 (2.7)
l

CO2,

donde Dco2, 1 es el coeficiente de difusion del dioxido de carbono en el liquido, L es la longitud
de la fibra y dn es el diametro hidraulico, éste Ultimo es calculado a través de la Ecuacion 2.8:

2 2
dcont -n dO

d, = (2.8)

nd,

El coeficiente de transferencia de materia en la fase liquida, k, depende de las

propiedades fisicas del liquido i6nico y de las caracteristicas del contactor de membranas. Por
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esta razon, Morgan et al. (2005) propuso una correlacién que expresa la dependencia de la

difusividad del gas con la viscosidad del liquido utilizada (Ecuacién 2.9):

DCOZ,I = 2.66 10_3 (29)

0.66 1,1.04
i Veo,

siendo ML la viscosidad del liquido ionico (medida en cP), Vcoz el volumen molar de diéxido de
carbono en el punto de ebullicion normal (33.3 cm® mol?), se obtiene la difusividad Dcoz, en

cm? s,

2.1.5. Modelado de la absorcién de didxido de carbono

Utilizando el software Aspen Custom Modeler (Aspen Technology, Inc.), se ha modelado
el proceso de captura de CO2 usando contactores de membrana. Los principales objetivos de
esta parte del trabajo son, por una parte, realizar una descripcién del proceso mediante el
modelo de difusién conveccion para comparar los resultados que se hayan obtenido de forma
experimental y asi poder dar validez al modelado y, por otra, realizar una simulacién para
calcular los valores de los parametros necesarios para lograr un 90% de captura de didxido de
carbono en el proceso, ya que alcanzando dicho valor de eficacia se consideraria el presente
proceso de intensificacion, un proceso competitivo en comparacién con los procesos

tradicionales que usan torres de absorciéon y aminas.

En un modo de operacion basado en el no-mojado de la membrana, el CO2 se transfiere
a la fase liquida por difusidn a través de los poros de la membrana, los cuales estan llenos de
gas. Sin embargo, en un modo de operacién en mojado, los poros estan llenos de liquido y el

CO:2 tiene que difundirse a través de liquido estancado dentro de los poros.

La Figura 2.10 muestra las coordenadas que se tomaron en la fibra hueca: la posicién
radial r=0 representa el centro de la fibra y la distancia axial de z=0 indica la posicién inicial del

gas en la fibra.

r=

r=0_

i m— i

z=0 — 7=L
[emim][Ac]

Figura 2.10. Coordenadas de la fibra en el contactor de fibras huecas.
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La Ecuacién 2.10 describe el balance de materia diferencial al CO2 asumiendo las
siguientes consideraciones: (1) una concentracién insignificante del gas soluble en el liquido de
absorcién, (2) estado estacionario y condiciones isotermas, (3) no hay difusion axial, (4) el
comportamiento de los gases es ideal, (5) perfil de velocidad parabdlico en el interior de la fibra
y (6) presiones constantes tanto en el lado de la carcasa como en el de las fibras (Luis et al.,

2007; Luis et al., 2010).

u, 3z =D [;E (T' —ar (210)

Asumiendo que la velocidad del gas es un modelo de flujo laminar, la Ecuacién 2.10 se

expresa segun la siguiente ecuacién (Luis et al., 2007):

2um[1—(E) L (2.11)

Adimensionalizando todos los términos la ecuacidon queda de la siguiente forma
(Ecuacion 2.12):

Gz aECO 1 6 6(760
—[1 —172 2 = 2
-7 F@F(r oF (212)

donde las variables adimensionales han sido definidas como:

Pl 2.13
F= = (2.13.a)
7=2 (2.13.h)
Z = L 1o,
_ C
Ceo, = 22— (2.13.¢)
CCOZ,inlet
Las condiciones frontera utilizadas han sido las siguientes:
r=0 > =90 2.14.
’ o7 (214.a)
~ dCco Sh _
r = 1 9 afz = _7 CCOZ (214 b)
Z_ = 0 9 CTCOZ = 1 (2.14‘. C)

Los numeros adimensionales de Graetz (Gz) y Sherwood (Sh) utilizados se han definido

de acuerdo a las siguientes ecuaciones:

U, di’
Gz =
Y

(2.15.a)
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_ Koverall di
Sh= 25— (2.15.b)

Finalmente, la concentraciéon adimensional de di6éxido de carbono a la salida del médulo

se ha calculado con la siguiente ecuacion:

1

Ceoy=1 = 4f Ceo, [1 — 2] dF (2.16)
0

2.2. Resultados

A continuacién se resumen los principales resultados de este trabajo, que se recogen en

las publicaciones que componen el nicleo de esta Tesis (paginas 101-178).

2.2.1 Caracterizacion de los médulos de fibras huecas de PVDFE fabricados

2.2.1.1. Caracterizacion SEM de las fibras huecas

Los cuatro tipos de fibras huecas a base de PVDF combinadas con distintos aditivos (A,
B, C y D) fueron caracterizados mediante la microscopia electrénica de barrido. Ademas, en las
fibras C y D se inmovilizaron los liquidos i6nicos [emim][EtSO4] y [emim][Ac]. Cada medida se
realizo un total de tres veces y se calcularon el valor medio y el error. La Tabla 2.3, muestra los
valores del diametro interior (di), espesor (e) y longitud (L) de cada tipo de fibras en modo

mojado y seco.

Tabla 2.3: Medidas realizadas a partir de microscopia SEM y longitud de /as fibras huecas.

Mojado Seco
di (10°m) e (um) L(cm) di(10°m) e(um) L (cm)

A 484 139 82.6 739 90 78,5

B 572 101 82.6 584 109 78.6

C 410 137 82.6 488 157 78.6

D 475 184 82.6 455 174 78.9

Liguido Ionico inmovilizado

C+[emim][EtSO4] 496 154 82.5 439 143 84.2
C+[emim][Ac] 515 165 82.5 436 151 82.0
D-+[emim][EtSO4] 379 146 82.5 443 159 85.3
D-+[emim][Ac] 472 172 82.5 451 160  81.7

La mayor desviacion fue de un 5.88%.
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Como se aprecia en la Tabla 2.3, al secar las fibras se redujo aproximadamente un 5%
su longitud. Los tamafios de las fibras, estan en concordancia con los valores de la literatura
para contactores de escala laboratorio. Rezaei et al. (2014) trabaj6 con unas fibras de
diametros interior y exterior de 0,455+0,025 y 0,825+ 0,025 mm, respectivamente. Por su
parte, Naim et al. (2013) obtuvo unas fibras con di=0,550£0,020 mm y dout=0,800+0,030 mm.
La mayor diferencia entre los diametros en seco y mojado se produjo con las fibras tipo A. En el
caso de las fibras tipo D y cuando se afiade el [emim][Ac], tanto el didmetro interior como el
espesor disminuyeron en la forma seca, posiblemente debido a la contraccion de la fase de
polimero. En la forma seca, las fibras C y D en presencia y ausencia de IL presentan los
grosores de pared mas altos. Las fibras C cuando fueron inmovilizadas con los liquidos i6nicos
también mostraron un descenso en los diametros cuando se secaban. Este resultado podria
atribuirse principalmente al hecho de que los liquidos i6nicos hincharon las fibras virgenes y

disolvieron la matriz polimérica.

La Tabla 2.4 muestra las imagenes de las fibras tipo A y B. La Tabla 2.5, por su parte
muestra la comparacién estructural realizadas por SEM para observar cémo se modificaba la
apariencia de la membrana cuando se inmovilizaban en la misma los ILs. Las fibras virgenes
estaban humedas. Por lo tanto, las fibras se secaron después de la adicién del IL. Como se
observa en las tablas, cuando se inmoviliza el IL en la fibra se rellenan los huecos que existian
en ausencia de IL, especialmente en la forma mojada. Esto se puede atribuir principalmente a

la creacion de una nueva capa.

Tabla 2.4: Imdgenes SEM de las fibras huecas tipo A y B.

Fibra Mojado_ _ Seco

e

TM-1000_4379 TM-1000_4277 201450228 13:43 D111 x150 500 um

TM-1000_439¢ 2014503103 10:41 D89 x180 500 um TM-1000_4298 201402728 1357 0111 x180 500 wm
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Tabla 2.5: Imagenes SEM de las fibras huecas tipo C y D en presencia y ausencia de IL.

Fibra

Mojado

Seco

&

TM-1000_4284

Mojado

Seco

R
TM-1000_4371 2014/0303 10:08 DS »200 S00um  TM-1000_5712 TH-1000_5696 2014/04/08 10:40  D10.4 x180 500 um

TM-1000_4387 2014103103 10 Da.8 x180 500um  TWM-1000_5488 TH-1000_5487 20140331 1357 8 x180 500um

TI-1000_4281 201402128 1351 D111 x180  500um  TIM-1000_5811 20404102 14:09 ¥200 500um  TM-1000_5589 8 %200 500 um

2.2.1.2. Propiedades mecdnicas de las fibras huecas

Las propiedades mecanicas de las fibras se recogen en la Tabla 2.6. Al igual que en el
apartado de caracterizacién, cada medida se realiz0 tres veces, y se calcularon el valor medio y
el error. Como se puede apreciar en ella, las fibras de tipo B fueron las que mostraron mayor
elasticidad. La tension de rotura cuando fueron inmovilizados los ILs sufri6 cambios
significativos. En forma seca, las fibras C y D sufrieron una disminucién del 17% y 26%
respectivamente; y en forma himeda, las fibras C+[emim][EtSO4] y C+[emim][Ac] se produjo
una disminucién de hasta un 50%. Por otro lado, la deformacion en estas fibras (Ev) fue por lo

menos dos veces mayor cuando se inmovilizaron los liquidos iénicos.
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Tabla 2.6: Propiedades mecanicas de las fibras huecas.

Mojado Seco
MC (N) CC(Mpa) & (%) MC (N) CC(Mpa) &b (%)
A 1.60 5.91 158.68 1.62 7.90 150.38
B 1.62 7.58 181.53 1.61 6.23 150.53
C 1.88 8.00 76.67 2.07 6.53 74.89
D 1.78 4.68 63.71 1.95 5.67 50.03

Liquido Ionico Inmovilizado

C+[emim][EtSO4] 1.35 4.29 145.53 1.37 5.25 142.42
C+[emim][Ac] 1.60 4.40 128,05 1.56 5.61 116.89
D+[emim][EtSO4] 1.28 5.32 168.33 1.26 4.18 142.92
D+[emim][Ac] 1.47 4.20 110.12 1.49 4.87 95.32

La mayor desviacion fue de un 6.40%.

A partir de los resultados de la Tabla 2.6, se calculé también el médulo de Young (Tabla
2.7). En funcién del valor de este parametro se puede determinar si hay o no interaccién entre
el IL y la matriz polimérica: si el valor del médulo disminuye cuando se adiciona el liquido iénico
quiere decir que hay interaccion y por tanto el IL plastifica al polimero y la fibra se hincha. El

maodulo de Young (N mm-) se calcul6 usando la Ecuacién 2.17.

(2.17)

|.—|?|m|'-n

donde E es el médulo de Young (mddulo de elasticidad), F es la fuerza ejercida sobre un objeto
bajo tension, AL es la variacion de longitud de fibra, L es la longitud original de la fibra, y S es

la seccién de la fibra.

Tabla 2.7: Valores del modulo de Young de las fibras huecas.

Mojado Seco
E (N mm™) E (N mm™)
C 180.74 188.23
D 98.11 183.11
C+[emim][EtSO4] 18.29 12.36
C+[emim][Ac] 40.03 81.86
D+[emim][EtSO4] 65.40 9.28
D+[emim][Ac] 41.94 68.42

A la vista de la Tabla 2.7, se puede concluir que si hubo interaccion con la matriz
polimérica, la reduccion de los valores una vez inmovilizado el liquido i6nico fue superior al
50%.
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2.2.1.3. Permeabilidad de las fibras huecas

Los resultados de permeabilidad con diéxido de carbono puro se presentan en las
Figuras 2.11-2.14. Cuando se compararon las fibras A, B, C y D sin inmovilizar IL en ellas, se
pudo observar como las afectaba la humedad relativa (Figura 2.11). Las fibras A en forma
hameda sufren una compactacion en torno a los dos 2 bares y el flujo de CO2 es menor que en
las fibras B y C. La tendencia en el caso de este Ultimo tipo de fibras (B y C) es de tipo lineal

alcanzando un flujo de mas de 1.2:10° NL m2 hla 6 y 7 bar respectivamente.
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. . 00 00 ‘ : : : _
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0 CO, (NL-m

._—:._’ 4.00E+04 o) g 3 AD_mojado
o® ‘ ‘ ‘ ! ! ‘
&O | : :
0.00E4+00 B A A AA A
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j
(]

2.00E+04

Figura 2.11. Permeabilidad de /as fibras huecas en forma maojada.

La Figura 2.12, muestra los resultados de permeabilidad con las fibras secas. En el caso
de las fibras C y D se observé una permeabilidad elevada. En cambio, cuando se trabajo con las
fibras A y B, los resultados de permeabilidad arrojaron valores menores que cuando se trabajo
en forma himeda, ademas de una compactacion en torno a los 2 bares. Con estos resultados
de permeabilidad en forma seca, queda justificada la decision de inmovilizar en las fibras Cy D

los ILs ya que potencialmente conduciran a mejores datos de eficacia en la absorciéon de COs..
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Figura 2.12: Permeabilidad de las fibras huecas en forma seca.

Las Figuras 2.13 y 2.14 muestran los resultados de los ensayos de permeaciéon de CO2
de las fibras C y D con los liquidos ionicos inmovilizados. Un cambio en las dimensiones de las
fibras, diametros exterior e interior y longitud, cuando los liquidos i6nicos se afiaden no implica
una relacion directa en el resultado de los valores de permeabilidad. Las lineas de puntos que

acompafian a cada serie en cada grafico muestran una clara tendencia lineal.
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Figura 2.13: Permeabilidad de las fibras huecas tipo C en forma seca y con los ILs.
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Figura 2.14. Permeabilidad de las fibras huecas tipo D en forma seca y con [emim][EtSO,].

Tanto con las fibras C como con las fibras D, la permeabilidad al afadir el liquido i6nico
[emim][EtSO4] aumentd. En el caso de C+[emim][EtSO4], la permeabilidad alcanzé un valor de
46679 NL m2 hlbar!y en el caso de D+[emim][EtSOa4] el valor fue de 57041 NL m h* bar?;
éste Ultimo valor corresponde a un aumento del 43% en comparacion con las fibras cuando no

esta el IL inmovilizado.

El test de permeabilidad, en un rango de 0 a 14 bar con COz, utilizando las fibras D y el
liquido i6nico [emim][Ac] no dio lugar a ningun valor, lo que podria atribuirse al hecho de que
el liquido i6nico llené los poros, y por lo tanto, el gas fue incapaz de entrar en fibras. Si se
pudiesen alcanzan presiones mas altas en la planta, llegara un momento en el que el gas
pasaria a través de los poros. Este fendmeno significaria que estas fibras son adecuadas para la
absorcion de CO:z y que el liguido ionico se integra perfectamente en las fibras. Después de las

pruebas de permeacion, las fibras conservaban la misma apariencia homogénea.

La Tabla 2.8 compara los valores de permeabilidad con CO: de las fibras C y D y con
liquido iénico inmovilizado respecto a resultados obtenidos en otros trabajos referenciados en la

bibliografia.

51



Efecto de la temperatura en la recuperacion de CO2 mediante membranas y liquidos i6nicos

Tabla 2.8: Comparacion de los valores de permeabilidad con los valores reportados en la bibliografia.

Material de las fibras CO2 (NL h' m2 bar?) Referencia
PVDF C (seco) 40806 Gomez-Coma et al., 20162
PVDF C+[emim][EtSO4] (seco) 46679 Gomez-Coma et al., 20162
PVDF  C+[emim][Ac] (seco) 35287 Gomez-Coma et al., 20162
PVDF D (seco) 39950 Gomez-Coma et al., 20162
PVDF  D+[emim][EtSO4] (seco) 57041 Gomez-Coma et al., 20162
PTMSP 5580 - 3070 Nguyen et al., 2011
Teflon AF2400 5900 - 4590 Nguyen et al., 2011
PVDF (Agua/NMP/PVA) 53200 - 365 Medina-Gonzalez et al., 2012
PES_PTMSP 8915 - 5588 Lasseuguette et al., 2013
PES_Teflon AF2400 9930 - 6000 Lasseuguette et al., 2013
Oxyplan_PTMSP 3070 Lasseuguette et al., 2013
Oxyplan_Teflon AF2400 5120 Lasseuguette et al., 2013
TPX 2710 - 1350 Makhloufi et al., 2014
PSF 5% packing density 44200 Skog et al., 2014

En base a los valores presentados en la Tabla 2.8 es importante destacar que el valor
de permeabilidad al CO2 de las fibras tipo D+[emim][EtSO4], superd significativamente los

valores que aparecen en la bibliografia para contactores de PVDF y Teflon de fibras huecas.

2.2.1.4. Punto burbuja de las fibras huecas

Los valores del punto burbuja se presentan en la Tabla 2.9. El punto burbuja indica la
presion transmembrana necesaria para empujar el IL fuera del poro. Tanto las fibras C como D
en presencia y ausencia de IL alcanza una presién bastante alta en comparacion con la presion
transmembrana en contactores G/L (Vospernik et al., 2003; Alame et al., 2010; Chabanon et

al., 2014).

Tabla 2.9: Valores del punto burbuja.

Fibra Punto burbuja (Bar)
C 4.9
C+[emim][EtSO4] 6.4
C+[emim][Ac] 4.4
D >7.1
D+[emim][EtSO4] >7.1
D+[emim][Ac] >7.1

Los resultados con las fibras C indicaron que en el caso del liquido i6nico

[emim][EtSO4], el punto de burbuja fue mayor que en el caso de fibras sin liquido i6nico, ya
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gque se obtuvieron valores de 6,4 y 4,9 bar respectivamente. Estos valores fueron ligeramente
mas bajos que los obtenidos con las fibras C+[emim][Ac] (4,4 bar). Los resultados con las
fibras D no condujeron a conclusiones definitivas, ya que se superd el valor maximo medido por

el equipo (7,1 bar).
A partir de los resultados presentados en este apartado 2.2.1, se puede destacar:

0] En el caso de fibras huecas preparadas en laboratorio, como las objeto de este
trabajo, de PVDF, es necesario realizar una caracterizacion exhaustiva de las
fibras, que permita conocer sus puntos fuertes y débiles, en funcién de su
tamafio, propiedades mecéanicas, permeabilidad al gas COz y punto de burbuja
y asi disponer de herramientas para la selecciéon de las mas adecuadas para el

proceso de captura de didxido de carbono.

(i) Se ha conseguido inmovilizar los liquidos iénicos [emim][Ac] y [emim][EtSOa]
dentro de las fibras, y se ha comprobado que al inmovilizar ILs, se rellenan los

poros de las fibras lo que lleva a pensar que se crea una nueva capa.

(iii) En cuanto a la permeabilidad, las fibras en forma seca presentaron valores mas
altos que en la forma humeda, e inmovilizando el [emim][EtSO4] Ila
permeabilidad aumentd significativamente, en un 43%. Igualmente se han
logrado valores de permeabilidad con ambos liquidos i6nicos superiores a
35000 (NL CO2 h'! m2 bart), muy favorables respecto a los encontrados en la

bibliografia previa.

2.2.2. Captura de CO2 en diferentes contactores de fibras huecas empleando

liquidos idnicos. Estudio de variables de operacién

2.2.2.1. Resultados experimentales de Eficacia de captura de COp.
Influencia de /a temperatura

Utilizando los distintos contactores de fibra hueca, de polipropileno (PP), polisulfona
(Ps) y fluoruro de polivinilideno (PVDF). Se han realizado diferentes experimentos para estudiar
la influencia del caudal de gas utilizado asi como de la temperatura de trabajo. Los
experimentos con PP ademas se realizaron con los dos liquidos iénicos, el 1-etil-3-
metilimidazolio etilsulfato, [emim][EtSO4] y el 1-etil-3-metilimidazolio acetato, [emim][Ac].
Ademas se hicieron experimentos con el liquido iénico [emim][Ac] que permite quimisorcion y
distintas cantidades de agua (10, 20, 30 y 40% en volumen, que suponen una disminucion de

la viscosidad del medio liquido). La Tabla 2.10 muestra los resultados obtenidos.
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Tabla 2.10: Eficacia de captura de CO- experimental a distintas temperaturas, moaulos y liquidos ionicos.

No. I\/If?;::;isal Liquido iénico A(m?) Qg (mLmin?t) T (K) Eficacia (%)
1 PP [emim][EtSO4] 0.18 70 291 10.5
2 PP [emim][EtSO4] 0.18 70 298 10.2
3 PP [emim][EtSO4] 0.18 70 318 9.8
4 PP [emim][EtSO4] 0.18 20 291 28.7
5 PP [emim][EtSO4] 0.18 20 298 29.5
6 PP [emim][EtSO4] 0.18 20 318 28.6
7 PP [emim][EtSO4] 0.18 20 333 31.6
8 PP [emim][Ac] 0.18 70 291 16.3
9 PP [emim][Ac] 0.18 70 298 25.0
10 PP [emim][Ac] 0.18 70 318 33.9
11 PP [emim][Ac] 0.18 70 333 40.0
12 PP [emim][Ac] 0.36 70 291 27.3
13 PP [emim][Ac] 0.36 70 298 31.5
14 PP [emim][Ac] 0.36 70 318 52.7
15 Ps [emim][Ac] 0.18 70 291 29.5
16 Ps [emim][Ac] 0.18 70 298 33.1
17 Ps [emim][Ac] 0.18 70 318 37.4
18 Ps [emim][Ac] 0.18 70 333 38.5
19 Ps [emim][Ac] 0.18 70 348 44.2
20 PVDF [emim][Ac] 4.60-10°% 70 303 8.2
21 PVDF [emim][Ac] 4.60-103 70 313 9.6
22 PVDF [emim][Ac] 4.60-10°° 70 343 11.5
23 PVDF [emim][Ac] 4.60-10°% 20 303 20.5
24 PVDF [emim][Ac] 4.60-103 20 313 27.1
25 PVDF [emim][Ac] 4.60-10°% 20 323 28.6
26 PVDF [emim][Ac] 4.60-103 20 333 29.3
27 PVDF [emim][Ac]-10%agua 4.60-107 20 303 53.7
28 PVDF [emim][Ac]-20%agua 4.60-10°3 20 303 67.1
29 PVDF [emim][Ac]-30%agua 4.60-107 20 303 72.5
30 PVDF [emim][Ac]-40%agua 4.60-10°3 20 303 60.2
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La Figura 2.15, muestra los valores de la Tabla 2.10 operando con un caudal de gas de
70 mL min. En ella se observa de forma clara, cdmo los valores con el mddulo de polisulfona
alcanzan los mayores valores de eficacia de captura de CO2z. Sin embargo, hay que recordar que
el area del modulo de PVDF es 40 veces mas pequefio. El médulo de polipropileno, por su

parte, alcanz6 la maxima temperatura posible de trabajo (333 K).
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Figura 2.15: Eficacia obtenida con los modulos de PP, PVDF y Ps y los liquidos ionicos [emim][Ac] y
[emim][EtSO,] utilizando un caudal de gas de 70 mL min.

La Figura 2.16, representa los valores obtenidos utilizando un caudal de 20 mL min.
En ella, se aprecia como la adicion de agua hasta un 30% en volumen al IL [emim][Ac]
favorece la absorcion significativamente. Ademas, se puede observar, tanto en la Figura 2.15
como en la 2.16 que utilizando el IL [emim][EtSO4] los valores de eficacia no cambian
significativamente con la temperatura, a diferencia de lo que sucede cuando se opera con el IL

[emim][Ac] que presenta quimisorcién.

55



Efecto de la temperatura en la recuperacion de CO2 mediante membranas y liquidos i6nicos

100
90
80
70 O 30% agua
g 60
-§ 50 0 _10% agua OPVDF IL:[emim][Ac]+X%agua
£ 40 © PP IL:[emim][EtSO4]
30 6 © goo B8 OI PVDF IL:[emim][Ac]
20 O 0% agua
10
0
290 310 330 350

Temperatura (K)

Figura 2.16. Eficacia obtenida con los modulos de PP, PVDF y Ps y los liquidos ionicos [emim][Ac]
y [emim][EtSO,] utilizando un caudal de gas de 20 mL min?.

En la Figura 2.17, se han representado por un lado, los valores de eficacia obtenida con
el moédulo de PVDF y por otro los valores de viscosidad cuando se utiliza el [emim][Ac] con
distintas cantidades de agua (0, 10, 20, 30 y 40% en volumen) como absorbente. Los valores
de viscosidad han sido medidos experimentalmente usando un viscosimetro rotacional (Smart
Series, Fungilab Espafia). Estas mediciones se realizaron a 303 K, la misma temperatura de los
experimentos de captura de CO2 cuando se ha trabajado con agua. Se utiliz6 esta temperatura

para asegurar la estabilidad del absorbente hibrido.

80 160
0

70 | - = 140

60 O 120
~ O -
$ 50 1003
o] ©
g 40 80 &
2 30 60 9
L o) @

20 O - g 20

10 © o 20

o
o

0 10 20 30 40 50
Agua (%)

Figura 2.17: Eficacia obtenida con el modulo de PVDF y valores de viscosidad utilizando el

emim][Ac] con distintas cantidades de agua.
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A partir de los resultados presentados en la Tabla 2.10 y las Figuras 2.15, 2.16 y 2.17,

se pueden sefialar las siguientes observaciones:

0]

(it)

(iii)

Ante un aumento de la temperatura, la eficacia s6lo mejora en los casos en los
que se ha utilizado el liquido i6nico [emim][Ac], lo que indica la existencia de
absorcion tanto fisica como quimica, a diferencia del liquido ibnico
[emim][EtSO4] que Unicamente presenta absorcion fisica. Un andlisis mas
detallado de la influencia de la temperatura se recoge en el articulo Gémez-
Coma et al., (2016b) en el que se cuantifica el efecto de cada uno de los
factores que intervienen en el proceso (solubilidad, viscosidad, difusividad y

reaccion quimica).

A medida que disminuye el caudal de gas, la eficacia aumenta, por lo que
habria que llegar a un compromiso entre el nimero de modulos en paralelo y

eficacia de disefio segun el caudal de la corriente de gases a tratar.

Los mejores resultados se han obtenido con el liquido i6nico [emim][Ac] y un
30% de agua en volumen, debido a que la disminucion de viscosidad del liquido
ionico es mas favorable que la disminucién en la solubilidad debido a la adicion

de agua (por ello a 40% ya se pierde eficacia).

2.2.2.2. Aproximacion al modelado del proceso. cdlculo de resistencias

en serie y coeficiente global de transferencia de materia

Los resultados obtenidos tanto del coeficiente global de transferencia de materia

(Koverar) como de las distintas resistencias a la transferencia de materia; resistencia total Roveral,

resistencia en la fase gas (Rg), en la membrana (Rm) y en la fase liquida (Ri) se presentan en la

Tabla 2.11. Al igual que en el apartado anterior, los resultados se muestran para comparar la

influencia del caudal de gas y la temperatura asi como los distintos médulos de fibras huecas

PP, Ps y PVDF y los solventes [emim][EtSO4], [emim][Ac], vy [emim][Ac] con diferentes

cantidades de agua (10, 20, 30 y 40% en volumen).
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Tabla 2.11: Valores de Koveran y resistencias a la transferencia de materia, a distintas temperaturas,

oS Ionicos.

dulos y liquid
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Tabla 2.11 (continuacion). Valores de Koveran y resistencias a la transferencia de materia, a

oS fonicos.
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A partir de los datos presentados en la Tabla 2.11, se pueden destacar las siguientes

observaciones:

0]

(ii)

(iii)

(V)

)

Las resistencias tanto de la fase gas como de la membrana pueden

considerarse despreciables.

Los valores del coeficiente global de transferencia de materia, Koveral, cuando se
utiliza el liquido i6nico [emim][EtSO4] son menores que cuando se usa el

[emim][Ac] s6lo o en presencia de agua.

Como ya se observé en el apartado anterior, los valores de Koveran cuando se
emplea [emim][EtSO4] no dependen significativamente de la temperatura, lo

gue indica que no hay absorcién quimica.

Cuando se utiliza [emim][Ac] si se observa una dependencia en el coeficiente
Koverat CcOn la temperatura. Esta dependencia no es acusada, debido
probablemente, a la existencia de una absorcion quimica débil y una absorcién
fisica fuertemente condicionada por la pérdida de viscosidad y aumento de la
difusividad del IL con la temperatura, pero afectada por la pérdida de

solubilidad del IL en CO2 cuando se aumenta la temperatura del proceso.

Los mayores valores de Koveran S& Obtienen cuando se trabaja con [emim][Ac]
en presencia de agua, pese a que estos experimentos se han realizado
Unicamente a 303K. Cuando se utiliza [emim][Ac] en ausencia de agua,
operando con los moédulos de polisulfona y fluoruro de polivinilideno se
obtienen los mayores valores de Koveral, €n un orden de magnitud superior a los

obtenidos empleando el médulo de polipropileno.

En la Tabla 2.12 se han recopilado los valores publicados previamente por otros

autores con el fin de comparar los valores obtenidos del coeficiente global de transferencia de

materia Kovera, cOn los moédulos de PVDF, al ser con los que se han logrado mejores resultados.

En ella, se muestran valores de Koverat €n modulos de PVDF, empleando diferentes absorbentes.

Como se puede observar en la dltima columna de la Tabla 2.12, aparece el término K

(s-1). Este término resulta de multiplicar el Koveran por el cociente del area correspondiente a las

fibras con volumen de la carcasa y puede ser Util para aproximar el comportamiento como un

primer orden de reaccion quimica gas-liquido e indica la acumulacion de CO2 en el medio liquido

(Albo et al., 2012b).
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Tabla 12: Comparacion de los valores de Koveran ¥ Kr, Operando con contactores de PDVF y diferentes

absorbentes.
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Como se puede ver, en la Tabla 2.12, el tamafio del médulo de PVDF presentado en
este trabajo esta en concordancia con los de los otros trabajos realizados a escala laboratorio.
Mansourizadeh et al., (2010) y Mansourizadeh e Ismail, (2011) utilizaron fibras con diametros
interior y exterior similares; 7,50-10* y 4,20-10* m, respectivamente. Comparando el nlimero
de fibras, varios autores utilizaron entre 5 y 11 (Naim e Ismail, 2013; Mansourizadeh et al.,
2010; Mansourizadeh e Ismail, 2011; Rahbari-Sisakht et al., 2013; Boributh et al., 2013;
Korminouri et al., 2014). Sin embargo, Rongwong et al., (2009) y Wang et al., (2009) usaron
35 y 150 fibras respectivamente, que unido a que poseian didmetros mayores, es la razén por

la que la relacion entre el area de la fibra y el volumen de la carcasa fue mayor en estos casos.

En cuanto a los coeficientes Koveran Y Kr, l0s valores obtenidos para este estudio son
practicamente un orden de magnitud superior respecto a los correspondientes con disolventes
convencionales, tales como monoetanolamina (MEA), dietilamina (DEA), monofosfato de
adenosina (AMP) y agua. Cabe recordar que tanto el MEA como el DEA y el AMP se han
asociado tradicionalmente con problemas de funcionamiento debido a la volatilidad y las
pérdidas de disolvente, por lo que en base a estos resultados, los liquidos iénicos se pueden
utilizar para eliminar estos inconvenientes ya que poseen presiones de vapor despreciables; alta
estabilidad térmica, quimica y electroquimica ademas de capacidad de regeneracién, y
consiguen mejores valores de coeficiente global de transporte de materia (Bara et al., 2009;

Ramdin et al., 2012).

2.2.3. Simulacién y modelado del proceso de captura de CO2 en contactores
de fibras huecas

Se ha realizado la tarea de modelado del proceso de absorcién no dispersiva en
contactores de fibras huecas, con los objetivos, por un lado, de aportar la descripcion
matematica del proceso y evaluar la validez del modelo, en funcion de las eficacias
experimentales y las estimadas; y por otro, de realizar un andlisis de sensibilidad para
cuantificar la influencia del coeficiente global de transferencia de materia (Koverat) y de las
dimensiones del mddulo (variando la longitud, L) sobre la eficacia del proceso de captura de
CO2, estimando también los valores necesarios para lograr una eficiencia en captura de CO2 del
90%. Se ha fijado este valor como objetivo de disefio ya que es el valor que se considera para
que el proceso con mdédulos de membranas de fibras huecas y liquidos i6nicos sea competitivo
con los sistemas convencionales de captura de CO: mediante torres de absorcion y
alcanolaminas. Otros trabajos previos ya marcaron este valor como objetivo (Yeon et al., 2005;
Paul et al., 2007; Zhang et al., 2008; Favre, 2011; Wang et al., 2013).
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2.2.3.1. Descripcion del proceso mediante el modelo de difusion
conveccion 2D

Se han resuelto las ecuaciones diferenciales y condiciones frontera correspondientes a
la transferencia de CO: desde la fase gas a la liquida para la geometria de fibras huecas, con
transporte convectivo en la dimension longitudinal y difusién radial desde el interior de las
fibras, por el que circula la corriente gaseosa. Si bien en este trabajo los modulos utilizados
presentan no-mojado con los liquidos i6nicos, se muestra también a continuacion el
comportamiento si hubiera mojado de los poros, a modo de comparacion. Las Figuras 2.18a y
2.18c muestran la concentracion adimensional de CO:2 a lo largo de la longitud adimensional de
una fibra hueca. Por otro lado, las Figura 2.18b y 2.18d utilizan la misma abscisa pero en este

caso, lo que se representan es la eficiencia de captura de CO2 (%).

Bajo las condiciones de operacién de un contactor de PVDF con [emim][Ac]+30% agua
a 303K y un flujo de gas de 20mL min!, que se muestra a modo de ejemplo (Gomez-Coma et
al., 2016c) la eficacia del proceso se redujo un 60% cuando los poros de la membrana se
mojan (Figura 2.18c-2.18d), respecto a cuando los poros de la membrana se llenan Unicamente

con gas (Figura 2.18a-2.18b).
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Figura 2.18: Perfiles a lo largo de la longitud de los nodos en funcion de la concentracion
adimensional de CO: y la eficacia en modo no-mojado (2.18a-2.18b) y mojado (2.18c-2.18d) utilizando e/
moaulo de PVDF. Nodo 1: r=0, nodo 20: r=ri.

Para la validacion del modelo propuesto con los diferentes contactores empleados en
este trabajo, se han resumido en la Tabla 2.13 los valores de eficacia experimental y simulada
por el modelo propuesto con los diferentes contactores y condiciones de operacion utilizadas.
Unicamente en el caso de las fibras huecas de polisulfona la diferencia en los resultados entre
la eficacia simulada y experimental supera el 15% (17.3-18.3%). En el resto de casos (fibras
huecas de polipropileno y PVDF) el error es en todos los casos menor al 3%, por lo que se
puede concluir que el modelo propuesto es vdlido para absorcién no dispersiva utilizando

moddulos de membranas de fibras huecas y liquidos iénicos.

Tabla 2.13: Comparacion entre los resultados experimentales y simulados con los modulos de

fibras huecas de PP, Ps y PVDF.

Material Efigacia Eficacia /Error
fibras Absorbente T(K) um(ms?t) Experimental Simulada absoluto/
(%) (%)
PP [emim][EtSO4] 291  1.33.10% 10.5 10.6 0.1
PP [emim][EtSO4] 298  1.33.10% 10.2 10.6 0.4
PP [emim][EtSO4] 318  1.33-107 9.8 10.5 0.7
PP [emim][EtSO4] 291  3.81-10° 28.7 31.3 2.6
PP [emim][EtSO4] 298  3.81-10° 29.5 31.5 2
PP [emim][EtSO4] 318 3.81-10° 28.6 31.5 2.9
PP [emim][EtSO4] 333 3.81-10° 31.6 31.4 0.2
PP [emim][Ac] 291  1.33-10% 16.3 16.0 0.3
PP [emim][Ac] 298  1.33-107 25.0 26.0 1
PP [emim][Ac] 318  1.33-10% 33.9 34.7 0.8
PP [emim][Ac] 333  1.33.107 40.0 39.6 0.4
PP [emim][Ac] 291  6.67-10° 27.3 27.1 0.2
PP [emim][Ac] 298 6.67-10° 31.5 31.5 0.0
PP [emim][Ac] 318  6.67-10° 52.7 54.4 1.7
Ps [emim][Ac] 291  7.58-10° 29.5 46.8 17.3
Ps [emim][Ac] 298  7.58-10°° 33.1 49.5 16.4
Ps [emim][Ac] 318  7.58-10° 37.4 55.7 18.3
Ps [emim][Ac] 333  7.58-10° 38.5 56.8 18.3
Ps [emim][Ac] 348  7.58-10° 44.2 62.1 17.9
PVDF [emim][Ac] 303  6.61-10 8.2 8.7 0.5
PVDF [emim][Ac] 313  6.61-10% 9.6 10.0 0.4
PVDF [emim][Ac] 343  6.61-10 11.5 11.7 0.2
PVDF [emim][Ac] 303  1.90-10% 20.5 20.9 0.4
PVDF [emim][Ac] 313  1.90-10% 27.1 27.4 0.3
PVDF [emim][Ac] 323 1.90-1071 28.6 28.4 0.2
PVDF [emim][Ac] 333  1.90-10% 29.3 29.4 0.1
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Tabla 2.13 (continuacion): Comparacion entre los resultados experimentales y simulados con los

maoadulos de fibras huecas de PP, Ps y PVDF.

Material Eficacia Eficacia /Error
fibras Absorbente T(K) um(ms?) Experimental Simulada absoluto/
(%0) (%)
PVDF  [emim][Ac]+10%agua 303  1.90-10% 53.7 54.5 0.8
PVDF  [emim][Ac]+20%agua 303  1.90-10% 67.1 67.8 0.7
PVDF  [emim][Ac]+30%agua 303  1.90-10% 72.5 72.6 0.1
PVDF  [emim][Ac]+40%agua 303  1.90-10% 60.2 60.9 0.7

2.2.3.2. Andlisis de sensibilidad

Se ha evaluado la influencia del coeficiente de transferencia de materia y de las
dimensiones del contactor en la eficacia de captura de CO2 en los contactores de fibras huecas,
y se han calculado los valores de Koveran y longitud de médulo necesarios para obtener un 90%
de eficacia de recuperacion de CO. El andlisis de sensibilidad realizado en este trabajo resulta
util para escalar el proceso en funcién del caudal de gas. Una vez conocidos los médulos en
serie requeridos para alcanzar una separacion mayor al 90% para un flujo de gas concreto, se
pueden disponer tantos médulos en paralelo como sean necesarios en base al flujo de gases de

combustidn requerido (Hoff y Svensen 2013).
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Figura 2.19: Influencia del Koveran €N la eficacia de captura de CO:, y valor necesario para alcanzar

un 90% de eficacia con el modulo de Ps.
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La Figura 2.19, muestra los valores de Koveran requeridos cuando se trabaja con el
modulo de Ps y con un caudal de gas de 70 mL mint. Un coeficiente global de transporte de

materia mayor a 9.0-10® m s* conduciria a eficacia de captura de CO2 mayor del 90%.
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Figura 2.20: Influencia del Koveran €N 1a eficacia de captura de CO», y valor necesario para alcanzar

un 90% de eficacia con el modulo de PVDF.

En el caso de los médulos de fluoruro de polivinilideno, como se aprecia en la Figura
2.20, serfa necesaria un valor de Koverat de 1.70 104 m s para alcanzar una eficacia de captura
de CO2 superior al 90%. En la figura, ademés, se han marcado los puntos obtenidos con las

distintas cantidades de agua en el liquido iénico [emim][Ac].

En cuanto al analisis de la longitud de mddulo necesaria, se ha estimado, como se
muestra en la Figura 2.21, los moédulos que son necesarios acoplar en serie para el 90% de
eficacia si se trabaja con un caudal de 70 mL miny a una temperatura de 291K. Para el caso
de los médulos de polipropileno, seria necesario disponer de 20 modulos en serie (longitud total
de 2.3 m) si se trabaja con el liquido idnico [emim][EtSO4] y de 13 (1.5 m) si se trabaja con el
liquido i6nico [emim][Ac]. Por su parte, el modulo de Ps con [emim][Ac] como absorbente

requeriria de Unicamente 4 médulos en serie (longitud total 1.4 m).
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Figura 2.21.: Modulos en serie requeridos para alcanzar una eficacia del 90% utilizando un caudal

de 70 mL mim?.

El andlisis con el médulo de PVDF se ha realizado a un caudal de 20 mL miny 303K.
Se han comparado los médulos dispuestos en serie necesarios si se trabaja con el [emim][Ac]
en ausencia de agua o con 30%agua-[emim][Ac], expresado en volumen, por ser la

combinacion que arrojé mejores valores tanto de eficacia como de Koveral.
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Figura 2.22: Modulos de PVDF en serie requeridos para alcanzar una eficacia del 90% utilizando un caudal
de 20 mL mim?.
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Como se muestra en la Figura 2.22, trabajando en ausencia de agua, 10 modulos de
membranas de fibras huecas son necesarios para alcanzar el objetivo de disefio. Sin embargo
trabajando con un 30% de agua y [emim][Ac] Unicamente son necesarios dos contactores que

dispuestos en serie Gnicamente son 0.59 m.
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Figura 2.23: Andlisis de sensibilidad en funcion del nimero de Sherwood.

Finalmente se ha realizado el andlisis de sensibilidad en base a los numeros
adimensionales de Sherwood y Graetz. La Figura 2.23, muestra los valores de la eficacia en
funcién del ndmero de Sherwood. La Figura 23a muestra los resultados utilizando el médulo de
Polisulfona y en ella se aprecia cémo, utilizando Sh mayores de 4.00-10* se lograrian valores
superiores al 90% de eficacia, manteniendo un Graetz fijado de 6.60-10%. Por su parte, la
Figura 23b, estudia el nimero de Sh en el modulo de PVDF y en ella, se consigue la eficacia
deseada (>90%) cuando se trabaja con valores de Sh mayores a 4.70-10% usando un valor fijo
del Graetz de 8.02-10°3.
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Figura 2.24.: Anélisis de sensibilidad en funcion del numero de Graetz.
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La Figura 2.24, se centra en el analisis de sensibilidad en funcion del numero
adimensional de Graetz. Cuando se utiliza el médulo de Ps con un valor fijo de Sh=1.06-10",
utilizando valores de Gz menores a 2.53-10, se consiguen los valores de eficacia requeridos
(Figura 2.24a). Por su parte, la Figura 2.24b, muestra los valores del nimero de Graetz cuando
se trabaja con el médulo de PVDF. Utilizando unos nimeros de Sherwood fijos de 4.70-10* y
2.58:10° con valores del nimero de Gz menores a 4.50-102 y 7.89-10°2 para el liquido idnico
[emim][Ac] en ausencia de agua y para [emim][Ac]-30%Agua, respectivamente, se logran

eficacias mayores al 90% de separacion del didxido de carbono.

A partir de los datos presentados en este apartado de analisis de sensibilidad del

proceso se pueden destacar las siguientes observaciones:

@) En base a la diferencia entre los resultados experimentales y simulados, el
modelo utilizado en el presente trabajo es de total fiabilidad para realizar

estimaciones.

(i) Los contactores de membrana de fibra hueca han de ser acoplados en paralelo

y en serie en funcién del flujo de gas y la eficacia requerida en cada situacion.

(iii) Trabajando con el médulo de Ps y un caudal de gas 70 mL min't, con un Koveral
de 9.00-10°® m s se alcanzaria una eficacia del 90%. Con el médulo de PVDF
serfa necesario un Koverat 1.70-10* m s trabajando con un caudal de 20 mL

mint.

(iv) Utilizando el disolvente hibrido [emim][Ac]-30%Agua, Unicamente colocando 2
mddulos de PVDF en serie (0.59 m; instalacién escala laboratorio) se alcanzaria
la eficacia de captura de CO2 del 90%. Por su parte, utilizando [emim][Ac] en
ausencia de agua, también para el proceso escala laboratorio, serian necesarios
10 3 m), 4 (1.4 m) y 13 (1.5 m) para los mddulos de PVDF, Ps y PP
respectivamente. Si se trabaja con el liquido i6nico [emim][EtSO4] y el médulo

de PP se requeririan 20 modulos (2.3 m).

2.2.3.3. Factor de intensificacion

Con el objetivo de realizar una comparativa entre los sistemas tradicionales de
absorcién y el proceso intensificado mediante contactores de membranas de fibras huecas y
liquidos idnicos se ha evaluado el factor de intensificacion (1). Este factor ha sido descrito en
sus trabajos por Bounaceur et al., (2012), y se calcula como el cociente entre la capacidad de

absorcién volumétrica del contactor de membranas y la capacidad de absorcién volumétrica
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media de una columna de relleno (en mol CO2 m=s?t). El valor de referencia de una torre de

absorcién se estima en 1 mol de CO2 m3s para una solucion de acuosa de 30% MEA.

Tabla 2.14: Calculo del factor de intensificacion (1) a partir de los datos experimentales de los

moadulos de Ps y PVDF.
Mgterial Liquido iénico Temperatura Koverar (M %) Factor de intensificacion
fibras (K) ()
Ps [emim][Ac] 291 2.40-10° 4.1
Ps [emim][Ac] 298 2.60-10° 4.5
Ps [emim][Ac] 314 3.10-10° 4.7
Ps [emim][Ac] 333 3.20-10° 4.8
Ps [emim][Ac] 348 3.70-10° 5.2
PVDF [emim][Ac] 303 1.70-10° 1.1
PVDF  [emim][Ac]-10%agua 303 5.70-10° 2.8
PVDF  [emim][Ac]-20%agua 303 8.21-10° 3.4
PVDF  [emim][Ac]-30%agua 303 9.34.10°% 3.7
PVDF  [emim][Ac]-40%agua 303 6.81-10° 3.1

La Tabla 2.14 muestra, los resultados del factor de intensificacién obtenidos a partir de

los resultados experimentales con los modulos de Ps y PVDF. En ella se puede ver como se

obtienen valores superiores, y por tanto competitivos, a los de referencia para la torre de

absorcién. En concreto, con el mdédulo de polisulfona a 348K se consigue un factor superior a 5.

BN ()]

Factor de intensificacion (1)
w

2

1 m 0% agua

0

0.00E+00 1.00E-04

e
W 30% agua

B 10% agua

2.00E-04

Koverall (m s1)

3.00E-04

Figura 2.25: Factor de intensificacion con el modulo de PVDF.

La Figura 2.25 muestra de forma grafica los resultados obtenidos del factor de

intensificacién (1) con el mddulo de PVDF. En ella, se aprecia cémo, para un Koverai de 1.70-10°°
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m s obtenido con el [emim][Ac] en ausencia de agua, el valor del factor de intensificaciéon es

de 1.05 y cuando se utiliza el [emim][Ac]+30% agua, | aumenta hasta el valor de 3.73

(Koverai=9.34-10° m s'). Ademas, trabajando con un Koverai=1.70 10* m s, correspondiente a

una captura de didxido de carbono del 90%, se alcanza un valor del factor de intensificacién de

4.64, lo que demuestra que el modulo de PVDF, con el absorbente hibrido [emim][Ac]-agua,

también es competitivo con las torres de absorcién convencionales.

2.3. Nomenclatura usada en el capitulo 2

A

dn

di

dlm

do

Gz

Hq

kg

ki

kmg

Koverall

Nco2

[m?]

[-]

[m? ]

[m]

[m]

[-]

[m]

[-]

[ms™]
[ms™]
[ms™]
[ms™]

[m]

[mol m2s™]

Area de la membrana efectiva

Factor pre-exponencial

Difusividad

Diametro hidraulico

Diametro interno de la fibra

Media logaritmica de los diametros de la fibra

Diametro externo de la fibra

Factor de mejora

NUmero de Graetz

Namero de Henry adimensional

Factor de intensificacion

Coeficiente de transferencia de materia en la fase gas

Coeficiente de transferencia de materia en la fase liquida

Coeficiente de transferencia de materia en la membrana

Coeficiente global de transferencia de materia

Longitud de la fibra

NUmero de fibras

Flujo de absorcion de diéxido de carbono
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Pr [bar] Presion total

Q [m3s™] Caudal

R [bar L mol~t K] Constante de los gases ideales
Re [-1 Namero de Reynolds

Rg [s m™] Resistencia en la fase gas

Ri [s m™] Resistencia en la fase liquida
Rm [s m™] Resistencia en la membrana
Roveral  [s m™3] Resistencia total

Sc [-1 Namero de Schmidt

Sh [-] Numero de Sherwood

t [s] Tiempo

T K] Temperatura

Um [m s Velocidad lineal

Subindices

g Gas

| Liquido

in Interior del médulo de fibras

out Exterior del médulo de fibras
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CAPITULO 3: CONCLUSIONES
3.1. Conclusiones

Las conclusiones obtenidas a lo largo de la presente Tesis Doctoral han sido difundidas
a través de 12 comunicaciones presentadas en congresos internacionales (8 de las mismas
recogidas en libros o Proceedings con ISBN) y en 5 revistas cientificas incluidas en el Journal of
Citation Reports-Science Edition (JCR), 4 de ellas publicadas y 1 en proceso de revision. Las
publicaciones en revistas cientificas se listan a continuacién indicando el indice de impacto en

2015. El listado completo de comunicaciones en congresos se detalla en el anexo.

1. Gomez-Coma L., Garea, A., Irabien A., Carbon dioxide capture by [emim][Ac] ionic
liquid in a polysulfone hollow fiber membrane contactor, /nt. J. Greenh. Gas
Control. 2016, 52, 1-9. indice de impacto: 4.064. Cuartil: Q1; Ingenieria
Medioambiental 10/50.

2. Gomez-Coma L., Garea A., Rouch J.C., Savart T., Lahitte J.F., Remigy J.C., Irabien

A., Membrane modules for CO2 capture based on PVDF hollow fibers with ionic
liquids immobilized, J. Membr. Sci. 2016, 498, 218-226. indice de impacto: 5.557.
Cuartil: Q1; Ingenieria Quimica 7/135.

3. Gomez-Coma L., Garea, A., lIrabien A., Non-Dispersive absorption of CO: in

[emim][EtSO4] and [emim][Ac]: Temperature influence, Sep. Purif. Technol. 2014,
132, 120-125. indice de impacto: 3.299. Cuartil: Q1; Ingenieria Quimica 21/135.

4. Gomez-Coma L., Garea, A., lrabien A., Hybrid solvent ([emim][Ac]+water) to

improve the CO2 capture efficiency in a PVDF hollow fiber contactor. ACS. Sustain.
Chem. Eng. 2016, aceptado, octubre 2016. indice de impacto: 5.267. Cuartil: Q1;

Ingenieria Quimica 9/135.

5. Gomez-Coma L., Garea, A., lrabien A. PVDF Membrane contactor for CO2 capture

using the ionic liquid [emim][Ac]: mass transfer analysis. Chem. Eng. Technol.
2016, en proceso de revision. indice de impacto: 2.385. Cuartil: Q2; Ingenieria

Quimica 39/135.

Las principales conclusiones de este trabajo relacionadas con el desarrollo de la
captura eficiente de diéxido de carbono en corrientes de post-combustién mediante el uso de
una absorcién no dispersiva y liquidos i6nicos, en el que se ha demostrado experimentalmente

su viabilidad a escala de laboratorio son:
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0]

(ii)

Respecto al estudio de caracterizacion las fibras de PVDF fabricadas:

> La caracterizacion exhaustiva de las fibras, mediante la

realizacién de espectroscopias, analisis de propiedades mecanicas,
permeabilidad al diéxido de carbono y punto burbuja aporta criterios
para la selecciéon de las mas adecuadas en el proceso de captura
de COa.

Se ha conseguido inmovilizar los liquidos i6nicos [emim][EtSO4]
y [emim][Ac] en fibras de PVDF fabricadas, lo que supone un
avance en la captura de CO2 a partir del cual se podran disefar

nuevos modulos de membranas con distintos ILs y materiales de fibras.

Los valores logrados de permeabilidad al diéxido de carbono con las

fibras inmovilizadas con ILs son superiores a los de la bibliografia.

En cuanto a la eficacia de captura de CO> en diferentes contactores de

fibras huecas:

» Ante un aumento de la temperatura del proceso, utilizando el liquido

ionico [emim][Ac], mejora la eficacia significativamente, lo que indica
la existencia de una absorciéon tanto fisica como quimica. Sin
embargo, usando el liquido i6nico [emim][EtSO4], que presenta
absorcion fisica, no se produce variacion en la eficacia al aumentar la
temperatura. Por tanto, si se plantea llevar a cabo la captura de CO:z a
altas temperaturas, se propone emplear un liquido i6nico que presente

guimisorcién, como es el [emim][Ac].

Las variables de proceso: caudal de gas y area del mdédulo, inciden
directamente en la eficacia del proceso y en base a estas se puede
proponer una disposicion de mdodulos en serie/paralelo segun la

eficacia de captura de CO2 requerida.

Utilizando un absorbente hibrido formado por un 30%6 de aguay el
resto [emim][Ac] se han obtenido los mejores valores de eficacia de
captura de CO2: 72.5% en un contactor escala laboratorio

(longitud 0,29 m), debido al compromiso entre la disminucién de la
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viscosidad del liquido i6nico sin comprometer la solubilidad debido a la

adicién de agua.

(iii) En cuanto al coeficiente global de transferencia de materia y las

resistencias:

» Para los materiales de fibras en los que no hay mojado, se puede
asumir que las resistencias de la fase gas y de la membrana son

despreciables.

» Utilizando el liguido i6nico [emim][Ac] como absorbente se observa
una dependencia del coeficiente global de transferencia de materia,
Koveran cON la temperatura, pero no tan acusada como se esperaria si
hubiese una quimisorcién fuerte. Esto indica, probablemente, la co-
existencia de una absorcion quimica débil y una absorcion fisica
fuertemente condicionada por la pérdida de viscosidad y
aumento de la difusividad del IL con la temperatura, pero
afectada por la pérdida de solubilidad del IL en CO2 cuando se

aumenta la temperatura del proceso.

» Los mayores valores de Koveran Se han logrado cuando se ha trabajado
con [emim][Ac] y especialmente con el absorbente hibrido [emim][Ac]-
agua. Dichos valores son superiores en al menos, un orden de
magnitud a los publicados cuando se utilizan otro tipo de
disolventes, como las alcanolaminas, lo que hace que los liquidos
iGnicos se presenten prometedores para la captura de CO2 por todas las

ventajas que ofrecen en comparacion con los disolventes tradicionales.

(iv) Respecto al modelado y simulacién del proceso

> Se ha comprobado cémo mediante las asunciones propuestas el
modelado permite recrear las condiciones experimentales ya que las
diferencias entre los valores experimentales y simulados son

inferiores a 3%6, para los contactores de polipropileno y PVDF

> A través del modelado se pueden conocer los valores de Koveran y de
longitud del moddulo, necesarios para alcanzar un 90% de
eficacia con los distintos materiales de los contactores de fibras

huecas y de los absorbentes utilizados en el presente trabajo. El valor
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de 90% de eficacia de captura de CO2 se ha tomado como punto de
disefio ya que con este valor se considera que se ha logrado un

proceso competitivo con los procesos tradicionales.

> Utilizando el disolvente hibrido 30%%agua-[emim][Ac] y fibras de
PVDF inmovilizadas con [emim][Ac], Unicamente colocando dos
modulos en serie (0.59 m) se consigue, para un caudal de gas de 20
mL min? (instalacion escala laboratorio) una eficacia de captura de
CO2 superior al 90%6. Con el moédulo de polipropileno y [emim][Ac] o
[emim][EtSO4] al mismo caudal se necesitarian 13 (2.3 m) y 20
modulos (1.5 m) respectivamente y con el de polisulfona utilizando
[emim][Ac] como absorbente se requeririan 4 contactores (1.4 m) con

un caudal de 70mL min.

3.2. Trabajo futuro

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

siguientes lineas para el progreso cientifico-técnico futuro:

1)

2)

3)

Acoplar la etapa de desorcion al proceso de captura. Para poder realizar un escalado al
proceso de intensificacion de captura de diéxido de carbono a nivel industrial propuesto
en la presente Tesis Doctoral, es necesario, al igual que se ha hecho con la etapa de
absorcién, estudiar la desorcion usando contactores de membranas de fibras huecas.
Para ello, ademas de afiadir la etapa de desorcién en la planta escala laboratorio, sera
necesario realizar un modelado del proceso para conocer los parametros de operacién

necesarios para conseguir un proceso competitivo con los procesos tradicionales.

Fabricacion y caracterizacion de nuevos contactores de membranas. Una vez vista la
viabilidad del proceso cuando se disminuye la viscosidad, es conveniente buscar nuevos
absorbentes, como los liquidos idnicos reversibles que puedan combinar las ventajas de
una alta solubilidad al CO2 con una baja viscosidad y un bajo coste. Ademéas nuevos
materiales de fibras huecas como PEEK, PDMS y PES deben ser estudiados para ver su

viabilidad cuando se usan con liquidos idnicos como absorbentes.

Escalado a planta piloto y estimacion de costes. Una vez obtenidos los parametros
requeridos para conseguir un proceso competitivo con los procesos tradicionales que
usan torres de absorcidon y alcanolaminas, en la etapa de absorcidn, es necesario
realizar un analisis econémico exhaustivo que valore todos los costes del proceso asi

como dar un paso mas en la captura, implementando la planta a escala planta piloto.
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3.1 Conclusions

The conclusions obtained during this PhD thesis have been disseminated by means of 12
communications presented in international conferences and 5 scientific papers in journals
included in the Journal of Citation Reports-Science Edition (JCR). The publications in scientific
journals are listed below, showing the impact factor in 2015. The complete list of

communications in conferences is detailed in the annex.

1. Gomez-Coma L., Garea, A., Irabien A., Carbon dioxide capture by [emim][Ac] ionic

liquid in a polysulfone hollow fiber membrane contactor, /nt. J. Greenh. Gas
Control. 2016, 52, 1-9. iIndice de impacto: 4.064. Cuartil: Q1; Ingenieria
Medioambiental 10/50.

2. Gomez-Coma L., Garea A., Rouch J.C., Savart T., Lahitte J.F., Remigy J.C., Irabien

A., Membrane modules for CO2 capture based on PVDF hollow fibers with ionic
liquids immobilized, J. Membr. Sci. 2016, 498, 218-226. indice de impacto: 5.557.
Cuartil: Q1; Ingenieria Quimica 7/135.

3. Gomez-Coma L., Garea, A., lIrabien A., Non-Dispersive absorption of CO: in

[emim][EtSO4] and [emim][Ac]: Temperature influence, Sep. Purif. Technol. 2014,
132, 120-125. indice de impacto: 3.299. Cuartil: Q1; Ingenieria Quimica 21/135.

4. Gomez-Coma L., Garea, A., lrabien A., Hybrid solvent ([emim][Ac]+water) to

improve the CO2 capture efficiency in a PVDF hollow fiber contactor. ACS. Sustain.
Chem. Eng. 2016, accepted paper, october 2016. Indice de impacto: 5.267.
Cuartil: Q1; Ingenieria Quimica 9/135.

5. Gomez-Coma L., Garea, A., Irabien A. PVDF Membrane contactor for CO2 capture

using the ionic liquid [emim][Ac]: mass transfer analysis. Chem. Eng. Technol.
2016, under review. Indice de impacto: 2.385. Cuartil: Q2; Ingenieria Quimica
39/135.

The main conclusions of this work related to the development of an efficient carbon
dioxide capture in post-combustion processes by using a non-dispersive absorption and ionic

liquids, which has been experimentally proven its viability at laboratory scale are listed below:
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(i)

(iii)

Respect to the intensive study of the manufactured fibers

» An exhaustive characterization of the fibers has been performed

by SEM, mechanical properties analysis, pure carbon dioxide
permeability and bubble point in order to select the most suitable

fiber material for CO2z capture process.

The [emim][EtSO4] and [emim][Ac] ionic liquids have been
immobilized onto the manufactured PVDF fibers. This fact
constitutes a new development for COz capture and based on
these new fibers with different materials and ionic liquids could

be developed.

The carbon dioxide permeability values achieved with ionic liquids
immobilized onto the fibers are higher than reported values in the

literature.

In_terms_of CO. capture efficiency with different hollow fiber

membrane contactors

» When the temperature in the process increases using the [emim][Ac]

ionic liquid, the efficiency improves significantly, because of a physical
and chemical interaction. However, when the [emim][EtSOa4] is

used the efficiency does not vary, there is only a physical absorption.

The variables: gas flow rate and area of the hollow fiber modules,
influence directly on the CO2 capture efficiency. The configuration of
modules in series/parallel is required to achieve a design

target of process efficiency.

Using a hybrid solvent with [emim][Ac]-30%water the CO:
capture efficiency value obtained was 72.5% in a module at
laboratory scale. This is due to the compromise between the
reduction of the ionic liquid viscosity without compromising the

solubility because of the water addition.

In terms of overall mass transfer coefficient and the resistances

> In the not-wetting operating mode, it can be assumed that both gas

and membrane resistances are negligible.
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» Using [emim][Ac] ionic liquid as absorbent a dependency of overall
mass transfer coefficient Kovera, with temperature is observed.
However, this dependency is not as strong as expected when a
chemisorption is involved. This probably indicates the existence of a
weak-chemisorption and strong-physisorption influenced by
the viscosity losses and the increase in diffusivity of the IL but
affected by the ionic liquid CO:z solubility losses when the

process is operated at higher temperatures.

> The highest Koveran values have been achieved when the [emim][Ac] is
used as absorbent, especially with the hybrid absorbent [emim][Ac]-
water. Koverall Values are at least one order of magnitude higher
than the values reported in the literature using other solvents
such as alkanolamines. This fact allows the ionic liquid to be
presented as a viable alternative for CO2 capture due to its

advantages in comparison with traditionas solvents.

(iv) Regarding the modeling and simulation process

» The modelling task presented with its assumptions proposed permits
to recreate the experimental conditions. The error between both
modelling and experimental results is below 3%, for PP or

PVDF hollow fiber contactors.

» Using the modelling can be known the Koveran and the length of the
module, required to achieve 90%b efficiency with the different
materials both for hollow fiber membrane contactors and absorbents
used in the present work. This value was chosen as design point
because with this value is considered to achieve a competitive with the

traditional processes.

» The proposed configuration to accomplish a 90% efficiency is to use
two PVDF hollow fiber modules in series and a hybrid solvent based on
[emim][Ac]-water, and as many in parallel as the gas flow rate requires

in the scaling up process.
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3.2. On going-research

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

for the future scientific-technical progress:

1

2)

3)

Coupling the desorption stage to the capture process. In order to scale up to the
production level the carbon dioxide capture based on an intensification process
proposed in this thesis, an intense study on the desorption step using hollow fiber
membrane contactors is required. To that end, performing a process modeling to meet
the operating parameters required to achieve a competitive process with traditional

processes is necessary in addition to couple the desorption step.

Fabrication and characterization of new hollow fiber membrane contactors. Once
observed the process viability when the viscosity decreases, seeking new absorbents
such as reversible ionic liquids that may combine the advantages of high CO2 solubility
with low viscosity and low cost is desirable. Moreover, new materials such as PEEK,
PDMS and PES should be studied in hollow fiber membrane contactors to determine its

viability when the ionic liquids are used as absorbents.

Scaling to pilot plant and cost estimation. Once the parameters required have been
obtained in order to achieve a competitive absorption process in comparison with
traditional processes that use absorption towers and alkanolamines, an exhaustive
economic analysis is necessary in order to quantify the cost of the process, and the

different contributions to the total cost.
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4.1. Gémez-Coma L., Garea A., lrabien A., Non-dispersive absorption of CO2 in

emim][EtSO4] and [emim][Ac]: Temperature influence. Sep. Purif. Technol. 2014
132, 120-125.

Resumen

El proceso de post-combustion mediante el uso de aminas se ha utilizado
convencionalmente para la separacion de dioxido de carbono. Sin embargo, en los Ultimos
afos, los liquidos i6nicos se han convertido en una alternativa atractiva, debido a sus
interesantes caracteristicas, como son las cero emisiones de disolvente en comparacion con las
aminas. El objetivo del presente trabajo ha sido estudiar la influencia de la temperatura sobre la
eficacia con el fin de evaluar tanto la absorcion fisica como quimica utilizando dos liquidos
i6nicos distintos, por un lado el 1-etil-3-metilimidazolio etilsulfato, [emim][EtSO4] y por otro el
1-etil-3-methylimidazolio acetato, [emim][Ac]. El intervalo de temperatura de estudio ha sido
desde temperatura ambiente (291K) hasta 333K. Un médulo de fibras huecas de polipropileno
se ha utilizado para llevar a cabo la absorcion de CO2. La eficacia en la eliminacién de CO: se
obtuvo a partir de datos experimentales. La dependencia de la temperatura sélo se ha
observado cuando se ha utilizado el [emim][Ac] donde se ha conseguido duplicar la separacién
entre 291K y 318K (de 16 a 34% para un mddulo y de 27 a 53% cuando se utilizaron dos
modulos en serie). EI comportamiento del [emim][Ac] se ha correlacionado mediante la
transferencia de materia mejorada por una reaccion quimica. Cuando se ha utilizado el
[emim][EtSO4] se ha comprobado como la eficacia no esta influenciada por la temperatura y

solo la solubilidad controla la transferencia de materia en la fase liquida.

Original abstract

Post-combustion capture based on amines is conventionally used for carbon dioxide
separation. lonic liquids have emerged as new attractive alternative solvents because of their
zero emission features compared to amines. The aim of the present work is to study the
temperature influence on the efficiency in order to evaluate physical and chemical absorption
using two ionic liquids, 1-Ethyl-3-methylimidazolium ethylsulfate [emim][EtSO4], and 1-Ethyl-3-
methylimidazolium acetate [emim][Ac]. The temperature ranges from room temperature to 333
K. A polypropylene hollow fiber module is the membrane device where the CO2 absorption takes
place. The CO2 removal efficiency was obtained from experimental data, showing a temperature
dependence only in the case of using [emim][Ac] which doubles from 291 K to 318 K (16—-34%
for one contactor and 27-53% when two contactors were operated in series). The behavior of
[emim][Ac] was correlated with the mass transfer enhanced by the chemical reaction. When
[emim][EtSO4] is used, the efficiency is not influenced by the temperature and only the

solubility controlled the mass transfer in the liquid phase.
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1. Introduction

Carbon dioxide is one of the major contributors to climate
change. The CO, capture and sequestration (CCS) is a major con-
cern globally today to reduce the impact on the atmosphere and
protect humans against the risks associated with CO, pollution. A
wide range of technologies exist for CCS based on physical and
chemical processes including absorption, adsorption, membranes
and cryogenics [1].

Three main methods can be identified on the capture of CO,:
pre-combustion, post-combustion and oxy-combustion [2]. The
present work is focused on post-combustion capture. This process
route is ideally suitable for conventional power stations and energy
conversion systems. CO, at low partial pressure is separated from
the gas stream after the fuel has been burned completely [3]. The
flue gas from a typical post-combustion process is composed by
10-15% CO,, 70-75% N, and lower concentrations of other compo-
nents. The temperature reached in this type of system is between
313 and 348 K [4].

Traditionally, amines have been used for capture due to their
high reactivity to CO, forming complexes with weak chemical
bonds and low cost achieving an outlet stream of very low CO,

* Corresponding author. Tel.: +34 942 206777; fax: +34 942 201591.
E-mail address: gomezcomal@unican.es (L. Gdmez-Coma).

http://dx.doi.org/10.1016/j.seppur.2014.05.012
1383-5866/© 2014 Elsevier B.V. All rights reserved.

concentration [5]. The development of more beneficial solvents
for the environment is a topic of great current interest.

The CO, capture processes on an industrial scale are usually car-
ried out in packed or spray towers. In recent years, an intensifica-
tion process has been proposed that replaces the equipment for a
membrane device [6]. Hollow fiber membrane contactors have
many advantages: controlled interfacial area, independent control
of gas and liquid flow rates, reduction in solvent losses, much lar-
ger contact area per unit volume compared to tray and/or packed
columns and no dispersion from one phase into another [7-9]. Dif-
ferent kinds of membrane materials are under research. The most
common ones are polypropylene (PP) [5,10-13] and polyvinyli-
dene fluoride (PVDF) [10,14,15]. Generally the membrane equip-
ment operates with gas and liquid flowing on opposite sides of
the membrane in parallel configuration [6] but sometimes the
cross flow configuration is used [11].

The PP membranes have often been used in membrane contac-
tors due to their low cost, hydrophobicity and commercial avail-
ability [16]. This type of asymmetric membranes provides also a
great advantage because of their inability to dissolve in common
solvents at low temperatures [17].

Ionic liquids (ILs) are compounds that have been considered in
the last few years as solvents for CO, gas recovery [5]. ILs are salts
that have an organic cation and an inorganic anion whose melting
point is lower than 373 K and the vapor pressure is negligible
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Nomenclature

A effective membrane area (m?)

D diffusivity (m?s~ 1)

deont diameter of the contactor (m)

dp hydraulic diameter (m)

d; inside diameter of the fiber (m)

dim log mean diameter of the fiber

d, outside diameter of the fiber (m)

E, enhancement factor

Hy Henry’s law constant

kq mass transfer coefficient in the gas phase (ms™!)
k, mass transfer coefficient in the liquid phase (ms™!)
kmg mass transfer coefficient of the membrane (ms™!)
Koveran ~ Mass transfer coefficient (ms~)

L fiber length (m)

n number of fibers

Ncoz absorption flux of sulfur dioxide (mol m?s~')

Pr total pressure (bar)

Q flow rate (m*s™!)

R ideal gas constant (bar Lmol~' K1)

Re Reynolds number

R resistance in the gas side (sm™!)

R, resistance in the liquid side (sm™!)

Ring gas filled membrane resistance (sm™!)

Rt liquid filled membrane resistance (sm™!)

Roveran  Overall resistance to mass transfer (experimentally
obtained) (sm™!)

Sc Schmidt number

Sh Sherwood number

t time (s)

T temperature (K)

v velocity (ms™1)

X liquid molar fraction

y gas molar fraction

Subscripts

g gas

1 liquid

in inlet of the contactor

out outlet of the contactor

Greek letters

membrane thickness (m)
porosity of the membrane
viscosity (cP)

tortuosity

density (kg m~3)

packing factor

ST AT O >

[18,19]. An important feature of ILs for potential use in industrial
gas treating processes is the knowledge of the solubility and the
diffusion coefficients of gases at various temperatures and
pressures [20]. Commonly, the CO, absorption in the non-
functionalized IL occurs through physisorption [21]. However,
some ILs are able of forming chemical complexes with CO, [22].
The chemisorption of CO, in ionic liquids containing a carboxylic
anion can be a promising alternative to common amine processes
[23]. For this reason the 1-Ethyl-3-methylimidazolium acetate
[emim][Ac] is an ideal candidate for CO, capture. An inexpen-
sive and green solvent for petrochemical applications are impor-
tant features to consider when choosing an ionic liquid for
CO, absorption. The 1-Ethyl-3-methylimidazolium ethylsulfate
[emim][EtSO4] meets these features [24].

The mass transfer behavior for gas absorption into different
absorbents liquids appears to be important for the process design.
Some studies are reported for different hollow fiber membrane
contactor [25], but there is a lack of data for the temperature influ-
ence, that is the aim of the present work in order to analyze the rel-
evance of the temperature variable in the removal process
efficiency.

The study of the temperature effect in the non-dispersive
absorption of CO, was carried out in a polypropylene hollow fiber
membrane contactor using two different ionic liquids [emim][Ac]
and [emim][EtSOy4].

2. Experimental
2.1. Materials

A polypropylene hollow fiber membrane contactor in parallel
configuration was supplied by Liquicel-Membrane Contactors (USA).
The main characteristics of this system are shown in Table 1. Carbon
dioxide 99.7 +0.01 vol.% and pure nitrogen 99.999 + 0.001 vol.%
were purchased from Air Liquide (Spain). The ionic liquids were

supplied by Sigma Aldrich. The 1-Ethyl-3-methylimidazolium
ethylsulfate [emim][EtSO4] (=>95%) was used as absorption liquid
due to its low viscosity, low toxicity and low cost [26]. On the
other hand, the 1-Ethyl-3-methylimidazolium acetate [emim][Ac]
(=90%) was chosen because of its high CO, solubility. To ensure that
the ionic liquid is suitable for our process despite its relatively low
purity, solubility rates were measured and, compared with litera-
ture data, similar values were obtained [27,28].

2.2. Methods

The experimental setup is shown in Fig. 1. The feed gas mixture
stream contains 15 vol.% CO, and N, (rest to balance) and it was
adjusted by means of a mass flow controller (Brook instrument
MFC 5850, Emerson Process Management Spain) that flows
through the inside of the hollow fibers. The liquid absorbent flows
counter-currently in a closed circuit through the shell side. The ILs
were pumped from the storage tank. Control and measurement in
the liquid line (50 mL min~!) was carried out with a digital gear
pump (Cole Parmer Instrument Company, Hucoa-Erloss SA, Spain).
The liquid storage tank was kept under isothermal conditions

Table 1

Hollow fiber membrane contactor characteristics.
Membrane material Polypropylene
Fiber o.d. d, (m) 3x104
Fiber i.d. d; (m) 22x107*
Fiber length, L (m) 0.115
Number of fibers, n 2300
Effective inner membrane area, A (m?) 0.18
Membrane thickness, § (m) 0.4 x107*
Membrane pore diameter, dp (pm) 0.04
Porosity (%) 40
Packing factor 0.39
Tortuosity® 2.50

@ Assumed as 1/e.
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Fig. 1. Experimental setup.

using heating tapes around the pipes. Experiments were carried
out at room temperature (291 K), 298, 318 and 333 K with each
IL. Each experiment was replicated three times under the same
operating conditions and the average value was calculated.

Gas flow rates were varied from 20 to 70 mLmin~' using
[emim][EtSOy4]. In order to improve the efficiency two hollow fiber
membrane contactors were connected in series using [emim][Ac].

Carbon dioxide concentration in the outlet gas stream was con-
tinuously monitored by sampling a fraction of the stream through
an analyzer (Emerson Process) based on non-dispersive infra-red
(NDIR) spectroscopy. Before sending the gas sample to the ana-
lyzer, it was necessary to dilute with more N, in order to maintain
the concentration range for the NDIR analyzer (at least
200 mL min~!). The steady state was indicated by a constant CO,
concentration in the exit gas stream.

3. Results and discussion
3.1. CO, absorption

Carbon dioxide absorption experiments with the two ionic liq-
uids were carried out in a polypropylene membrane contactor in
order to evaluate the process efficiency at different temperatures.
The CO, removal efficiency is defined as

Cout/Cin

Time (min)

Fig. 2. CO, outlet concentration (dimensionless) versus experimental time at

different temperatures [emim][EtSO4] and Q; =20 mL min~ .

Cout/Cin

Time (min)

Fig. 3. CO, outlet concentration (dimensionless) versus experimental time at
different temperatures with [emim][EtSO,] and Q, =70 mL min~".

(1)

COy.in

Efficiency (%) = <1 _CCOz-out) 100

Figs. 2 and 3 show the experiments at different temperatures
(291, 298, 318 and 333 K) with a gas flowrates of 20 mL min™!
and 70 mL min~, respectively using the 1-Ethyl-3-methylimidazo-
lium ethylsulfate [emim][EtSO,4]. The outlet concentration of car-
bon dioxide calculated as Ccoz(g)out/Ccoz(g)in- Figs. 4 and 5 show

Cout/Cin

Time (min)

Fig. 4. CO, outlet concentration (dimensionless) using [emim][Ac] versus experi-
mental time at different temperatures and Qg = 70 mL min~ .



—

Cout/Cin

0 50 100 150 200
Time (min)

Fig. 5. CO, outlet concentration (dimensionless) using [emim][Ac] and two

membrane contactors in series at different temperatures and Qg =70 mL min~".

the experiments with the ionic liquid 1-Ethyl-3-methylimidazo-
lium acetate [emim][Ac] operating with a gas flow of 70 mL min~!
in one contactor (Fig. 4) and two contactors in series (Fig. 5).

The outlet concentration dimensionless of carbon dioxide was
calculated for each experiment at pseudo-steady-state, that ranged
between 0.7 and 0.9 in the case of the ionic liquid [emim][EtSO4]
and approximately 0.45-0.85 when [emim][Ac] is used.

The CO, removal efficiencies were calculated from inlet and
outlet CO, concentrations for the absorption experiments (Table 2).
From the obtained results some remarks are pointed out: (i) the
efficiency increases with decreasing gas flow that provides higher
residence time in the contactor, (ii) the efficiency increases with
the contacting area (from one to two contactors in series), and
more important and (iii) the temperature influence is significant
only in the case of using the ionic liquid [emim][Ac], which doubles
the efficiency values from 291 K to 318 K: 16-34% for one contac-
tor and 27-53% when two contactors were operated in series.

The behavior of [emim][Ac] was correlated with the mass trans-
fer enhanced by the chemical reaction.

3.2. Mass transfer calculations

The resistance in series approach can be used to relate individ-
ual mass transfer resistances to the overall mass transfer
resistance.

Roverall = Rg + ng + Rl (2)

A hollow fiber configuration is selected with the liquid phase
flowing in the shell side and the gas phase through the lumen side.
The gas-liquid interface is located on the outer diameter of the
tubes. Considering chemical reaction in the liquid side (expressed
by the enhancement factor, E4) the equation is the following [29].

Table 2
Experimental efficiency of [emim][EtSO4] and [emim][Ac].

No. IL A(m?) Qg(mLmin~') T(K) Efficiency (%)
1 [emim][EtSO,] 018 20 201 287
2 [emim][EtSO4  0.18 20 208 295
3 [emim][EtSO4 0.8 20 318 286
4 [emim][EtSO,] 018 20 333 316
5 [emim][EtSO4  0.18 70 291 105
6 [emim][EtSO4] 0.18 70 298 10.2
7 [emim][EtSO,] 018 70 318 938
8  [emim][Ac] 018 70 291 163
9 [emim][Ac] 0.18 70 208 250

10 [emim][Ac] 0.18 70 318 339

11 [emim][Ac] 018 70 333 400

12 [emim][Ac] 0.36 70 291 273

13 [emim][Ac] 036 70 298 315

14 [emim][Ac] 036 70 318 527
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where d,, d; and dj,;, are the outside, inside and log mean diameters
in (m) of the hollow fiber, H,; represents the dimensionless Henry
constant, kg, kpg, ki, which are the individual mass transfer coeffi-
cients of the gas phase, membrane and liquid phase, respectively
(ms~1) and Kgyeran is the overall mass transfer coefficient (ms™1).

The dimensionless Henry’s law constant Hy is a key parameter
in modelling the mass transfer process. The Henry constant has
been calculated with the following equation defined in previous
works [19]

Cg _y Pr

Hi= & =vmt @

where y* and x* are the molar fractions in the gas and liquid phases
respectively, p; is the molar density of the liquid (mol L™!) and Py is
the total pressure.

As seen in previous works, the contribution of the gas phase and
membrane can be considered negligible [29]. Therefore Eq. (3) is
summarized as follows:

1 1
S S 5
Koveran  kiH4Ea )

The mass transfer flux of carbon dioxide has been calculated
according to the equation

AylmP.
NCOZ,g = % (CCOZ,in - CCOZ.out) = Koverall % (6)

In the steady state CO, fluxes are equal in the gas and liquid.
The overall mass transfer Kyyerann can be experimentally evaluated
from the flux through the membrane and concentration gradient.
Q; is the gas flow rate (m?®s™'), A is the membrane area (m?), Py
is the total pressure in the gas phase and Aylm is the logarithmic
mean of the driving force based on gas phase molar fractions. Tak-
ing into account the carbon dioxide concentration in the inlet
(Ycozn) and the outlet (¥coz.our) Of the hollow fiber membrane
contactor, assuming that CO, concentration in the solvent is very
far from the saturation in the experiments, Aylm can be calculated
as:

(yCOZ .in) - (,YCOZ ,out)
ln((yCOZ,in)/(.yCOZ,out))

Several authors have proposed different empirical correlations
for shell-side mass transfer in parallel flow in hollow fiber mem-
brane contactors. In this study Kartohardjono’s correlation has
been used to estimate k; because the packing factor and Reynolds
number are within the same range (0.029 < ¢ < 0.53; Re <400)
[30]:

Aylm =

)

Sh = ( kid ) = 0.1789(¢p*86)Re®>* S¢3 (8)
Dco,

where Dcoy, is the diffusion coefficient of carbon dioxide in the

liquid, L is the fiber length and dj, is the hydraulic diameter:

2 2
— dcont —-n dO

dh n dO

9)

The mass transfer coefficient in the liquid phase (k;) depends on
the physical properties of the ionic liquid and the membrane
contactor characteristics. Morgan et al. developed a correlation
which expresses the dependency of gas diffusivity with the liquid
viscosity as [31]:

1

0.667/1.04
>V eo,

Dco,1 = 2.66 x 107 (10
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where g is the viscosity of solvent in cP, Vo, is the molar volume
of carbon dioxide at the normal boiling point (33.3 cm® mol~!) and
the diffusivity is obtained in cm? s~!. Assuming an Arrhenius-type
dependence of temperature the diffusivity is calculated from room
temperature to 318 K [32].

The overall mass transfer coefficient Kyyeray is calculated from
the experimental results of CO, fluxes at different temperatures
using Eq. (6). As can see in Table 3 higher values of the overall mass
transfer coefficient were obtained when the ionic liquid
[emim][Ac] was used. Fig. 6 shows the different trend in the
Koveran With the ionic liquids. For the [emim][Ac], the Koyeran Value
increases significantly as the temperature rises: 1.1 x 1075-
3.2 x 10°%ms~! from 291 to 333 K. Nevertheless in the case of
[emim][EtSO4] Koveran Temains constant: around 0.7 x 10~® ms~!
for the temperature interval 291-333 K.

In Table 4, the results at room temperature are compared with
literature values. The mass transfer coefficient using polypropylene
membrane contactor with either ionic liquid is lower than with
other absorbents. This is attributed to their high viscosity. There-
fore, the mass transfer would be favored when the process is
operated at higher temperatures, mainly because of the lower
viscosity of the ionic liquid and the chemical reaction effect. In this
point, the use of ionic liquids is specially indicated as they are
stable at high temperatures and it would result in an improved
process for CO, capture favored by the chemical reaction with
the ionic liquid.

Kartohardjono’s equation has been used for the estimation of
the individual mass transfer coefficients within the shell-side, k;,
for the membrane pores filled with gas, non-wetted mode. Tables
5 and 6 show molar fraction, density, viscosity and the estimated
liquid side mass transfer coefficient k; of [emim][EtSO,4] and [emi-
m][Ac] at 291, 298, 318 and 333 K respectively.

As expected the overall mass transfer process for the absorption
of carbon dioxide into ionic liquids using a hollow fiber membrane
contactor is still controlled by the liquid side mass transfer resis-
tance. From the results of Koveray and (k; Hy), considering the gas
phase and membrane contributions negligible, it is remarkable
that only physical absorption takes place in the case of using
[emim][EtSO4], while the chemical reaction enhances the absorp-
tion process when the [emim][Ac] is used.

The enhancement factor, E4, determines the absorption rate of
the reactant and it leads to quantify how the mass transfer is
enhanced by the presence of a chemical reaction [39,40].

The values of E4 were calculated for both ionic liquids, Eq. (11),
from the results of Kyyerann and (k; Hy)

Koverall

Ea="p (11)

Table 3

Experimental Koyerann and E4 of [emim][EtSO4] and [emim][Ac].
No. IL A(m?) Qg(mLmin™") T(K) Koveran (10°ms™") Ep
1 [emim][EtSO4] 0.18 20 291 0.68 1.1
2 [emim][EtSO4] 0.18 20 298 0.66 1.0
3 [emim][EtSO4] 0.18 20 318 0.66 0.70
4 [emim][EtSO4] 0.18 20 333 067 0.99
5 [emim][EtSO4] 0.18 70 291 071 1.2
6 [emim][EtSO4] 0.18 70 298 0.70 1.1
7 [emim][EtSO4] 0.18 70 318 0.69 0.70
8 [emim][Ac] 0.8 70 291 1.1 65
9 [emim][Ac] 018 70 298 1.9 75
10 [emim][Ac] 0.18 70 318 2.7 57
11 [emim][Ac] 0.8 70 333 32 53
12 [emim][Ac] 036 70 291 1.0 58
13 [emim][Ac] 036 70 208 1.2 49
14 [emim][Ac] 036 70 318 25 51

4.00E-06
3.50E-06
3.00E-06
2.50E-06 ‘
2.00E-06 @ [emim][EtSO4]
1.50E-06

Koverall (m/s)

M [emim][Ac]

1.00E-06

5.00E-07

0.00E+00 : : - - : ‘
280 290 300 310 320 330 340

Temperature (K)

Fig. 6. Koveran results versus temperature, with both ionic liquids.

Table 4
Comparison with the literature values.

Reference Absorbent Koveran (10°ms™1)
This work [emim][EtSO4] 0.71
This work [emim][Ac] 1.1
[33] GLY® + Pz" 130-230
[33] GLY? 100-170
[34] MDEA 20-33
[35] Water 24-40
[35] Propylene carbonate 10-20
All these references using a PP hollow fiber membranes.
2 GLY: Glycin salt.
b pZ: Piperazine.
Table 5
Molar fraction, density, k; and k; Hy of [emim][EtSO,4].
Parameter 291 K 298 K 318K 333K
X" [20] 0.013 0.012 0.010 0.009
pi (mol L) [36] 5.3 5.2 5.2 5.1
u (cP) [37] 144 110 41 25
k (10°ms™1) 0.9 1.0 14 2.8
ki Hq (105ms™1) 0.60 0.63 0.98 229
Table 6
Molar fraction, density, k; and k; Hy of [emim][Ac].
Parameter 291K 298 K 318K 333K
X" [27] 0.29 0.27 0.24 0.22
pi(mol L") [38] 6.5 6.5 6.4 6.3
u (cP) [38] 203 144 48 26
k (10°ms™) 0.9 1.0 1.9 23
ky Hg (106 ms™1) 0.021 0.025 0.048 0.060

Also as it is shown in Table 3, E4 values close to 1 were obtained
when the ionic liquid [emim][EtSO4] was used, while E4 higher
than 50 were achieved with [emim][Ac]. Hence it can be concluded
that the chemical reaction in the liquid phase mainly controls the
CO, removal process when [emim][Ac] is used for CO, capture, and
therefore the temperature effect is important to be taken into
account for the process design.

4. Conclusions

A polypropylene hollow fiber membrane contactor has been
used to study the absorption of CO, in ionic liquids at different
temperatures. The gas stream has a typical composition of post-
combustion processes including CO, (15%) and N, (75%). Two ionic
liquids were studied: 1-Ethyl-3-methylimidazolium ethylsulfate
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[emim][EtSOy4], and 1-Ethyl-3-methylimidazolium acetate [emim]
[Ac]. Higher values of CO, flux are achieved when the ionic liquid
[emim][Ac] was used instead of [emim][EtSO4] at the same
gas flow and higher temperature. The overall mass transfer coeffi-
cients were obtained showing a higher resistance to mass transfer
when the ionic liquid [emim][EtSO,4] was used. The liquid resis-
tance is the main contribution to be taken into account as
expected.

In the case of [emim][EtSO4], the overall mass transfer, Koverai,
remains practically constant for the temperature interval 291-
333 K. On the other hand, with [emim][Ac], the Kyyeran increased
significantly, from 1.1 to 3.2 x 10~ ms~. It can be concluded that
a different behavior exists between CO, and each of the ionic lig-
uids studied.

The ionic liquid [emim][EtSO4] which shows physical absorp-
tion, results in an enhancement factor of ~1, and the mass transfer
does not depend significantly on the temperature. The ionic liquid
[emim][Ac] shows enhancement by chemical absorption, being
obtained the value of E4 higher than 50. Consequently at higher
temperatures the [emim][Ac] behaves more efficiently and
[emim][EtSO4] did not provided any improvement.

The mass transfer coefficient using polypropylene membrane
contactor with either ionic liquid is lower than with other absor-
bents. This is attributed to their high viscosity. For this reason,
operation at high temperature is necessary to reduce the viscosity
and compete with other absorbents. On the other hand, the tem-
perature appears is a key variable to design the CO, capture pro-
cess by the non-dispersive absorption using ionic liquids,
therefore, the study of temperature influence at higher tempera-
tures in the efficiency improvement, especially when the chemical
reaction in the liquid phase appears to be the controlling stage.
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Irabien A., Membrane modules for CO- capture based on PVDF hollow fibers with
ionic liguids immobilized. J. Membr. Sci. 2016, 498, 218-226.

Resumen

El uso de contactores de membrana de fibra hueca con liquidos i6nicos es una
alternativa prometedora a las torres de absorcidon tradicionales que usan aminas para la
absorcién de dioxido de carbono. Los liquidos ionicos se han erigido como nuevos disolventes
debido a sus caracteristicas de emisién cero de disolvente en comparacién con aminas. El
objetivo de este trabajo fue comparar fibras a base de PVDF y diferentes aditivos, asi como
éstas mismas fibras cuando se inmovilizaron en ellas dos liquidos i6nicos diferentes. Por un
lado, 1-etil-3-metilimidazolio etilsulfato [emim][EtSO4] el cual presenta absorcion fisica, y el
acetato de l-etil-3-metilimidazolio [emim][Ac] que presenta absorcién quimica. Para comparar
las fibras objeto de estudio, el espesor de la fibra se examiné mediante microscopia electrénica
de barrido (SEM). También se evaluaron las propiedades mecéanicas de las fibras asi como su
punto burbuja. La permeacion de las fibras al CO2 puro fue calculada experimentalmente
mediante ensayos de permeabilidad, para los cuales se utilizaron médulos de acero inoxidable a
medida, preparados en el laboratorio. Todas las pruebas anteriores se realizaron con las fibras
en condiciones tanto himedas como secas. Gracias a estos ensayos se pudo determinar que las
fibras con el liquido i6nico inmovilizado son prometedores para la captura de CO2 ya que la
permeacion al CO2 aumentd significativamente. En el caso de las fibras, D+[emim][EtSO4], por
ejemplo, se logré un aumento del 43% en comparacion con las fibras sin la adicion del liquido
i6nico, resultando un valor de permeabilidad al CO2 de 57040 NL/(h bar m?), que es superior a
los valores reportados en la literatura para PVDF. Por otra parte, el coeficiente global de
transferencia de materia obtenido a partir de los valores de eficacia en la captura de CO:2

utilizando las fibras D+[emim][Ac] también presenta valores muy competitivos.

Original abstract

Hollow fiber membrane contactors with ionic liquids are promising alternatives to
traditional spray towers and amines for carbon dioxide absorption. lonic liquids have emerged
as new alternative solvents because of their zero emission features compared with amines. The
aim of this work was to compare fibers based on PVDF and different additives, as well as fibers
including two different ionic liquids. On the one hand, 1-ethyl-3-methylimidazolium ethylsulfate
[emim][EtSO4] presents physical absorption, and on the other hand, 1-ethyl-3-
methylimidazolium acetate [emim][Ac] presents chemical absorption. To compare the fibers
under study, the thickness of the composite fiber was examined using scanning electron

microscopy (SEM). The mechanical properties and the bubble point were also evaluated.
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Permeability tests were conducted, and the gas permeation of the composite hollow fibers was
measured using pure CO2. Laboratory-made stainless steel modules were used for the tests. All
of the above tests were performed with the fibers in both wet and dry conditions. It was
determined that the fibers with the ionic liquid immobilized would be promising for CO2 capture
because the CO2 permeance significantly increased. Namely, D+[emim][EtSO4] achieved a 43%
increase compared with the fibers without the addition of the ionic liquid, resulting in a CO:2
permeance value of 57040 NL/(h m? bar), which is higher than the values reported in the
literature for PVDF. Moreover, the overall mass transfer coefficient for CO2 capture using the

D+[emim][Ac] fibers also presented highly competitive values.
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ABSTRACT

Hollow fiber membrane contactors with ionic liquids are promising alternatives to traditional spray
towers and amines for carbon dioxide absorption. lonic liquids have emerged as new alternative solvents
because of their zero emission features compared with amines. The aim of this work was to compare
fibers based on PVDF and different additives, as well as fibers including two different ionic liquids. On the
one hand, 1-ethyl-3-methylimidazolium ethyl sulfate [emim][EtSO4] presents physical absorption, and
on the other hand, 1-ethyl-3-methylimidazolium acetate [emim][Ac] presents chemical absorption. To
compare the fibers under study, the thickness of the composite fiber was examined using scanning
electron microscopy (SEM). The mechanical properties and the bubble point were also evaluated. Per-
meability tests were conducted, and the gas permeation of the composite hollow fibers was measured
using pure CO,. Laboratory-made stainless steel modules were used for the tests. All of the above tests
were performed with the fibers in both wet and dry conditions. It was determined that the fibers with
the ionic liquid immobilized would be promising for CO, capture because the CO, permeance sig-
nificantly increased. Namely, D+ [emim][EtSO4] achieved a 43% increase compared with the fibers
without the addition of the ionic liquid, resulting in a CO, permeance value of 57040 NL/(h m? bar),
which is higher than the values reported in the literature for PVDF. Moreover, the overall mass transfer

coefficient for CO, capture using the D+ [emim][Ac] fibers also presented highly competitive values.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Carbon dioxide capture and sequestration (CCS) is currently a
major concern globally to reduce the impact on the atmosphere
and protect humans against the associated risks. However, CO,
capture is the bottleneck step where efforts have to be applied to
develop more sustainable processes from technical and econom-
ical perspectives [1].

Post-combustion technology constitutes a strategy for reducing
the impact of greenhouse gases from fossil fuels in industrial
processes. For this reason, the present work is focused on post-
combustion capture. This process route is ideally suited for con-
ventional power stations and energy conversion systems. CO, at
low partial pressure is separated from the gas stream after the fuel
has been completely burned [2]. The flue gas from a typical post-

* Corresponding author. Fax: +34 942 201591.
E-mail address: gomezcomal@unican.es (L. Gomez-Coma).

http://dx.doi.org/10.1016/j.memsci.2015.10.023
0376-7388/© 2015 Elsevier B.V. All rights reserved.

combustion process is composed of 10-15% CO,, 70-75% N, and
lower concentrations of other components. In these systems, the
temperature in the absorption step reaches between 313 and
348 K [3].

Traditionally, alkanolamines have been used for carbon dioxide
capture due to their high reactivity to CO, by forming complexes
with weak chemical bonds and low cost, achieving an outlet
stream with a very low CO, concentration. The development of
more beneficial solvents for the environment is currently a topic of
great interest. Ionic liquids (ILs) are one of the promising com-
pounds for CO, gas recovery [1]. ILs are salts that have an organic
cation and an inorganic anion and whose melting point is lower
than 373 K, and their vapor pressure is negligible [4,5,6]. Ad-
ditionally, ILs have good thermal stability, high ionic conductivity
and solubility in organic media [7].

The chemisorption of CO, in ionic liquids containing a car-
boxylic anion can be a promising alternative to common amine
processes [8]. Recently, the literature has shown that ILs
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containing acetate anions possess a high degree of absorption for
CO, across a wide range of temperatures [9]. These types of
membranes based on ILs have been used in previous works [9-11].
For this reason, 1-ethyl-3-methylimidazolium acetate, [emim][Ac],
is an ideal candidate for CO, capture. In addition, [emim][Ac] was
chosen because of its high CO, solubility and chemical absorption
[3,4,8,12-14]. On the other hand, an inexpensive and green solvent
for industrial applications is an important feature to consider
when choosing an ionic liquid for CO, absorption. 1-Ethyl-3-me-
thylimidazolium ethyl sulfate, [emim][EtSO4], was selected due to
its low viscosity, low toxicity and low cost [15]. CO, capture pro-
cesses on an industrial scale require the application of high tem-
peratures to a stripper re-boiler for solvent regeneration and CO,
desorption, which poses a main drawback to the energy con-
sumption. As an alternative, numerous works based on hollow
fiber membrane contactors [16] have been reported in recent years
because they offer numerous advantages, such as controlled in-
terfacial area, independent control of the gas and liquid flow rates,
reduction in solvent losses, much larger contact area per unit vo-
lume compared with tray and/or packed columns and no disper-
sion from one phase into another [16-19]. Additionally, mem-
branes are a promising option for established industrial technol-
ogies for gas and liquid separations because of the lower energy
cost and smaller footprint requirements in the process operations
[20].

Commercially, the most employed separations using mem-
branes include the separation of O, and N,; H, recovery from
mixtures with larger components such as N,, CH4 and CO,; and
the removal of CO, from natural gas mixtures [21]. Traditionally,
when dealing with membrane contactors and porous membrane,
the main problem is the wetting of pore which probably occurs for
long time (even hours sometime) [22]. With a porous membrane,
the liquid and gas phases are separated due to the interface which
is fixed at the pore entrance due to the Laplace pressure. This one
depends on the interfacial tension, the pore diameter and the
contact angle. If the transmembrane pressure is higher than the
Laplace pressure (~1-2 bars) the liquid will wet the pore [23]. For
long term experiment, the contact angle could change due to the
adsorption of molecule at the membrane surface or the chemical
degradation of the membrane surface properties. Previous works
demonstrated that the wetting is avoided when a dense mem-
brane is coated at the membrane surface [24]. In that case, the
liquid and gas phase are physically/mechanically separated so the
pressure to push the liquid inside a pore is largely increased up to
several bars (~8-10 bars) corresponding to the breakage of the
membrane. However, in the case of dense composite hollow fiber,
the wetting of the fiber could also occur but in a different way. As
water in transfer through the membrane by diffusion and in the
vapor state, the gas inside the pore is close to be saturated by
water so the water vapor could condense inside the pore. In this
work the IL is added inside the pore forming a supported liquid
membrane. This membrane is used in a membrane contactor so it
is a non-porous membrane. To be wetted by water, the water
should push the IL. The transmembrane pressure should be higher
than the Laplace pressures. The higher viscosity of ionic liquid
than water acts as a shock absorber during the transient regime (i.

Table 1
Operating conditions for manufacturing hollow fibers.

e variation of transmembrane pressure with too high pressure)
[25]. Also to obtain high permeability with a membrane filled with
a liquid, a liquid with a high diffusion coefficient of CO, and/or
with a high CO, solubility is necessary, for this reason the [emim]
[Ac] and [emim][EtSO4] were chosen.

A study of different self-made PVDF fibers with different ad-
ditives in the non-dispersive absorption of CO, was performed in a
hollow fiber membrane contactor using two different ionic liquids,
[emim][Ac] and [emim][EtSO4].

2. Experimental
2.1. Hollow fiber membranes

Four type of hollow fibers were selected among 200 hollow
fibers elaborated by Savart [26] based on their high gas perme-
ability and a high bubble point. The most permeable one were
selected. The complete description of the fiber manufacturing
method is explained in a previous works [26-28]. The hollow fi-
bers based on polyvinylidene fluoride (PVDF) membranes with
different additives called A, B, C, D and were homemade by phase
inversion. The HSV900 PVDF grade was kindly provided by Arke-
ma (France), n-methyl-pyrrolidone NMP (Aldrinch-France) was
used as a solvent, and LiCl (Aldrich-France) and a block copolymer
were used as additives. The copolymer was a 1-2 diblock copo-
lymer. 1 was a hydrophobic block composed of poly(methyl me-
thacrylate) (75 wt% of the total mass). 2 was a hydrophilic block
composed of poly(butyl acrylate) (20wt%) and hydro-
xyethylmethacrylate (5 wt%) [26-28]. The dope solutions to make
the A and B fibers were composed of 15% PVDF HSV900 and 3%
LiCl. The C fibers were composed of 15% PVDF HSV900, 3% block
copolymer and 3% LiCl. Finally, the D fibers were composed of 15%
PVDF HSV900, 3% block copolymer, 3% LiCl and 1% water [26,27].

The operating parameters used to produce the hollow fibers are
shown in Table 1. The letter Q indicates the flow rate (Qcolodion:
flow of collodion; Qinterna tiquia: internal fluid flow), and the letter T
indicates the temperature. The only difference between A and B
fibers was the internal fluid flow, 1.8 and 3.9 mL min~! respec-
tively. In the case of the D fiber, 1% of water was immobilized in
the doping solution. For this reason, the membranes were differ-
ent due to the presence or absence of water in the doping solution
and due to the different operating conditions. During formation of
the membranes, the LiCl was eliminated during the water-washing
step, so the A and B fibers were only composed of PVDF [26]. The
block copolymer was partially eliminated; however, the final co-
polymer content in the fiber was not measured; after the coagu-
lation step that occurs classically with the phase inversion tech-
niques, the block copolymer was found in the coagulation bath,
after extraction from water with IR and NMR analysis. Further
analysis with secondary ion mass spectrometry (SIMS) technology
showed that the copolymer was present in the fiber at the surface
of the polymer but also inside the PVDF matrix [26]. Therefore,
different quantities of the copolymer could be found in the two
hollow fibers.

For drying, the fibers were maintained for approximately 72 h

Qcollodion (ML/MiN)  Qunternal liquid (ML/mMin) ComMPposition internat liquid (Mass ratio)

Teotiodion (K)  Toath coagutation (K)  Tinternat tiquia (K) Air gap (cm) Speed (m/min)

A 72 18 Water/NMP 70/30
B 72 39 Water/NMP 70/30
Cc 72 18 Water/NMP 85/15
D 72 18 Water/NMP 70/30

350 322 351 10 1
350 322 351 10 1
308 333 308 10 11
323 323 323 32 1
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in an oven at a temperature of 50 °C and at atmospheric pressure.

Subsequently, new fibers were produced by adding the ILs. The
ILs were included into the fibers adding 150 mL of each ionic liquid
into virgin fibers and ILs were immobilized into wet virgin fibers
for 48 h. 1-Ethyl-3-methylimidazolium ethyl sulfate [emim][EtSO,4]
(=>95%) and 1-ethyl-3-methylimidazolium acetate [emim][Ac]
(=90%) were supplied by SigmaAldrich. Previous authors re-
ported fibers impregnated with ionic liquids [29,30].

To ensure that the ionic liquid was suitable for our process
despite its relatively low purity, the solubility rates were mea-
sured, and compared with literature data, similar values were
obtained [12,31,32].

The membrane contactors were manufactured by gluing hollow
fibers in a PVC shell.

2.2. Characterization techniques for the hollow fiber membranes

2.2.1. Scanning electron microscopy

The thickness of the composite fiber was examined by scanning
electron microscopy (SEM; Hitachi TM1000, Tokyo, Japan). The
fibers were first immersed in ethanol, cryofractured in liquid ni-
trogen, and then sputtered with gold. The thickness was measured
from the SEM cross-sectional image.

2.2.2. Mechanical properties of the fibers

The mechanical properties of the porous supports were mea-
sured using a tensile testing device (INSTRON, Model 3342). The
calculations of the deformation due to traction and compression,
as well as the elasticity, were performed using the Bluehill pro-
gram (Bluehill 2 Software, Instron). To obtain information about
the mechanical properties of the membranes, the tensile strength
(MC), tensile strain at break (CC) and elongation at the elastic limit
(&) were determined from the results of the tension tests.

2.2.3. Permeation tests

The gas permeation of the composite hollow fibers was mea-
sured using pure CO,. Laboratory-made stainless steel modules
were used for these tests. Three fibers approximately 30 cm long
were assembled in each module. The gas was fed into the shell
side, and the gas permeation flux was measured at the outlet of
the lumen side thanks to a mass flow controller (Brooks Instru-
ment MFC 5850, Emerson Process Management Spain). The pres-
sure was increased in steps of 0.5 bar from 0 to 15 bar. Each
measurement was recorded after 100 s of flux stabilization and
was replicated twice under the same operating conditions. Fig. 1
shows the setup for the gas permeability experiments.

2.2.4. Bubble point
To measure the bubble point, fibers were prepared and

Membrane module

COo,

Fig. 1. Experimental setup for gas permeability testing.

submerged in water while compressed air was injected in the fiber
lumen. The gas pressure was increased from 0 to 7.16 bar with a
step of 0.1 bar while keeping the water side at atmospheric pres-
sure. When the first bubble emerged, the bubble point pressure
was determined.

2.3. CO; capture process

The experimental setup is shown in Fig. 2. The feed gas mixture
stream contained 15 vol% CO, and N, (to balance) and was ad-
justed using a mass flow controller (Brooks Instrument MFC 5850,
Emerson Process Management Spain). Gas stream flowed through
the inside of the hollow fibers. The gas flow rate was 20 mL min~".
The ionic liquid 1-ethyl-3- methylimidazolium acetate flowed in
counter-current through the shell side. The IL was pumped from
the storage tank. Control and measurement in the liquid line
(50 mL min~!) were achieved using a digital gear pump (Cole
Parmer Instrument Company, Hucoa-Erloss S.A, Spain).

The experiments were performed over the temperature range
of 303-333 K. Each experiment was replicated three times under
the same operating conditions, and the average value was calcu-
lated. During the operation with these ionic liquids, their proper-
ties were stable and no loss was observed with time. Previous
works have also reported that [emim][Ac] and [emim][EtSO4] can
be regenerated without losing their properties [12].

To obtain isothermal conditions, an oven was introduced in the
experimental setup, as shown in Fig. 2.

The carbon dioxide concentration in the outlet gas stream was
continuously monitored by sampling a fraction of the stream
through a gas analyzer (Emerson Process, Rosemount Analytical
NGA 2000) based on non-dispersive infrared (NDIR) spectroscopy.
Before sending the gas sample to the analyzer, it was necessary to
dilute the sample with N, to maintain the concentration range for
the NDIR analyzer (at least 200 mL min~!). Steady state was in-
dicated by a constant CO, concentration in the exit gas stream.

3. Results and discussion
3.1. Results of characterization of the hollow fiber membranes

Table 2 shows the measurements of the inner diameter (d;),
wall thickness (e), and length (L) for fibers in the wet and dry
forms. The virgin fibers shrank by approximately 5% of their length
as they dried. Note that in the case of the D fibers, both the inner
diameter and the wall thickness decreased in the dry form, pos-
sibly due to the contraction of the polymer phase. The greatest
variation occurred in the A fibers. In the dry form, the C and D
fibers presented the highest wall thicknesses.

The mechanical properties results are compiled in Table 3. Note
that the B fibers showed the highest elasticity.

Regarding the permeability results with pure CO,, the behavior
of the wet fibers was affected by the relative humidity (Fig. 3). A
fibers in wet form suffer a compaction around 2 bars and the CO,
flux is smaller than B and C fibers. The trend in the case of this last
type of fibers (B and C) is linear reaching fluxes of more than
1.2-10° NLm~2 h~! with 6 and 7 bar respectively.

Fig. 4 shows the permeability results with pure CO, and dry
fibers. On the one hand, a high permeability and a linear trend
were observed in the C and D fibers in dry form, which presented
almost identical CO, permeabilities. No compaction was observed
up to 4 bars in these type of fibers. On the other hand, the results
obtained with the A and B fibers indicated that the permeability
was very low. The compaction of the fibers occurred at 2 bars for
the A fibers as the previous case, mentioned in Fig. 3. The CO, flux
with wet fibers was considerably higher than with dry fibers in
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Fig. 2. Experimental setup for CO, gas capture.
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Fig. 3. Permeability results with wet fibers.
The maximum standard deviation between measurements is 5.88%.
Table 3
Mechanical properties of PVDF hollow fibers with different additives and with ionic liquid immobilized.
Dry Wet
MC (N) CC (Mpa) &b (%) E (N/mm?) MC (N) CC (Mpa) & (%) E (N/mm?)
A 1.62 7.90 150.38 161.82 1.60 5.91 158.68 47.50
B 1.61 6.23 150.53 135.33 1.62 7.58 181.53 92.70
C 2.07 6.53 74.89 188.23 1.88 8.00 76.67 180.74
D 1.95 5.67 50.03 183.11 1.78 4.68 63.71 98.11
Ionic liquid embedded
C-+[emim][EtSO4] 1.37 525 142.42 12.36 1.35 429 145.53 18.29
C+[emim][Ac] 1.56 5.61 116.89 81.86 1.60 4.40 128.05 40.03
D+ [emim][EtSOy4] 1.26 418 142.92 9.28 1.28 532 168.33 65.40
D+ [emim][Ac] 1.49 4.87 95.32 68.42 1.47 420 110.12 41.94

The maximum standard deviation between measurements is 6.4%.

both cases. liquids were immobilized
Taking into account the high permeability results, the C and D
fibers were the most appropriate for the addition of the ionic li-

quids and consequently for CO, absorption.

Tables 4 and 5 show the structural comparison with or without
IL for the two ionic liquids using scanning electron microscopy.
The virgin fibers were wet; therefore, the fibers were dried after

3.2. Results of characterization of selected hollow fibers when lonic adding the IL. In the case of D+[emim][EtSO4], the results were
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Fig. 4. Permeability results with dry fibers.

highly different in the wet form because the inner and outer dia-
meters decreased (Table 2). The results with D+[emim][Ac] were
similar. In the wet form, the fibers when the ionic liquid was ad-
ded, the pores were filled and possibly creating a new layer, as
shown in Table 4. The C fibers immobilized with ionic liquids
showed an increment in the diameters in the wet form (Table 2).
This result could be primarily attributed to the fact that the ionic
liquids swelled the virgin fibers and dissolved the polymeric ma-
trix in the case of the C+[emim][EtSO4] and C+[emim][Ac] fibers,
as shown in Table 5.

The fiber sizes (Table 2) were in accordance with the literature.
Rezaei et al. prepared their own fibers with inner and outer dia-
meters of 0.455 + 0.025 and 0.825 + 0.025 mm, respectively [33].
Meanwhile, Naim et al. obtained fibers with d;=0.550 + 0.020 mm
and d,=0.800 + 0.030 mm [34].

Table 3 shows the results of the mechanical properties of the
fibers with and without ionic liquids. The breaking strain suffered
significant changes. C+[emim][EtSO4] and C+[emim]|[Ac] fibers
obtained values 50% smaller than without ionic liquids in wet
form. Results in dry form with ILs show a decrease around 17% and
26% with C and D fibers respectively. On the other hand, note that
the deformation in these modified fibers was at least two-fold
greater when the ionic liquids were immobilized. The compression

Table 4
Scanning electron microscopy images of the D fibers with ionic liquid immobilized.

with the C fibers and the ionic liquids was much lower than
without ILs. Young’s modulus (N/mm?) was calculated using Eq.

1).

E =

c
€

B[

M

where E is Young’s modulus (modulus of elasticity), F is the force
exerted on an object under tension (fiber), AL is the amount by
which the length of the fiber changes, L is the original length of the
fiber, and S is the fiber section.

Young’s modulus decreased in the presence of IL, indicating
that there was an interaction between the IL and the polymeric
matrix. The IL plasticized the polymer, and the fiber swelled.

The bubble point results are presented in Table 6. The results
with the D fibers did not lead to any definitive conclusions because
they exceeded the maximum measured value of the equipment
(7.1 bar). Furthermore, the results with the C fibers indicated that
in the case of [emim][EtSQy4], the bubble point was higher than in
the case of fibers without ionic liquid, 6.4 and 4.9 bar respectively.
Slightly lower values were obtained with C+[emim][Ac] fibers
(4.4 bar). These bubble points show the transmembrane pressure
necessary to push the IL outside of the pore. This work achieves
pressure quite high compared to the transmembrane pressure in a
G/L contactors reported in the literature [35-37].

The results of the CO, permeation tests with fibers in dry form
are listed in Figs. 5 and 6 for the C and D fibers, respectively,
showing the differences produced when the ionic liquids were
immobilized. A change in dimensions of the fibers when the ILs
were added does not necessarily mean more or less permeability
(Figs. 5 and 6). The dotted lines accompanying each graph showed
a clear linear trend. On one hand when C fibers were studied the
confidence reached R*=0.99 when the ionic liquids were added
and R?>=0.97 without ionic liquids. On the other hand results with
D fibers reported a confidence of R>=0.98 and R*=0.99 with
[emim][EtSO4] ionic liquid and without IL respectively.

When fibers C and D were used the permeability with the ionic
liquid [emim][EtSO4] increased in both cases. In the case of C+
[emim][EtSO,] the flux achieved a value of 46679 NLm~2 h~! and

[emim][EtSO,] |

Fiber -~ - |

D_wet

2014/03/03 10:35 D88 x180 500 um

TM-1000_4387

D _dry

TM-1000_4291 2014/02/28 1351 D111 x180 500 um

[emi ml[Ac]

TM-1000_5497 D83 x180 500 um

20140331 13:57

D9.8 x200 500 um 201404102 13:57

TH-1000_5599
1
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Table 5
Scanning electron microscopy images of the C fibers with ionic liquid immobilized.

Fiber [emim][EtSO,]
C_wet
TM-1000_4371 2014/03/03 10:08 D6.9 x200 5S00um TM-1000_5712 ______ TM-1000_5696 2014/04/08 10:40
C_dry
TM-1E;DD_ &47 1228 13:47 TM-1000_5762 2014104111 I]CI 500 um L TM-1000_5777 701441 ‘II]D 500 um
Table 6 1.80E+05
Bubble point results of the C and D fibers with ionic 1.60E+05 ; : (g A
liquids immobilized. y=57041x . | re
__ 1.40E+05 ‘R2=098 .
Fiber Bubble point P (Bar) f 1.20E+05 : L £ "
£ "y =39950x
5 1.00E+05 ] ]
C ) 4.9 g ' R2=0.99
C+[emim][EtSO4] 6.4 x 8.00E+04 ! ; AD
C+[emim][Ac] 4.4 s
D >71 o 6-00E+04 O D+[emim][EtSO4]
D+ [emim][EtSO,] >71 ©  4.00E+04
D+ [emim][Ac] >71 2.00E+04
0.00E+00 . . . ;
0 1 2 3 4 5

1.80E+05
1.60E+05
1.40E+05
1.20E+05
1.00E+05

8.00E+04 oc

6.00E404 A C+[emim][EtSO4]

CO, Flux (NL-m2-h1)

4.00E+04 O C+[emim][Ac]

2.00E+04

0.00E+00

P (Bar)

Fig. 5. Permeability results with the C fibers and with ionic liquids immobilized.

in the case of D+[emim][EtSO,] the value was 57041 NLm~2h~ L.
The tests for permeability from O to 14 bar with CO, using the D
fibers with the ionic liquid [emim][Ac] in dry form did not result in
any values, which could be attributed to the fact that the ionic
liquid filled the pores, and thus, the gas was unable to enter fibers.
The explanation may be related to the contraction observed in the
pores of the fibers, which may cause that CO, cannot enter the
fiber. Further work will be planned to confirm this point.

Table 7 shows the calculated CO, permeance values, in which
the obtained values from previous works are also compiled
[22,24,28,38,39]. The important points to note are as follows:

P (Bar)

Fig. 6. Permeability results with the D fibers, and with ionic liquid immobilized.

Table 7

CO2 permeance values.
Hollow fibers CO; (NL/(h m? bar)) Reference
PVDF C (dry) 40806 This work
PVDF C+[emim][EtSO4] (dry) 46679 This work
PVDF C+[emim][Ac] (dry) 35287 This work
PVDF D (dry) 39950 This work
PVDF D+ [emim][EtSO4] (dry) 57041 This work
PTMSP 5580-3070 [24]
Teflon AF2400 5900-4590 [24]
PVDF (Water/NMP/PVA) 53200-365 [28]
PES_PTMSP 8915-5588 [22]
PES_Teflon AF2400 9930-6000 [22]
Oxyplan_PTMSP 3070 [22]
Oxyplan_ Teflon AF2400 5120 [22]
TPX 2710-1350 [38]
PSF 5% packing density 44200 [39]

(i) the hollow fibers immobilized with the ionic liquid [emim]
[EtSO4] presented higher values of CO, permeance (43% increase
compared with the fibers without the addition of the ionic liquid)
for the PVDF fibers denoted D, and (ii) the highest CO, permeance
value, 57040 NL/(h m? bar), exceeded the reported values for PVDF
and Teflon self-made hollow fibers.
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Table 8

CO, capture experiments (15% CO, gas phase and membrane module) with the D+[emim][Ac] PVDF fibers.

T (K) Efficiency (%) Roveran- 1074 (sm~1) Ry (sm™') Rn-1072(sm™1) R-107*(sm™) Koveran (ms™1)
303 20.4+2.27 6.02 7.39 141 6.01 1.66-10~°
313 271 +3.01 437 6.98 1.33 4.35 229.107°
323 28.6 +2.47 4.10 6.27 119 4.09 2.44.107°
333 29.3+1.83 3.98 5.96 113 3.97 2.51-10°°

3.3. Results of CO, capture

CO, absorption experiments were performed in a PVC mem-
brane contactor to evaluate the process efficiency at different
temperatures, working with a gas phase composed of 15% CO, and
85% N,. Related to the CO, interaction, the ionic liquid [emim]
|EtSO4] presents physical absorption, while the ionic liquid [emim]
[Ac] presents chemical absorption [3,4,8,12-14]. Taking into ac-
count this point, the ionic liquid [emim][Ac] was selected for the
CO, capture study in order to show the mass transfer enhanced by
the chemical reaction.

The gas stream was fed through the lumen side, while the li-
quid (1-ethyl-3-methylimidazolium acetate) flowed in counter-
current through the shell-side. A module with 11 D+[emim][Ac]
fibers in the dry form was chosen for CO, absorption.

The CO, removal efficiency was calculated as follows:

C
Efficiency (%) = (1 — —22%")100
COy,in (2)

Table 8 shows the removal efficiencies determined at different
temperatures (303-333 K) with a gas flow rate of 20 mL min~".

The resistance in a series approach could be used to relate the
individual mass transfer resistances to the overall mass transfer
resistance:

Roverall = Rl + Rg + Rm 3)

Table 8 also reports the values of the calculated resistances in
the liquid phase, gas phase and membrane respectively (Rq, R; and
Ry,), which constitute Rgyeran. The contribution of the gas phase
and membrane could be considered negligible, in agreement with
previous works [12,40,41]. In order to calculate each resistance the
Eq. (4) was used.

1 d, do 1

= +
Koverall k di kmg dlm kl Hd E 4)

8

where d,, d; and d, are the outside, inside and log mean dia-
meters in (m) of the hollow fiber, Hq represents the dimensionless
Henry constant, kg, kmg, ki, which are the individual mass transfer
coefficients of the gas phase, membrane and liquid phase, re-
spectively (m s~1) and Koveran is the overall mass transfer coeffi-
cient (ms~1).

The overall transfer coefficient, Kyyeran, in Table 8 was also
calculated using the following equation:

Q Aylm-P
NCOZ.g = Wg(ccoz_in - CCOZ,out) = KOVG“’“TT (5)

where Qq is the gas flow rate (m®*s™'), A is the membrane area
(m?), Pr is the total pressure in the gas phase, and Aylm is the
logarithmic mean of the driving force based on the gas phase
molar fractions. The Kgyeran values, as expected, rise when the
temperature increases (Table 8).

Table 9 compares the Kyyeran Value obtained at room tempera-
ture (298 + 5 K) with some literature values using other solvents
in PVDF membrane contactors for CO, capture. Concerning to
Koverall, this work achieved values that were almost one order of

Table 9
Koverant cOmparison with literature values.

Reference Solvent Koveran (106 ms—1)
This work [emim][Ac] 16.6

[42] 1M MEA 0.75

[43] 1M MEA 0.93

[42] 1M DEA 0.30

[44] Distilled water 4.85

All these references using a PVDF hollow fiber membranes.

magnitude higher than previous works [42-44] with traditional
solvents such as monoethanolamine (MEA) and diethylamine
(DEA), which are associated with some operational problems due
to volatility and solvent losses; problems that ionic liquids elim-
inate. Also, It is worth recalling that ILs have some important ad-
vantages respect to these absorbents such as negligible vapor
pressure, high chemical, electrochemical and thermal stability and
can be regenerated.

Related to the temperature dependence, the Koyeran Values
(ms~!) obtained with the PVDF fibers, D+ [emim][Ac], show an
increase from 1.6-107> to 2.5-10 > ms~! in the range of 303-
333 K. The overall mass transfer coefficient is favored by tem-
perature increases due to higher chemisorption phenomenon,
lower viscosity and higher diffusivity.

The values of Koyeran Were also transformed by the term (fiber
area/shell volume) in order to compare the results obtained with
these PVDF fibers, D+[emim][Ac] and the values obtained when
another type of commercial membrane contactor was used
(Fig. 7): a polysulfone membrane contactor with different packing
densities. This PS module has been used due to excellent me-
chanical strength, high thermal and chemical stability and perfect
solubility in many types of solvents [45,46]. Fig. 7 shows the trend
of K. (s™1) (Koveran divided by the term fiber area/shell volume),
corresponding to the reaction between CO, and the ionic liquid
[emim][Ac] [3,4,8,12-14].

The temperature dependence was slight because the higher
temperature impacted the solubility, viscosity and diffusivity of
the ionic liquid, although the mass transfer was favored [12].

5.00E-03

4.00E-03
. 30003 A A
L A A D+[emim][Ac]
<

2.00E-03 %/‘D OPs

O — Trend curve
]
1.00E-03
0.00E+00

290 295 300 305 310 315 320 325 330 335

Temperature (K)

Fig. 7. Kr comparison with commercial Ps and the D+ [emim][Ac] hollow fiber
membrane contactor. Ps values adapted from [46].
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4. Conclusions

Four different types of self-made membranes composed of
PVDF hollow fibers (coagulation NMP/water) were studied to ob-
tain the best fibers for CO, absorption. The characterization in-
dicated which type of fiber was more adequate due to its good
size, good mechanical properties, high CO, gas permeability and
reasonable bubble point, which were appropriate for a CO, ab-
sorption process in a gas-liquid membrane contactor system.

C and D fibers are more adequate for CO, absorption. For this
reason and to improve the absorption rate, two different ionic li-
quids were immobilized on the two best preforming fibers. On the
one hand, the 1-ethyl-3-methylimidazolium ethyl sulfate [emim]
[EtSO4] ionic liquid presented low viscosity, low toxicity, and low
cost. On the other hand, the 1-ethyl-3-methylimidazolium acetate
[emim][Ac] ionic liquid had high solubility. These ILs were chosen
for this work due to its characteristics, reported in the previous
literature [3,4,8,12-15].

Concerning the permeability results, two conclusions could be
drawn: (i) the fibers in the dry form presented higher values than
those in the wet form, and (ii) when the ionic liquid [emim][EtSO4]
was immobilized, the permeability significantly increased by 43%,
resulting in CO, permeance data that were higher than the lit-
erature values.

The CO, capture using PVDF fibers immobilized with the
[emim][Ac] ionic liquid achieved a Kyyeran higher than the values
reported in the literature for PVDF hollow fiber membrane con-
tactors using conventional solvents such as MEA and DEA.

Further work is planned for the PVDF fibers immobilized with
the [emim][Ac] ionic liquid to evaluate CO, capture in a post-
combustion environment, as well as to conduct long-term ex-
periments under real operating conditions, including high tem-
peratures. Moreover, the composite fibers designed in this study
could also offer interesting potential for other applications, such as
gas absorption in physical solvents, liquid degassing by vacuum or
gas stripping.
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4.3. Goémez-Coma L., Garea A., lrabien A., Carbon dioxide capture by [emim][Ac]

ionic liquid in a polysulfone hollow fiber membrane contactor. Int. J. Greenh. Gas
Control. 2016, 52, 1-9.

Resumen

Las emisiones de CO: tienen que ser controladas y reducidas para poder evitar el efecto
invernadero. Este trabajo realiza un analisis de la eficacia en la separaciéon de CO2 mediante el
uso de un contactor de membranas de fibra huecas y un liquido i6nico. Esta configuracion
contribuye a una intensificacion de procesos en el campo de la captura y almacenamiento de
CO2. En este estudio, el liquido i6nico 1-etil-3-metilimidazolio acetato [emim][Ac], se utilizd
como absorbente debido a su alta solubilidad al CO2. El médulo seleccionado fue de polisulfona
(Ps), ya que se trata de un polimero bien caracterizado que permite operar a temperaturas
moderadas. Los resultados experimentales obtenidos se compararon con resultados anteriores
realizados con un modulo de polipropileno. La corriente de gas fluye a través del interior de las
fibras huecas. La eficiencia de eliminacion de CO2 obtenida a partir de datos experimentales,
muestra una dependencia de la temperatura: de 30 a 45.0%, correspondiente a 291K y 348K,
respectivamente, cuando se utilizé el contactor de Ps. Se ha evaluado también el coeficiente
global de transferencia de materia Koverar. Ademas, un analisis de sensibilidad se ha llevado a
cabo para estudiar el rendimiento de un contactor de membranas para la captura de CO: a fin
de estimar las condiciones del proceso necesarias para conseguir un 90% de captura de COz2,
valor objetivo, para que el sistema se considere competitivo con los procesos de absorcion

tradicionales.

Original abstract

CO2 emissions have to be controlled and reduced in order to avoid greenhouse effect.
This work reports an analysis of the efficiency of COz separation using a hollow fiber membrane
contactor and an ionic liquid. This process configuration contributes to the process
intensification approach in the field of COz capture and storage. In this study, the ionic liquid 1-
ethyl-3-methylimidazolium acetate, [emim][Ac], was used as absorbent due to its high CO:
solubility. The module selected was polysulfone (Ps) because it is a well characterized polymer
that allows to operate at moderate temperatures. Results were compared to previous studies
with a polypropylene module. The gas stream flowed through the inside of the hollow fibers.
The CO2 removal efficiency was obtained from experimental data, showing a temperature
dependence: from 30 to 45.0%, corresponding to 291K and 348K respectively, when the Ps
contactor was used. The overall mass transfer coefficient Koverall has also been evaluated. In

addition, a numerical analysis was carried out to study the performance of the membrane
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CO; emissions have to be controlled and reduced in order to avoid greenhouse effect. This work reports
an analysis of the efficiency of CO, separation using a hollow fiber membrane contactor and an ionic
liquid. This process configuration contributes to the process intensification approach in the field of CO,
capture and storage.

In this study, the ionic liquid 1-ethyl-3-methylimidazolium acetate, [emim][Ac], was used as absorbent
due to its high CO, solubility. The module selected was polysulfone (Ps) because it is a well characterized
polymer that allows to operate at moderate temperatures. Results were compared to previous studies
with a polypropylene module. The gas stream flowed through the inside of the hollow fibers. The CO,
removal efficiency was obtained from experimental data, showing a temperature dependence: from 30
to 45.0%, corresponding to 291K and 348 K respectively, when the Ps contactor was used. The overall
mass transfer coefficient Kqyera has also been evaluated.

In addition, a numerical analysis was carried out to study the performance of the membrane contactor
for the CO, capture in order to estimate the process conditions to accomplish 90% CO, capture as a target

Keywords:

Carbon dioxide capture

Hollow fiber membrane contactor
Polysulfone

[emim][Ac] ionic liquid

to be competitive with the conventional absorption process.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Climate change resulting from the presence of greenhouse gases
is becoming a serious issue of the present century (Ahn et al., 2013).
Over 80% of energy needs worldwide are nowadays supplied by fos-
sil fuels (Korminouri et al., 2014) where combustion in power plants
is the largest point source contributor to CO, emissions (Saeed
and Deng, 2015; Mansourizadeh et al., 2014; Mansourizadeh and
[smail, 2011). The CO, capture and sequestration (CCS) is a con-
cern globally today to reduce the impact on the atmosphere and
protect humans against the risks associated with CO, pollution
(Boot-Handford et al., 2014). Therefore, it is important to continue
developing technologies to mitigate this issue. Awide range of tech-
nologies exists for CCS based on physical and chemical processes
including absorption, adsorption, membranes and cryogenics (Rao
and Rubin, 2002). Considering the dependence on fossil fuels, cap-
ture and removal of greenhouse gases is an important subject to
study (Korminouri et al., 2014). Three main methods can be identi-

* Corresponding author.
E-mail address: gomezcomal@unican.es (L. Gomez-Coma).

http://dx.doi.org/10.1016/].ijggc.2016.07.019
1750-5836/© 2016 Elsevier Ltd. All rights reserved.

fied on the capture of CO,: pre-combustion, post-combustion and
oxy-combustion.

For post-combustion capture, CO, at low partial pressure must
be separated from flue gas after the fuel has been completely
burned for energy conversion (Merkel et al., 2010). The typical con-
ditions for post-combustion capture are 10-15% CO,, 5-10% H,O0,
70-75% N, and lower concentrations of other components (Ramdin
etal., 2012). In the 90% of the total post-combustion treatments the
solvent used are alkanolamines (Albo and Irabien, 2012). Previous
works showed that process intensification can be performed in two
steps to develop a zero solvent emission process (Albo et al., 2010):
(i) replace conventional power stations by membrane processes,
and (ii) use ionic liquids instead of alkanolamines.

Post-combustion carbon dioxide capture appears to be the most
amenable strategy for integration with existing coal-fired power
plants (Fernandez-Barquin et al., 2015; Low et al., 2013; Dai et al.,
2016). Membrane absorption has been identified as an effective
approach for CO, capture, which combines the advantages of chem-
ical absorption and membrane separation (Zhang et al., 2015).
Membrane technology appears to be an attractive option in terms
of energy saving, modularity, easy scaling up and control, such
as those energy intensive based on wet scrubbing using aqueous
amine solutions (Fernandez-Barquin et al., 2016).
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The properties of the membrane depend on the material, the
structure and thickness, the configuration and the module and sys-
tem design, which involve the existence of many variables that have
to be studied. The common materials for CO, separating mem-
branes are organic polymers, such as polysulfone (Ps), polyimide
(PA), poly(ethylene oxide) and polycarbonate (PC) (Luis et al.,2012;
Wang et al., 2014). In the present work, polysulfone (Ps) was cho-
sen because it is a well characterized polymer (Scholes et al., 2010).
Ps is an asymmetric nonporous polymeric material applied for CO,
capture and has been extensively studied for gas permeation and
separation, because of its low permeability and comparatively high
selectivity, which bring it close to Robeson’s upperbound limit
(Casado-Coterillo et al., 2012). This material has also excellent
mechanical strength, high thermal and chemical stability and is
not necessarily considered as hydrophobic (Korminourietal., 2015;
Nabian et al., 2015). The above properties of this polymer provide
a potential application in the membrane gas absorption processes
(Mansourizadeh and Ismail, 2010).

The thermal stability of the membrane is an important issue.
Under high temperatures, the membrane material may undergo
degradation or decomposition. The extent of membrane change
depends of the glass transition temperature Tg for amorphous poly-
mers or the melting point Tm for crystalline polymers. Over these
temperatures, the properties of the polymers change significantly.
The glass transition temperatures for the commonly used polymers,
in CO, membrane contactors, are referenced by Li and Chen (2005).
Taking into account the Tg data, the higher values correspond to
PTFE, polyimide, and polysulfone polymers which are the preferred
in terms of long-term stability, while PE and PP polymers have very
low Tg values.

Since the 1980s, membrane contactors have been highly
regarded due to several advantages over traditional equipment
(Mehdipour et al., 2014). In hollow fiber membrane contactors, the
two phases (gas and liquid) contact together without dispersion
due to the membrane, which provides higher interfacial area, and
independent control of the liquid and gas flow rates. Ideally, the
membrane is porous and hence CO, transfer through the mem-
brane is rapid because the pores are gas filled. This ensures a high
overall mass transfer in a small membrane contactor area. For this
reason, membrane contactors have high specific surface area and
can be made modular. Hence scaling up or down is relatively easy.
Finally, the mass transfer occurs by diffusion across the two phases
(Albo et al., 2010; Albo and Irabien, 2012; Rahbari-Sisakht et al.,
2013a; Scholes et al., 2015).

One of the key factors in the separation of CO, for gas mixtures
is the type of the absorbent (Reza Razavi et al., 2013). Ionic liquids
(ILs) are compounds that have created enormous interest in recent
years as solvents for gas recovery (Albo and Irabien, 2012). ILs are
salts, which consist exclusively of ions, with a melting point lower
than 100°C(Albo et al.,2011).ILs have several properties that make
them useful for carbon dioxide capture such as (nearly) negligible
volatility, high thermal stability, nonflammability, tunability, sol-
vation properties, and high CO, solubility (Ramdin et al., 2012).
The combination of these features can bring new opportunities in
the use of IL-based membranes and processes in CO, separation
applications, which are more energy efficient and environmentally
friendly compared with the current commercial separation tech-
nologies. The use of ILs in membrane processes has been a research
highlightinrecent years. A comprehensive review of these research
efforts is reported by Dai et al. (2016).

Ionic liquids containing a carboxylic anion are more biodegrad-
able and less toxic than most other ILs (Chen et al., 2014).
Moreover, the 1-ethyl-3-methylimidazolium acetate [emim][Ac]
possess physical and chemical absorption, that coupled with its
high CO, solubility make the [emim][Ac] a promising absorbent.
Chemical absorption is useful for ILs because of the mechanism

Table 1

Ps and PP membrane contactor characteristics.
Membrane material Ps PP
Fiber o.d. d, (m) 13x10°3 3x10°4
Fiber i.d. d; (m) 7.0x 104 22x1074
Fiber length, L (m) 0.347 0.115
Number of fibers, n 400 2300
Effective inner membrane area, A (m?) 0.18 0.18
Porosity (%) 43 40
Packing factor 0.43 0.39
Tortuosity? 233 2.50

2 Asummed as 1/e.
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Fig 1. TGA analysis for the [emim][Ac] ionic liquid.

leading to a greater absorption capacity of the gas (Pinto et al.,
2014).

In the present work, the study of the CO, capture in a polysul-
fone hollow fiber membrane contactor was carried out at different
temperatures using as solvent the ionic liquid [emim|][Ac]. The pos-
sibility to significantly intensify gas-liquid absorption processes
thanks to the membrane contactor has been proposed. In addi-
tion, a simulation task was accomplished in order evaluate the set
of conditions (i.e. membrane mass transfer coefficient, membrane
dimensions, module design) for a significant intensification effect
compared to a packed column configuration.

2. Materials and methods

Carbon dioxide (99.7+0.01vol.%) and pure nitrogen
(99.999 + 0.001 vol.%) were purchased from Air Liquide (Spain). The
gas stream was composed by 15% carbon dioxide and 85% nitro-
gen. The [emim][Ac] ionic liquid was supplied by Sigma Aldrich
(Spain). The 1-Ethyl-3-methylimidazolium acetate [emim][Ac]
(=90%) (IL) was chosen because of its high CO, solubility. Previous
works reported high CO, solubility values for [emim][Ac] (Gurau
et al,, 2011; Ramdin et al., 2012; Papatryfon et al., 2014; Santos
et al., 2014). To ensure that the ionic liquid is suitable for our
process despite its relatively low purity, solubility rates were
measured and, compared with literature data, similar values were
obtained. Ps hollow fiber membrane contactor was provided by
VWR International Eurolab, S.L. (Spain). The main characteristics
of this hollow fiber are shown in Table 1.

To ensure the stability of the ionic liquid for the temperature
interval of the CO, capture experiments, up to 350K, the ther-
mogravimetric analysis was performed in a TGA-60H Shimazdu
Thermobalance. Fig. 1 shows the decomposition temperature. The
[emim][Ac] remains without losing its properties until 440K.
Table 2 shows the different viscosity values reported by Freire et al.
(2011) as a function of temperature.
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Fig. 2. Experimental set-up of the CO, capture system at laboratory scale.

Table 2
Viscosity values as function of temperature (Freire et al., 2011).
T (K) Viscosity (cP)
291 249
298 144
318 48
333 26
348 16

The experimental setup of the CO, capture with [emim][Ac] in
the hollow fiber membrane contactor is shown in Fig. 2. The gas
flow rate operated at 70 mLmin~'. The feed gas was adjusted by a
mass flow controller (Brook instrument MFC 5850, Emerson Pro-
cess Management Spain). The gas stream flowed through the inside
of the hollow fibers and the [emim][Ac] ionicliquid flowed counter-
currently through the shell side. The ILwas pumped at 50 mL min~!.
The temperature was controlled by a Memmert UNE 200 convec-
tion oven.

The CO, concentration in the outlet gas stream was continu-
ously monitored by sampling a fraction of the stream through an
analyzer (Emerson Process, Rosemount Analytical NGA 2000) each
15s.This analyzer is based on non-dispersive infra-red (NDIR) spec-
troscopy. The steady state was determined by a constant carbon
dioxide concentration in the exit gas stream.

3. Results and discussion
3.1. Carbon dioxide capture

Carbon dioxide absorption in 1-ethyl-3-methyl imidazolium
acetate was performed in a polysulfone hollow fiber membrane
contactor in order to evaluate the process efficiency and compare
the results with the previous data reported in the literature.

The outlet concentration of carbon dioxide at pseudo-steady-
state in terms of efficiency (%) was calculated according to Eq. (1):

C
Efficiency (%)= (1 - —=22:% ) 100 (1)
Ceoy.in

09
08
07 . %
206 8 @ B ©291K
S 2] X
S 05 g 0298K
o
S04 ] A318K
03 g 0333K
0.2 @ X 348K
0.1
8 8
0 10 20 30 40 50

Time (min)

Fig. 3. CO; outlet concentration (dimensionless) vs time at different temperatures.

Table 3
Process efficiencies in CO, capture experiments at different temperatures.
T (K) Efficiency (%)
291 295 + 1.7
298 33.1+£26
318 374+19
333 385+ 22
348 442 + 35

where Cco,,out is the outlet analyzer concentration and Cco, iy is
the inlet concentration (15%). The outlet concentration of carbon
dioxide was calculated as Cco, (g), out/Cco, (), in at pseudo-steady
state ranged between 0.55 and 0.7, which indicates a process effi-
ciency of around 30-45% (291-348 K) according to Eq. (1), for a gas
stream containing 15% carbon dioxide and 85% nitrogen.

Fig. 3 represents the experiments continuously monitored at
different temperatures; 291, 298, 318, 333 and 348K with a gas
flow rate of 70 mLmin~!. Pseudo-steady state was obtained after
50 min maximum operating time.

Table 3 indicates the different efficiency values in the temper-
ature interval 291-348 K. Each experiment was replicated three
times under the same operating conditions and the average value
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was calculated. As it can be seen, the experimental errors are less
than 3.5% in all the cases. The efficiency increases when the tem-
perature rises, being favored the chemical reaction.

The efficiency results showed in Table 3 were also compared
with previous data reported in the literature (Gomez-Coma et al.,
2014). Fig. 4 presents the polysulfone and the polypropylene (PP)
hollow fiber membrane contactors results.

Table 1 shows also the main characteristics of the PP hollow fiber
membrane contactor. It should be noted that PP and Ps membrane
contactors have the same effective inner membrane area (0.18 m?).

The Ps results achieved higher CO, capture efficiencies at the
same temperatures than PP hollow fiber membrane contactor:
using the [emim][Ac] ionic liquid, the efficiencies were 30% and
16% (291 K) with Ps and PP respectively. In addition, the polypropy-
lene hollow fiber membrane contactors are limited by temperature:
with polysulfone membranes, the temperature could reach higher
values and therefore higher efficiencies (Fig. 4).

Moreover, for the CO, absorption from flue gases, membranes
with high Tg may need to be applied because flue gases are often
emitted at high temperatures. In this scenario, thermal stability of
the membrane material may be the key factor for the membrane
performance. This fact supports the selection of the polysulfone
membrane contactor for the CO, capture.

3.2. Mass transfer description

The overall mass transfer coefficient, Kyyera; Was calculated as
(Gomez-Coma et al., 2014; Albo and Irabien 2012):

Aylm -Pr
RT

where Qg represents the gas flow rate (m3s~1), A is the membrane
area (m?2), Pr is the total pressure in the gas phase, and Aylm is the
logarithmic mean of the driving force based on the gas phase molar
fractions.

Fig. 5 shows the overall mass transfer coefficients obtained at
different temperatures from 291K to 348 K when the Ps contac-
tor was used. The Kgyeran takes values between 2.4 x 10-¢ and
3.7x10"5ms~1 in this range of temperature. The Kyyera values
increase significantly as the temperature rises: an increment of 60%
in 57K was accomplished. However, the absorption rate did not
increase as expected for a process dominated by a chemical reac-
tion. This could be attributed to the fact that temperature favors the
CO, capture but impacts on other factors such as solubility, viscos-
ity and diffusivity. The values of the overall mass transfer coefficient
presented in this work, are higher than other values reported in the
previous literature for other fiber materials and traditional solvents
such as MEA (Rahbari-Sisakht et al., 2013b; Boributh et al., 2013).
This point is crucial due to the advantages of ionic liquids; e.g. negli-

(2)

Nco,.g = % (Ccoy.1n = CcOg0u ) = Koveral

4
o
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o
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£25 °
g o
= 2
515
2
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Fig. 5. Koyveran Values at different temperatures.
Table 4

Contributions to mass transfer. CO, absorption with [emim][Ac] in the Ps membrane
module.

T(K) Repw x10°(sm™') Rg(sm™') Rp(sm™') R x107°(sm1)
291 4.55 23 77 4.5
298 4.03 22 76 4.0
318 3.30 20 72 33
333 2.86 18 69 29
348 2.34 17 67 23

gible vapour pressures, high thermal, electrochemical and chemical
stability and loss less regenerative abilities.

The interaction between CO, and the ionic liquid may be
described by chemisorption as proposed by Gurau et al. (2011) for
ILs with anions of remarkable basicity, The crystal structure demon-
strated the formation of the imidazolium carboxylate and the role
of acetate in complexing acetic acid.

Riotal = Rg +Rm +R; (3)

The resistance in series approach can be used to relate individ-
ual mass transfer resistances to the overall mass transfer resistance
according to (Eq. (3)). The hollow fiber configuration was selected
where the liquid phase flows in the shell side and the gas phase
flows through the lumen side. The gas-liquid interface was located
on the outer diameter of the tubes. Considering chemical reaction in
the liquid side (expressed by the enhancement factor, E) the equa-
tion is the following (Eq. (4)) (Ortiz et al., 2010; Luis and Van der
Bruggen, 2013).

1 do do 1 ”
Koverall kg di kIH d E

kmg dlm

where dj;, is the log mean diameters (in m) of the hollow fiber, Hy
represents the dimensionless Henry constant and kg, kmg, ki, are the
individual mass transfer coefficients of the gas phase, membrane
and liquid phase, respectively (ms—1).

The overall mass transfer resistance, Ry is given by the sum-
mation of the resistances in the gas (Rg), membrane (R ) and liquid
(Ry) film (Gomez-Coma et al., 2016a,b; Luis et al., 2009; Ortiz et al.,
2010). Table 4 shows the calculated resistances, pointing out that
the liquid phase produces the main resistance to mass transfer
(nearly 100%), in concordance with previous studies (Gomez-Coma
etal., 2014; Gomez-Coma et al., 2016b; Ortiz et al., 2010; Luis et al.,
20009).

Taking into account that membrane contactors are considered
to be the most promising strategy to achieve intensified CO, cap-
ture by gas-liquid absorption, the intensification effect was also
quantified. The intensification factor I is expressed by the volumet-
ric absorption capacity of a membrane contactor divided by the
average volumetric absorption capacity of a packed column. This
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value has a reference value in a classical packed column estimated
around 1molCO, m~3s~1, using MEA 30 wt.% solution as solvent
(Bounaceur et al., 2012; Favre, 2011).

Fig. 6 presents the different values of I according to the Kgyeran
achieved. Values of  upper than 4 were obtained in all the cases. For
avalue of 3.73 x 106 ms~1 (348 K), an intensification factor of 5.2
was reached. Thus, these values evidence the use of a Ps hollow fiber
membrane contactor and the ionicliquid [emim][Ac] as a promising
alternative to the conventional CO, capture carried out in packed
columns.

3.3. Simulation task to estimate mass transfer and operational
effects

A numerical analysis was accomplished to study the perfor-
mance of a polysulfone hollow fiber membrane contactor for
the removal of CO, when the [emim][Ac] ionic liquid is used as
absorbent. A sensitivity analysis related to the process efficiency
was performed to show the influence of the module length and
the mass transfer coefficient on the CO, capture efficiency, and to
determine the required values for achieving a 90% efficiency as a
design target.

The optimal design of a membrane contactor should address
the interplay between membrane (mass transfer coefficient), fiber
dimensions, and module configuration to achieve target perfor-
mance in areas, such as maximal process intensification with
minimal energy requirements (Zhao et al., 2016).

The modelling of the CO, capture using the Polysulfone hol-
low fiber membrane module was considered for both wetted and
non-wetted operating modes. In a non-wetted operating mode, the
carbon dioxide transfers to the liquid phase by diffusion through the
pores filled with gas. Otherwise, in a wet operating mode the pores
are filled with the liquid (Luis et al., 2007; Luis et al., 2010). The
modelling of the CO, transferred from the gas phase to the liquid
phase through the membrane barrer was carried out using Aspen
Custom Modeler software (Aspen Technology Inc.).

The radial and the axial coordinates of the fiber are presented in
Fig. 7. Radial position r=0 is pointed as the center of the fiber and
the axial distance of z=0 represents the initial position of the gas
in the fiber.

Eq. (5) describes the differential mass balance of CO, in the gas
phase in dimensionless form. This equation was based on the fol-
lowing assumptions: a negligible concentration of the soluble gas
in the absorption liquid, a steady state and isothermal conditions,
no axial diffusion, ideal gas behavior, tube side and shell side con-
stant pressures and the velocity is fully developed in a laminar flow
(Luis et al., 2007; Luis et al., 2010; Gomez-Coma et al., 2016b).

Gz 7 0Cco, 19 (.0Cco

= M-7 2 —___ |7 2 5
2 P = e U ®)

The dimensionless variables were defined as:

P % (6.2)

7= % (6.b)
- CCO

Cen. = 2 (6.0)
2 = Ceo,.intet

In order to solve the Eq. (5), the boundary conditions used were
the following:

aC
F=0— —22_0 (7.2)
or
- 9Cco Sh -
r=1- 8)_‘ 2 = 77CC02 (7b)
z=0— ECOZ =1 (7C)

where Gz and Sh are the Graetz and Sherwood number respectively
(Gomez-Coma et al., 2016b).

Finally the CO, concentration at the outlet of the module is
calculated as dimensionless mixing cup (Eq. (8)):

1
Ccop-1 =4 Ceo, [1 -F?]7dT (8)
0

The modelling results using a gas flow rate of 70 mLmin~! and
the different parameters of the Ps hollow fiber membrane contactor
(specified in Table 1) were shown in Fig. 8. Different nodes in the
radial dimension are shown in these figures, from the center of the
fiber (r=0) to the membrane layer (r=1).In the present study, there
is non-wetted model because of the fact that ionic liquid presents
hydrophilicity. However, the two different scenarios (non-wetted
and wetted) have been shown in order to explain the nodes behav-
ior in both cases and to quantify the possible effect of wetting on
the process efficiency.

Fig. 8a and b is focused on a non-wetted operating mode. In this
operating model there is not axial diffusion thus all nodes concur.
In order to show the differences when wetted mode occurs, Fig. 8¢
and d was presented. In this last case, there is axial diffusion and
therefore the nodes were differentiated. Fig. 8a and ¢ shows the
dimensionless carbon dioxide concentration along the dimension-
less length. On the other hand, Fig. 8b and d uses the same abscissa
but in this case, what is represented is the efficiency (%). Under the
operating conditions covered in this study, the process efficiency
decreased a 20% if the pores of the membrane get wet, respect to
a non-wetted mode. Note that both Fig. 8b and d appears with the
CO, efficiency calculated based on the dimensionless mixing cup
(Eq. (8)).

An analysis of the set of conditions to be fulfilled in terms of
membrane material (i.e. mass transfer coefficient), fiber dimen-
sions and module packing, in order to ensure a significant
intensification effect, is an objective that should be considered to
offer an evaluation of the interest and limitations of the different
membrane materials, fibers and modules which are reported for
this application.



406

0.9 S
\\
0.8 Sso
0.7 Ssel
06 Tt
V05 Ny
04
0.3
02
0.1 ]
0
0 0.1 02 03 04 05 06 07 08 09 1
L (dimensionless)
lg:t::::——-aﬂ_:::____
AR T - T==-<2Z
09 “\ \\\\\\w 16~‘~
~ ~ ~ -~ -
0.8 v\ ~ ~< T~ ~~a
\ Se \‘.12 ~\~\
07 AN ~o ~ o -<
’ \\ S e R R
06 RS g R =
his ~~J] 16 TT=-~__
0 05 N~z S~ao_ o=
S~o 18 -
04 S —— o
20 R S,
03 J
4
02 r
0.1 C

0 0.1 02 03 04 05 06 07 08 09 1

L (dimensionless)

Efficiency (%)

Efficiency (%)

L. Gomez-Coma et al. / International Journal of Greenhouse Gas Control 52 (2016) 401-409

100
90
80
70
60
5
0 _-0
40 _--"
30 -7
20 ”f’
10 .- b
’/
0 -
0 01 02 03 04 05 06 07 08 09 1
L (dimensionless)
100
90 d
80
AT
70 -
60 [
50 -7 18 ----"
S _- -1 L o---
40 7% _-" 16 - - -
0 fo,eT -7 l1a.--"" ___0
., - - - i
20 1y ’, ”— !_2__— "_—
I s - - T10---"
10, 77 =" - = =
VPR R R === -
0 k¢-==:____==%--——""
0 01 02 03 04 05 06 07 08 09 1

L (dimensionless)
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fiber length. Node 1: r=0; Node 20: r=1.

In order to estimate the mass transfer effect on the CO, cap-
ture efficiency, a sensitivity analysis was performed. As previous
works, a value of 90% efficiency was pointed as design target (Yeon
etal., 2005; Paul et al., 2007; Zhang et al., 2008; Favre, 2011; Wang
et al., 2013). On this basis, the aim of this simulation is to obtain
the parameters required to reach this efficiency, in order to pro-
vide a cleaner process without solvent losses, non-toxic and lower
equipment. Please note that the ILs are non-volatile, the [emim][Ac]
is non-toxic (Alvarez-Guerra and Irabien, 2011) and hollow fiber
membrane contactors have high specific surface area per unit vol-
ume.

Fig. 9 modifies the overall mass transfer coefficient, Kgyyerall, from
a reference value of 2.4 x 10~ ms~! (291 K), that can be required
to obtain high efficiencies. As it can be seen from Fig. 9a, values
upper than 9.0 x 10~ ms~! reached efficiency values higher than
90%.

Moreover, a more detailed analysis was carried out in Fig. 9b.
The dimensionless Sherwod number was analyzed. Maintaining a
fixed dimensionless Graetz number with a value of 6.6 x 10~4 when
the Sherwood number takes values higher than 4 x 10~ the design
target is accomplished.

Taking into account the option to implement a multi-stage net-
work of membrane modules for a high efficiency objective, the fiber
length was also modified in order to estimate the number of hol-
low fiber membrane contactors necessary to connect in series to
achieve a CO, capture efficiencies, upper 90%. Fig. 10a shows the
influence of fiber length. Four Ps hollow fiber membrane contactors
will be necessary to couple in series to reach a CO, free gas flow.
In this sense, this work proposes a post-combustion process based

on a set of four Ps membrane modules in series (total length 1.4 m)
and a number of these sets in parallel that can be estimated from
the basis of flue gas flow rate required (Hoff and Svendsen, 2013).
Furthermore, keeping fixed the dimensionless Sherwood number,
the Graetz number was varied (Fig. 10b). Graetz values smaller than
2.53 x 10~ provide efficiencies higher than 90%.

The number of hollow fiber membrane contactors required to
connect in series were compared with previous data reported in
the literature (Gomez-Comaet al.,2014). Fig. 11 shows the different
quantity of membrane contactors needed to achieve the design tar-
get (90% efficiency). Ps hollow fiber membrane contactor requires
fewer modules in series than using PP modules, which leads to a
significant saving in size equipment to achieve high efficiencies.

Further work on membrane contactors should be aimed at
optimizing membrane geometry and module design, which is
essential for successful scale-up. Operating in more turbulent flow
conditions produces greater mass transfer. However, the shorter
residence time that results from a greater solvent flow results in
lower solvent loadings. At an industrial scale this must be compen-
sated by multiple passes through membrane modules in series, to
ensure that a full solvent loading is achieved. The estimation of cap-
ture costs should take into account some target values, such as the
DOE’s goal in 2025 of $40/t CO,.

4. Conclusions

Carbon dioxide capture in a polysulfone (Ps) parallel-
flow membrane contactor when the ionic liquid 1-ethyl-3-
methylimidazolium acetate [emim][Ac] is used as the absorption
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S M7 _ - Temim][EtSO4] as solvent paring the same effective area and the same solvent.
i 60 ‘7, L The overall mass transfer coefficient takes values between
g 50 Al 2.4%x1076 and 3.7 x 10-5ms~! in the range of temperature from
2 0 ,//’ ,,’ 291 to 348K, which are competitive with other values reported
3 0, in previous literature. The absorption rate does not increase as
30 I’/ e expected for a chemical reaction. This is because of the fact that
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Fig. 11. Quantity of hollow fiber membrane contactors required to achive 90% effi-
ciency for different materials and solvents.

liquid has been studied by means of efficiency and overall mass
transfer coefficient, Kqyeray- Taking into account that thermal stabil-
ity of the Ps polymer, that allows its use for the CO, absorption from

temperature favors the CO, capture but impacts on other factors
such as solubility, viscosity and diffusivity.

Finally, a theoretical simulation using a base case was carried
out. Taking into account a target value of 90% CO, capture, (i) the
mass transfer coefficient should be higher than 9.0 x 10-6 ms-1,
or (ii) four Ps hollow fiber membrane modules disposed in series
were necessary (corresponding to a total length 1.4 m), being pro-
posed for the scaling-up a network of modules in series and as
many in parallel as the flue gas flow rate increases. In addition,
a comparative with other materials has been performed. Polysul-
fone hollow fiber contactor results much more competitive than PP
hollow fiber membrane contactor to achieve 90% efficiency. This
fact and the thermal stability of the Ps polymer, which is impor-
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tant of the long-term use, support the selection of the polysulfone
membrane contactor for the CO, capture.

Further work on membrane contactors should be aimed at opti-
mizing membrane geometry and module design, which is essential
for successful scale-up. The new IL-based absorbents coupled with
smart design of the membrane processes and development of more
compatible membrane materials offer a competitive alternative to
the conventional packed column design.
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improve the CO2 capture efficiency in a PVDF hollow fiber contactor. ACS Sustain.
Chem. Enqg. 2016. Accepted paper.

Resumen

Los procesos de post-combustién a base de liquidos i6nicos y contactores de membrana
han surgido como una prometedora alternativa a los sistemas tradicionales en los Gltimos afios.
En este trabajo, se ha realizado una absorcion no dispersiva a través de un contactor de
membrana de fibras huecas de fluoruro de polivinilideno (PVDF) para la captura de CO:. El
liquido iénico objeto de estudio ha sido el 1-etil-3-metilimidazolio acetato [emim][Ac]. Este IL

ha sido elegido debido a su reaccién quimica con el CO2.

Diferentes cantidades de agua destilada se han afiadido al [emim][Ac] con el fin de
resolver los problemas asociados con la viscosidad del liquido i6nico. La presencia de agua
también puede modificar la interaccion con el CO2. El propdsito de crear el disolvente hibrido
formado por agua y el liquido i6nico de base acetato y por ello conduce a la formacién de
carboxilato, reversible en su interaccion con el CO2, es lograr eficiencias competitivas con los
procesos tradicionales y que utilizan alcanolaminas. Cuando se usa un solvente formado por
30% (en volumen) de agua se logra el mejor resultado. Esta mezcla logra un Koverat 5 veces
mayor que cuando se usa solo el liquido i6nico. Usando un 30% de agua se logra una eficacia
de 72.5% y un coeficiente global de transferencia de materia (Kovera) de 9.34-10° m s. Los
resultados de la simulacién y analisis de sensibilidad indicaron que se necesitan sélo dos
contactores de membrana de fibra hueca (0.6 m de longitud total; instalacion escala
laboratorio) o un valor de Koverat de 1.70-10* m s* con el fin de alcanzar una eficacia del 90%.
La adicién de agua al liquido i6nico muestra las ventajas de usar un disolvente hibrido en un

proceso de intensificacion.

Original abstract

Post-combustion processes based on membrane contactors and ionic liquids have
emerged in recent years as an alternative to traditional systems used to capture CO:. In this
work, non-dispersive absorption in a polyvinylidene fluoride (PVDF) hollow fibre membrane
contactor was used as CO2 capture system. The ionic liquid (IL) 1-ethyl-3-methylimidazolium

acetate ([emim][Ac]) was chosen for the study due to its chemical reaction with COx.

Different amounts of distilled water were added to [emim][Ac] to address the issues
associated with the viscosity of the ionic liquid. The presence of water may also facilitate the
binding of CO2. The purpose of this combined sorbent containing water and an ionic liquid

comprising a carboxylate moiety such as acetate, which provides reversible chemical interaction
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with CO2, was to achieve competitive efficiencies with traditional processes based on power
stations and alkanolamines. The best combination of water-IL was found to bed, 70%
[emim][Ac] - 30%(vol) water. This mixture achieved a, Koveran coefficient 5 times higher than
that obtained with only the IL. By using 30% (vol) water, a CO2 capture efficiency of 72.5%
and an overall mass transfer coefficient (Koverar) of 9.34:10° m s were accomplished. The
values of Koverar achieved in the present work lead to the conclusion that the hybrid solvent is
clearly competitive with traditional alkanolamine solvents. The simulation results of sensitivity
analysis showed that only two hollow fibre membrane contactors (total length 0.6 m) or a Koverai
of 1.70-10* m s* were required to reach an efficiency of 90%. The addition of water to the

ionic liquid allows the hybrid solvent to be used in an intensified process.
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Abstract

Post-combustion processes based on membrane contactors and ionic liquids have emerged in
recent years as an alternative to traditional systems used to capture CO.. In this work, non-
dispersive absorption in a polyvinylidene fluoride (PVDF) hollow fibre membrane contactor
was used as CO, capture system. The ionic liquid (IL) 1-ethyl-3-methylimidazolium acetate
([emim][Ac]) was chosen for the study due to its chemical reaction with CO..

Different amounts of distilled water were added to [emim][Ac] to address the issues associated
with the viscosity of the ionic liquid. The presence of water may also facilitate the binding of
COs,. The purpose of this combined sorbent containing water and an ionic liquid comprising a
carboxylate moiety such as acetate, which provides reversible chemical interaction with CO;,
was to achieve competitive efficiencies with traditional processes based on power stations and
alkanolamines. The best combination of water-IL was found to bed, 70% [emim][Ac] -
30%(vol) water. This mixture achieved a, Koveran coefficient 5 times higher than that obtained
with only the IL. By using 30% (vol) water, a CO; capture efficiency of 72.5% and an overall
mass transfer coefficient (Koveran) of 9.34-10° m s were accomplished. The values of Koyera
achieved in the present work lead to the conclusion that the hybrid solvent is clearly competitive
with traditional alkanolamine solvents. The simulation results of sensitivity analysis showed
that only two hollow fibre membrane contactors (total length 0.6 m) or a Koyeran 0f 1.70:10%m s°
Lwere required to reach an efficiency of 90%. The addition of water to the ionic liquid allows
the hybrid solvent to be used in an intensified process.

Keywords: Carbon dioxide capture, ionic liquids (ILs), membrane contactors, PVDF, water,
hybrid solvents.

1. Introduction

The removal of acid gases like carbon dioxide is currently an essential part of various industrial
processes. The excessive emission of CO, results in dramatic increases in global atmospheric
temperature, which have drawn increassing attention [1]. Since 2010, the atmospheric CO,
concentration has maintained a high level, over 390 ppm, which has become an urgent
environmental issue [2]. In response the fifth Intergovernmental Panel on Climate Change
(IPCC) report said that global CO, emissions must be cut by 50-80% by 2050 to avoid the
serious damage that climate change could cause [3].

One step towards reducing CO, emissions is to capture the CO generated during combustion
and to store it in a suitable place. Carbon capture and sequestration (CCS) technology is of
particular importance in reducing the anthropogenic CO, emissions [4]. CCS has the potential to
reduce future world emissions from energy generation by 20%, and carbon dioxide valorization
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is under development [5]. CO- is the primary greenhouse gas emitted through human activities
such as the composition of fossil fuels for energy, transportation and industrial processes [6].
Approximately 30% of CO;emissions come from fossil fuel power plants, and coal is the lowest
cost fuel used to produce electric power in comparison with oil and gas. Predictions indicate that
fossil fuels will be the dominant energy source in the coming decades, and the amount of energy
demand will increase further by 53% by 2030 [7-8]. Capture is the most expensive step of the
capture storage chain [9]. Despite this, it is gaining attention among researchers and
policymakers as a short-midterm solution to contain carbon emissions from existing or future
fossil fuelled power plants [10]. Three main methods have received an increasing amount of
attention during the past decades: pre-combustion, post-combustion and oxy-combustion [11].

This work is focused on the post-combustion capture method, which can be considered a
technical and economic challenge in itself due to the low concentration and pressure of CO; in
the gas stream and the lack of value of the recovered compound [12]. In a typical post-
combustion capture process, treated flue gas is passed through a chemical absorption column
where a solvent takes up the carbon dioxide. The CO--rich solvent is regenerated by heating in a
stripper unit. The CO; is then compressed. The most commonly used industrial solvents are
divided into physical and chemical solvents. Physical solvents depend on the physical solubility
of the acid gas in the solvent. Chemical solvents involve a chemical reaction between the
absorbent and the dissolved acid gas [13].

The main disadvantage in typical capture processes is the low concentration of CO; in power-
plant flue gas, approximately 15%. This means that a large volume of gas has to be handled,
which requires large equipment and results in high capital costs. Traditional solvents such as
monoethanolamine (MEA) have been used for CO. capture, achieving an outlet stream with a
very low CO; concentration [14]. However, the cost of absorption/desorption processes based
on aqueous alkanolamines is high because of the higher heat duty requirements for the
absorbent regeneration [15]. Previous work predicts that an amine system used to capture
approximately 90% of the carbon dioxide in flue gas requires approximately 30% of the total
power produced by the plant and results in a CO, capture cost of $40-100/tonne of CO, [16]. A
study of technical performance and cost estimation are required to select optimal operating
conditions [16]. Research is underway on some emerging capture technologies such as
membranes, ionic liquids and metal organic frameworks (MOFs) with the aim of reducing
capture energy consumption and capital investment [17]. The estimation of capture costs should
take into account some restrictions, such as the DOE’s goal in 2025 of $40/tonne of CO..
Recent works have focused efforts on developing materials and new, techniques and
technologies to achieve a carbon capture and sequestration method where in the levelized cost
of energy will not be increased by more than 35% [18-19]. To achieve this goal is very difficult
because flue gas is hot, dilute in CO; content, near atmospheric pressure, high in volume, and
often contaminated with other impurities such as O,, SOy, NOy, and ash [19].

lonic liquids (ILs), have been proposed as alternatives to the conventional volatile, corrosive,
and degradation sensitive solvents [20]. ILs are salts that have a melting point lower than 373 K
and a negligible vapour pressure, are environmentally benign, have high CO; solubility and are
recyclable [21, 22].

Previous work has suggested that the CO; absorption rate and capacity of ILs are not as high as
those of conventional amine solvents. However, this work noted that the practical application of
ILs as efficient CO; solvents may be feasible by either using high pressure in the scrubbing
columns to enhance the absorption capacity or mixing with water to decrease the viscosity and
increase the absorption rate [23]. In particular, previous work has noted the mixtures of acetate
based ILs with water are promising absorbents for carbon dioxide capture [24]. Moreover,
recent developments have shown that ILs can be mixed with water, amines, or other organic
compounds to improve the CO, separation [25]. Some problems associated with amine based
solvents, have to be adressed, such as the volatilization and contamination of the gas phase,
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degradation, and regeneration costs. On other hand, water is a cheap solvent that is suitable to
reduce the viscosity of the ionic liquid and can be included as a polar co-solvent for improving
the CO; capture efficiency.

A promising alternative to common amine processes is the chemisorption of carbon dioxide in
ILs containing a carboxylic anion [26]. It is of vital importance to choose an ionic liquid with
low volatility, low degradability, low corrosivity, high reaction rates with CO, and high loading
[27]. In spite of the attractive tuneable properties of ionic liquids, their high viscosities and
relatively high cost are two significant challenges to their application on the industrial scale.
Therefore, to integrate ILs into existing industrial processes, the combination of ILs with one or
more non-IL components may be of interest to produce an optimal, IL-based hybrid solution
amenable for use within an existing process such as carbon dioxide capture. This approach may
be more efficient than to design and synthesize new ILs with the desired properties.

Evidence of a chemical reaction between CO, and the liquid (imidazolium acetate ILs) was
found by both NMR and molecular simulation [24, 28].

The ionic liquid 1-ethyl-3-methylimidazolium acetate, ([emim][Ac]), has been used in this work
due to its high CO. solubility, commercial availability, relative low cost and chemical
absorption [14, 20, 23, 28-33]. To solve the problems associated with high viscosity in ionic
liquids, different quantities of water were added to the ionic liquid [emim][Ac].

This ionic liquid is chemically and thermally stable when it absorbs carbon dioxide as reported
in previous studies [28-31]. One of the reasons why [emim][Ac] is stable is because of the
absence of a N-heterocyclic carbine [28]. Moreover, Gurau et al. (2011) reported that complex
anion formation resulted in the stabilization of the volatile acetic acid that formed, preventing
further decomposition reactions and allowing these ILs to act as stable reservoirs of carbenes for
direct carbene-based chemistry [28]. Blath et al. (2012) noted that the acetate anion
deprotonates the [emim]+cation at the C, atom of the imidazolium ring. The dissolved carbon
dioxide reacts with the negatively charged carbon atom to form a stable carboxylate [29]. On the
basis of NMR results, Carvalho et al. (2009) [32] suggested a preferential interaction of the acid
carbon of the CO, molecule with the carboxylate group of the acetate anion, and this evidence
was also supported by molecular simulation carried out by Stevanovic et al. (2012) [24]. When
water is incorporated to with imidazolium acetate ILs, the CO, absorption may exhibit an
absorption behaviour that is typical for a chemical complexation process, as it was proposed by
Chinn et al. [33].

Previous work on the CO; solubility in the imidazolium acetate ILs [bmim][Ac] and
[emim][Ac], supports the point that CO; strongly and chemically absorbs in the ionic liquid and
that the complex is reversible (verified in separate absorption-desorption experiments conducted
at room temperature) [31]. The reversible interaction with CO, is a key factor for the
regeneration ability of the IL in its industrial application.

Carbon capture with membranes technology is being demonstrated as technically and
economically viable due to its compaction and its capacity to be modulated [19]. Merkel et al.
(2010) reported that substituting traditional towers with membranes that combined with the
power usage could result in a decrease in capture cost to approximately $23/tonne [16]. Lee et
al. (2015) described a post-combustion CO- capture plant located at the Boryeong power station
(South Korea) that could treat 200 tonnes of CO./day (10 MW equivalent) [34].

Hollow fibre gas-liquid membrane contactors provide the alternative to conventional gas
absorption systems for CO capture from gas streams. This type of contactor offers following
numerous advantages in comparison with absorption towers: the lack of flooding, channelling or
foaming; a stable system that is not sensible to small changes; good mechanical strength; high
surface area per unit volume; and independent control of gas and liquid flow rates [26, 35, 36].
In addition, hollow fibre membrane contactors are less sensitive to fouling since there is no
convective flow through the membrane pores [37]. Moreover, due to the compact nature of the
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membrane device, these type of absorbers have less energy-consumption and less volume and
are thus more economical. In addition, the modularity of membrane modules makes their design
simple and easy to be scaled up linearly and the interfacial area is known and constant [38, 39].
Using membrane contactors provides operating cost savings of 38-42%, and capital cost savings
of 35-40% can be achieved [40].

Currently polymeric membranes appear to be the most advanced option for membrane-based
post-combustion carbon capture in terms of CO2/N. permselectivity [41]. Polyvinylidene
fluoride (PVDF), is a hydrophobic polymer that is soluble in common solvents and has been
widely used for resistance, which are important parameters for CO, absorption and stripping
applications. PVDF also possesses a low surface energy [42, 43].

Taking into account the potential of PVDF polymers, the present study of self-custom PVDF
fibres was performed in a hollow fibre membrane contactor using different proportions of the
ionic liquid [emim][Ac] and distilled water as the absorbent. To improve the properties of the
gas absorbent for carbon dioxide capture, the research is focused on the addition of a molecular
co-solvent, water, to the ionic liquid. CO, capture in terms of efficiency and overall mass
transfer coefficient was evaluated. The effect of water on the CO; capture efficiency was
quantified to determine the best solvent composition when the [emim][Ac] ionic liquid was
used. The intensification factor (I) was also evaluated to compare hollow fibre membrane
contactors with the traditional processes. Moreover, a simulation task was performed to estimate
the mass transfer and as the operational effects required to achieve a 90% CO; recovery.

2. Experimental set up

For the carbon dioxide capture, a polyvinylidene fluoride (PVDF) hollow fibre membrane
contactor improved with the ionic liquid 1-ethyl-3-methylimidazolium acetate [emim][Ac] was
produced in the laboratory by phase inversion. The complete description of the fibre
manufacturing method is explained in previous studies [14, 44, 45]. The absorption membrane
contactor was manufactured by gluing the hollow fibre in a PVC shell [14]. The main
characteristics of the membrane contactor are given in Table 1.

Table 1: Hollow fibre membrane contactors characteristics.

Membrane material 1AQ2-PVDF
Fibre 0.d. do, (M) 7.7-10*
Fibre i.d. dj, (m) 4.51-10*
Fibre length, L (m) 0.295
Number of fibres, n 11
Effective inner membrane area, A (m?) 4.60-10°
Porosity (%) 30
Packing factor 0.04
Tortuosity? 3.33

a Assumed 1/Porosity

The [emim][Ac] (>90%) ionic liquid was supplied by Sigma Aldrich (Spain). Despite its
relatively low purity, solubility rates were measured and compared with literature data and
similar values were obtained [46, 47]. CO. solubility was evaluated using a TGA-60H
Shimazdu Thermobalance (lzasa, Spain). The sample temperature was measured with an
accuracy of 0.1 K, and the TG sensitivity was approximately 1 pg. The experimental
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conditions were a CO; flow rate of 50 mL min™, a temperature of 303 K and the atmospheric
pressure.

The experimental setup is shown in Figure 1. The feed gas mixture stream contains 85 vol.% N
and 15 vol.% CO,. Carbon dioxide (99.7£0.01 vol.%) and pure nitrogen (99.999+0.001 vol.%)
were supplied by Air Liquide (Spain). The flow gas (20 mL min'*) was adjusted using a Brook
instrument MFC 5850 by Emerson Process Management Spain and flowed through the inside of
the hollow fibres. The absorbent flowed counter-currently through the shell side. A digital gear
pump (Cole Palmer Instrument Company, Hucoa-Erloss S.A., Spain) was used to control the
liquid line (50 mL min™). The experiments were carried out at 303 K. To obtain isothermal
conditions, a convection oven was used in the experimental setup (Memmert UNE 200), as
shown in Figure 1. Each experiment was replicated three times, and the average value was
calculated. It was also ensure that the concentration of gas in the liquid was far from saturation.

Exhaust COzanalyzer

}

Mass flow controller

e ]

P<t
Rotameter
:l lllllll /: : lllllllllll l.

CO2 g

Storage tank

........ Liquid line Gas line

Figure 1: Experimental setup.

The outlet CO, concentration was continuously monitored using a gas analyser (Emerson
Process) based on non-dispersive infrared (NDIR) spectroscopy [30]. Each time the hybrid
solvent was used in an experiment, it was desorbed. For this purpose, a sweep stream containing
N, was passed through the fibres. In addition, the output current was monitored to check when
the solvent was desorbed. Evidence of the regeneration ability of [emim][Ac] was also reported
by Shiflett et al. (2009) [31] from absorption-desorption experiments conducted at 298 K to
show that the complex interaction between the CO;and this ionic liquid is reversible.

The base-case was the [emim][Ac] IL as the solvent. To evaluate the influence of water in the
efficiency of the process, different amounts of water were added in a range between 10-40%
volume added to the absorption liquid. The viscosity of the solvent with different contents of
water was measured by a rotational viscometer (Smart Series, Fungilab Spain) and the obtained
data are shown in Figure 2. These measurements were performed at 303 K, the same
temperature as the CO, capture experiments. The shear rate used was 60 rpm because the
instrument manual recommended a low spindle (L1) and a high shear rate to increase the
accuracy.
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Figure 2: Viscosity measurements.
3. Results and discussion
3.1 Carbon dioxide capture

The large scale applications of physical ILs for CO, capture from flue gas is mainly hindered by
the low CO; absorption capacity at postcombustion conditions (where the partial pressure of
CO- is rather low). Functionalized ionic liquids or task-specific ionic liquids have been
developed to overcome this limitation. Carboxylate functionalized anions, such as acetate, are
included in this category of ILs. The IL selected for this study, [emim][Ac], contains
carboxylate functionalized anions and also offers thermal stability and evidence of a reversible
chemical interaction with CO5.

The experiments were carried out with PVVDF hollow fibres to evaluate the process efficiency
with different amounts of water in the absorbent liquid. The presence of water in the ionic liquid
affects the physico-chemical properties of the liquid mixture, i.e., it lowers the viscosity of the
mixture and enhances the mass transfer of the membrane contactor, which are both advantages
for industrial applications [24].

The gas phase was composed of 15% CO- and 85% N, which are typical in many industrial
processes [48]. The liquid stream was fed through the shell side, while the gas flowed in the
counter-current direction through the lumen side. The CO. capture efficiency in each
experiment was calculated as shown in Equation 1:

C
Efficiency (%) = (1 - M) 100 (Eq.1)
CCOZIin

where CO.;in is the initial carbon dioxide composition (0.15) and CO-,q is the output value from
the analyser.

Table 2 shows the results obtained based on the CO; capture efficiency ranging between 20.5%
in the case of the [emim][Ac] ionic liquid and a maximum value of 72.5% when 30% water was
added to [emim][Ac]. All the experiments were performed with a gas flow of 20 mL min*and
at 303 K. The results indicate that the water content in the ILs significantly influenced the
efficiency of the process. The effect of water in [emim][Ac] on the efficiency acts mainly on the
viscosity of the ionic liquid. This behaviour can be explained by the molecular interactions that
water promotes in the ionic liquid [49]. It is also suggested that the carboxylate moiety (such as
acetate) interacts with water to form a weak reversible bond with CO; [33].
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Table 2: Influence of water content in the absorbent in the process efficiency.

Solvent Efficiency (%)
[emim][Ac] 20.5"+2.27
[emim][Ac]+10%water 53.7£0.57
[emim][Ac]+20%water 67.1+£0.10
[emim][Ac]+30%water 72.5+0.07
[emim][Ac]+40%water 60.2+1.87

*Ref. [14]

The [emim][Ac] IL absorbed the CO, chemically, as Gurau et al. demonstrated using NMR
spectroscopy and X-ray diffraction [28]. When water is incorporated to imidazolium acetate ILs,
the CO, absorption may exhibit an absorption behaviour that is typical for a chemical
complexation process, as it was proposed by Chinn et al. (2005) [33].

This work aims to quantify the effect of water for the proper design of the CO- capture unit by
estimating the membrane area required to achieve a determined target of CO, capture efficiency.

From the obtained results, the following is suggested: (i) the efficiency increases significantly
with a higher water content until a maximum of 30% (vol); (ii) the efficiency increases because
the solvent viscosity decreases; and (iii) more importantly, the values obtained with a 30%
water content (vol) were competitive with traditional alkanolamine solvents such as
monoethanolamine (MEA) [50].

In addition, with a water volume approximately 30% in the [emim][Ac], the mass transfer
benefited the process. The overall mass transfer coefficient, Koveran €xpressed in m s* was
calculated according to the equation 2, as in previous studies [14, 30, 52].

Q Aylm Py
NCOZ,g = 79 (CCOZ,in - CCOZ,out) = Koverail T (ECI- 2)

where Qq is the gas flow rate (m*® s%), A is the membrane area (m?), Pr is the total pressure in
the gas phase, and Aylm is the logarithmic mean of the driving force based on gas phase molar
fractions [30].

Figure 3 represents the different values of Koveran, With the highest value of 9.3 10° m s*
corresponding to the 30% water content (vol) in the solvent.
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Figure 3: Koveran (M s71) results.
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The overall mass transfer coefficients were also transformed according to equation 3. The
resulting constant, K; (s ), may be useful for comparisons between different hollow fibre
modules [36].

. _, Fiber area (m?)
Kr (s™%) = Koperau (ms™)

Shell volume (m3) (Eq.3)

Table 3 compares the Kr values obtained with different amounts of water and previous data
reported in the literature. All values were performed in the temperature range of 300+3 K.
Different types of hollow fibre membrane contactors were compared. Polypropylene (PP) and
polysulfone (Ps) hollow fibre membrane contactors possessed the same effective inner
membrane area (0.18 m?). Moreover, the results with [emim][Ac] ionic liquid were related with
the 1-ethyl-3-methylimidazolium ethylsulfate [emim][EtSO.] ionic liquid. [emim][EtSO4]
exhibits physical absorption and low viscosity [30].

Table 3: Kr (s) comparison between different Koveran (M s2) and Kr (s1) values using different hollow
fibre membrane contactors.

MFaItt()err(ieal Solvent Koveral 10° (M s2) Iillct))lr Sn'lr,esqlzs Egl Kr 103 (s Ref
PVDF [emim][Ac] 1.70 122.20 2.08 [14]
PVDF [emim][Ac]+10%water 5.70 122.20 6.97 This work
PVDF [emim][Ac]+20%water 8.21 122.20 10.0 This work
PVDF [emim][Ac]+30%water 9.34 122.20 114 This work
PVDF [emim][Ac]+40%water 6.81 122.20 8.32 This work

PP [emim][EtSO4] 0.07 7200 5.04 [30]
PP [emim][Ac] 0.19 7200 13.7 [30]
Ps [emim][Ac] 0.26 421.43 1.10 [51]

Results with [emim][Ac] and water were higher than the other values. Only the value of Kr
using a PP membrane contactor and [emim][Ac] ionic liquid (13.7 s) was slightly higher. This
could be attributed to the fact that the relation between the fibre area and the shell volume is
increased. While the PP module has an area of 0.19 m? the area of the PVDF membrane
contactor is only 4.60-10° m?. Thus, although the K; is seven times lower, the area is 40 times
smaller. Therefore, PVDF modules with the hybrid solvent are promising for CO, capture.

3.2 Simulation task to estimate mass transfer and operational effects

The aim of the numerical analysis was to evaluate the membrane mass transfer coefficient and
membrane length, which assure an intensification effect for a membrane contactor compared to
a packed column.

A non-wetted operating mode was assumed for modelling the PVDF hollow fibre membrane
contactor. According to previous works, CO. was transferred to the liquid phase by diffusion
through the pores filled with gas [52, 53]. The radial position r=0 shows the centre of the fibre
and the axial distance of z=0 referes to the initial position of the gas in the fibre. The
dimensionless differential mass balance of CO; (eq. 4) was based on the following assumptions
according to previous works [51-53]: (1) the absorption liquid has a negligible concentration of
the soluble gas; (2) the process is in a steady state and isothermal conditions; (3) there is no
axial diffusion; (4) an ideal gas behavior is assumed; (5) there is a constant fibre and shell
pressure; and (6) the velocity is fully developed in a laminar flow.
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Gz 0Cco, 10 (_0Cco
Y A — Z Eq.4
7 1=l =7 F@F( a7 (Eq.4)
where the dimensionless variables were as follows:
Pl (Eq.5
;=2 (Eq.5b)
Z= I q.
_ CCO
Cco, = C—Z (Eq.5¢)
CO,,inlet
The following boundary conditions were used:
r=0-> 2=0 Eq.6
T p (Eq.6a)
_ ac_‘co Sh —_
r=1 9 afz =—7 CCOZ (ECI6b)
zZ= O 9 C_‘COZ = 1 (Eq6c)
The following dimensionless numbers were used:
Uy, di?
Gz = Eq.7
z=—5 (Eq.7a)
K di
Sh = —overall = (Eq.7b)
D
Finally, the CO; outlet concentration was calculated as a dimensionless mixing cup:
- 1 -
CC02=L = 4J CCOZ [1 - fz]r_'dr_' (Eq 8)
0

Aspen Custom Modeler (Aspen Technology Inc.) software was used to solve the set of
equations.

Figure 4 shows the modelling profile as a function of the carbon dioxide outlet concentration
and the CO, capture efficiency along the module length. Each line represents the modelling
results along the dimensionless length with different quantities of water. In addition, the final
square shows the experimental results obtained. As shown in Figure 4, the experimental and
results from the simulation in total concordance. Table 4 states the values of the relative error
(simulation with respect to experimental). Moreover, the modelling results have been compared
with polysulfone and polypropylene modules.
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Table 4: Comparison between experimental and simulation results with other hollow fibre membrane

contactors.
Fibre Solvent um (m-s) Experimental Simulation  /Error/ Ref
Material Efficiency (%) Efficiency (%)
[emim][Ac] 1.90-101 20.5+2.27 20.9 0.4 [14]
[emim][Ac]+10%water ~ 1.90-10% 53.74£0.57 54.5 0.8  This work
PVDF [emim][Ac]+20%water ~ 1.90-10% 67.1+£0.10 67.8 0.7  This work
[emim][Ac]+30%water ~ 1.90-10% 72.5+0.07 72.6 0.1  This work
[emim][Ac]+40%water ~ 1.90-10% 60.2+1.87 60.9 0.7  This work
[emim][Ac] 1.33-107? 16.3 16.0 0.3 [30]
PP [emim][EtSO4] 1.33:10? 10.5 10.8 0.3 [30]
[emim][EtSOs] 3.81-10°® 28.7 31.3 2.6 [30]
Ps [emim][Ac] 7.58:10° 29.5%1.7 46.76 17.3 [51]
1 w=o 100
09 @ : . 0:%) water [14] 90 4b
0.8 \‘\\S\\ - ey | 80
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Figure 4: Modelling results of the profiles of dimensionless CO, concentration and process efficiency
(%) along the fibre length, assuming a non-wetted mode. 4a: Profiles of dimensionless CO, concentration.
4b: Profiles of process efficiency (%).

Two sensitivity analyses were carried out to estimate the effect of two variables: the mass
transfer and the module length, on the CO; capture efficiency of the membrane process, with the
following findings:

(i) The overall mass transfer coefficient, Koveran, Was varied as shown in Figure 5. Using a Kovera
higher than 1.70-10“* m s, the efficiencies obtained were higher than the target capture
efficiency of 90% CO; capture (Figure 5a).

(ii) The fibre length was varied (Figure 6) to estimate the number of hollow fibre membrane
contactors in a series necessary to achieve at least a 90% efficiency. Figure 6 shows the
influence of the fibre length. Using the ionic liquid without water, ten hollow fibres in a series
(3 m total length) were necessary to reach the target capture efficiency. When adding 30% (vol)
water to the ionic liquid, only two membrane contactors (0.60 m) were required.

Figure 5b also shows the intensification factor (I). This factor was calculated as the volumetric
absorption capacity of the membrane contactor divided by the average volumetric absorption
capacity of a packed column. The reference value of a classical packed column was estimated as
1 mol CO, m3s~t using a 30 wt.% MEA solution [54]. The intensification factor reached values
from 1.05 (0% vol. water) to 3.75 (30% vol. water) for an operating temperature of 303 K.
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The hollow fibre membrane contactors can be coupled in parallel and in series depending on the
gas flow and the efficiency required. This fact allows this membrane technology to compete
with traditional systems using amines and absorption towers. The addition of water to the ionic
liquid leads to the use of a hybrid solvent in an intensified process. Although the IL price is
higher than the MEA price, its use for CO, capture is promising taking into account the
problems associated to the alkanolamine solvent (volatilization, possible contamination).
Further work is focused to estimate the implications of a hybrid solvent in the capture costs.
Some previous results working with ILs (without water content) indicated that although the cost
of the IL is more than 10 times the cost of the MEA, the equipment cost savings offset some of
this difference, providing a significant reduction in the equipment footprint [55]. The reduced
cost of the hybrid solvent that incorporates water may lead to a higher cost savings related to the
MEA process.

Finally, a study as a function of the dimensionless Sherwood and Graetz numbers was
performed. Figure 7a shows an analysis in terms of the Sherwood number using a fixed Graetz
number (8.02-10°%). For Sherwood number values greater than 4.7-107, efficiencies higher than
90% were achieved. On the other hand, for a constant, dimensionless Sherwood number, the
Graetz number was varied (Fig. 7b). Graetz values smaller than 4.5-10° and 7.89-107 allowed
for high efficiencies over 90% CO; capture, using 30% and 0% water, respectively.
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Figure 7: Sensitivity analysis as a function of the dimensionless Sherwood (7a) and Graetz numbers (7b).

4. Conclusions

The influence of water on a polyvinylidene fluoride (PVDF) immobilized hollow fibre
membrane contactor with [emim][Ac] ionic liquid was investigated in a non-dispersive
absorption plant for carbon dioxide capture. The flue gas was composed of 15% CO; and 85%
N2. The ionic liquid 1-ethyl-3-methylimidazolium acetate [emim][Ac] was used as a reference
solvent. This ionic liquid was chosen due to its high CO; solubility, which exhibits strong
chemical absorption for CO; that is reversible (an important issue for its regeneration). Different
quantities of water were added to study the influence of water in the process. The hybrid solvent
based on a combination of 30% water and 70% [emim][Ac] expressed according to the volume
of the absorbent, provided a CO; capture efficiency of 72.5%, significantly higher than the
reference solvent.

The overall mass transfer coefficient was also evaluated. A value of 9.34-10° m s was reached
for the hybrid solvent. The Koveran Was transformed by the ratio of the fibre area to the shell
volume and the values were higher than the other values reported in literature for different
module contactors. The content of water in the absorbent could significantly affect the mass
transfer of the membrane contactor because of the change in viscosity and the molecular
interactions that water promotes in the ionic liquid.

The following conclusions were obtained from the sensitivity analysis: (i) Koveran Values higher
than 1.70-10*m s allow CO, capture efficiencies higher than 90%; (ii) using only two hollow
fibre membrane contactors in a series (0.6 m total length) was required to achieve the target CO.
capture efficiency that provides competitive results compared with traditional absorption
towers, given an significant intensification factor, up to 4, related to the absorption with the
MEA solution.
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Resumen

Los procesos de post-combustién a base de liquidos idnicos y contactores de membrana
han surgido como nuevas atractivas alternativas a los sistemas tradicionales. En este trabajo, se
ha utilizado una corriente de gas compuesta por un 15% CO2 y 85% de N2 y un contactor de
membranas de fibras huecas de PVDF con liquido iénico inmovilizado en ellas. El liquido idnico
seleccionado fue el 1-etil-3-metilimidazolio [emim][Ac], el cual se utilizé como absorbente
debido a su alta absorcion quimica y alta solubilidad al CO2. El coeficiente global de
transferencia de materia Koverat, la energia de activacion (Ea), y las resistencias a la
transferencia empleando el contactor de fibra hueca se cuantificaron en el intervalo de
temperatura 303-343K. El valor de Koveran logrado en el presente trabajo es un orden de
magnitud superior a los valores reportados en trabajos anteriores para el uso de disolventes
convencionales. Por su parte el valor de la energia de activacion asociada a la interaccion

quimica IL-COz es mas bajo que los valores previamente reportados para otros disolventes.

Una simulacion teorica también se recoge en esta publicacién, con el objeto de estimar
los pardmetros de operacién requeridos para lograr un 90% de captura al CO2 operando con
modulos de PVDF y para cuantificar los efectos de intensificacion respecto a la absorcién de CO2

en una columna de relleno.

Original abstract

Post-combustion processes based on ionic liquids and membrane contactors have
emerged as new attractive alternatives to traditional systems. In this work, a gas stream
composed of 15% CO2 and 85% N flowed through the lumen side of a hollow fibre membrane
contactor containing PVDF-IL fibres. An ionic liquid, 1-ethyl-3-methylimidazolium acetate
[emim][Ac], was used as an absorbent due to its high chemical absorption and high CO:
solubility. The overall mass transfer coefficient, activation energy, and resistances of the hollow
fibore membrane were quantified from 303 to 343 K. The Koverat value was one order of
magnitude higher than those reported in previous works using conventional solvents, and the

Ea was lower than previously reported values for other solvents.

A theoretical simulation was conducted to estimate the operational parameters required
for 90% CO:2 capture and to quantify intensification effects in contrast to CO2 absorption in a

packed column.
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This article contributes to carbon capture absorption studies strongly in order to advance in
the intensified process. A novel technique using a PVDF hollow fibre membrane contactor
and [emim][Ac] ionic liquid as absorbent has been performed. Competitive results compared
with traditional absorption towers have been accomplished. Moreover, a theoretical simulation
has been achieved in order to give the bases for scaling.

Abstract

Post-combustion processes based on ionic liquids and membrane contactors have emerged as
new attractive alternatives to traditional systems. In this work, a gas stream composed of 15%
CO, and 85% N, flowed through the lumen side of a hollow fibre membrane contactor
containing PVDF-IL fibres. An ionic liquid, 1-ethyl-3-methylimidazolium acetate [emim][Ac],
was used as an absorbent due to its high chemical absorption and high CO: solubility. The
overall mass transfer coefficient, activation energy, and resistances of the hollow fibre
membrane were quantified from 303 to 343 K. The Kovweran value was one order of magnitude
higher than those reported in previous works using conventional solvents, and the Ea was lower
than previously reported values for other solvents.

A theoretical simulation was conducted to estimate the operational parameters required for 90%
CO, capture and to quantify intensification effects related to CO, absorption in a packed
column.

Keywords
CO;, capture, PVDF membrane contactors, [emim][Ac] ionic liquid, mass transfer coefficient.

1. Introduction

Since the beginning of the industrial revolution, the demand for energy has dramatically
increased and has typically been met by burning fossil fuels [1, 2]. The combustion of fossil
fuels produces carbon dioxide gas, which should be removed from industrial flue gas streams to
mitigate environmental effects [3]. The emissions of carbon dioxide the atmosphere need
therefore to be drastically reduced in order to alleviate the proven effects of global warming [4].
CO; concentration in the atmosphere has increased by more than 100 ppm since their pre-
industrial levels (280 ppm), reaching 384 ppm in 2007 and nowadays this value is around
400ppm [5]. This value implies that during this period, the CO; abundance in the atmosphere
increased substantially: the average rate of increase in CO, determined by direct instrumental
measurements over the period 1960 to 2005 is 1.4 ppm per year [6]. The reduction of
greenhouse gas concentrations in the atmosphere, especially CO,, has been a significant goal of
the 21% century. The capture and reuse of CO; is typically referred to as carbon capture and
utilization (CCU). Current CCU technologies and processes are at different stages of maturity.
In general, technical and economical improvements are needed to make CCU competitive. The
cost of synthesizing CO»-based products is highly dependent on the cost or value associated
with a CO; unit. Therefore, the processing of CO, into other valuable products to mitigate
climate change requires the optimization of CO, capture systems. Roussanaly et al., (2016)
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reported that Carbon Capture and Storage (CCS) is regarded as one of the most promising
technologies for reducing man-made carbon atmospheric emissions, and is projected to provide
14% of the reduction in manmade greenhouse gas (GHG) emissions by 2050 [7].Three primary
carbon dioxide capture methods are known: pre-combustion where CO; capture from gasified
coal synthesis gas; oxy-combustion which separates oxygen from air prior to combustion and
produces a nearly sequestration-ready CO; effluent and post-combustion, CO, capture from
power plant flue gas [8, 9]. This work is focused on post-combustion CO; capture. Post-
combustion carbon capture appears to be the most adequate strategy for integration with
existing coal-fired power plants [10]. Flue gases from post-combustion processes typically
comprise 10-15% CO,, 90-85% N, and minor concentrations of other gases [11].

Many methods exist for removing CO; capture. One such method utilizes absorption in aqueous
solutions of alkanolamines using conventional equipment, such as packed columns, bubble
columns, and spray columns [12].

In a typical post-combustion capture process, treated flue gas is passed through a chemical
absorption column where solvents absorb carbon dioxide. The CO.-rich solvent is then
regenerated by heating in a stripper unit. The freed CO; is then compressed for storage or use
[13].

Most post-combustion processes are compatible with existing coal-fired power plant
infrastructures without requiring substantial changes to basic combustion technologies. These
processes are leading candidates for retrofitting gas-fired power plants and are promising for the
development and commercialisation of integrated coal gasification combined cycle (IGCC) in
power generation applications [14].

Hollow fibre gas-liquid membrane contactors are alternatives to conventional gas absorption
systems for CO capture. A membrane contactor combines the advantages of membrane
technology with those of an absorption liquid [15]. Hollow fibre membrane contactors could
potentially overcome the disadvantages of conventional absorption systems and develop more
effective CO, capture technologies [16]. These membranes are flexible in operation and
maintenance, modular, energy efficient, ease of install by skid-mounting, ability to be applied in
remote areas (such as offshore) and have high specific surface areas [17]. The absorption
process provide very high selectivity and high driving forces for mass transfer even at very low
concentrations [18]. The separation of two phases by the membrane leads to the prevention of
flooding and foaming of the absorbent liquid [19].

As a means for process intensification, membrane contactors were recently explored by
Bounaceur et al. (2012), and Favre (2011) [20, 21]. The application of these contactors include a
large number of fields where chemical or physical absorption is the natural separation
technology, i.e., natural gas sweetening and dehydration and post and pre-combustion CO;
capture. A rigorous comparison of the effective intensification potential of membrane contactors
with packed columns is necessary to more accurately determine the mass transfer intensification
factor, which has been reported over a broad range, i.e., from 0.8 to 10 (with MEA for CO,
absorption) [20].

A literature review shows that most studies in this area have focused on the absorption of carbon
dioxide by hollow fibre microporous membranes comprising hydrophobic polymers, such as
poly(propylene) (PP), poly(ethylene) (PE), poly(tetrafluoroethylene) (PTFE) and
poly(vinylidene fluoride) (PVVDF) [19].

Poly(vinylidene fluoride) (PVDF) membranes have low surface energy values [22]. Many
advantages make this polymer a promising candidate to capture carbon dioxide using hollow
fibre membrane contactors. PVDF is a hydrophobic polymer and can be dissolved in common
solvents to prepare asymmetric membranes via phase-inversion [23]. Hence it can easily be
converted to asymmetric membranes via phase inversion method, resulting in easy controlled
membrane structure and morphology [24]. PVDF, which has high fluorine content, is relatively
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cheap and easily available [25]. Moreover, PVDF fibres have high thermal and chemical
resistance along with good mechanical strength [26]. Previous authors, proposed methods to
improve the properties of PVDF membranes. One of these methods is the use of a relatively
neutral coagulation bath instead of pure water to prevent formation of dense skin layer [24, 27,
28]. The coagulation bath could be formed by water and N,Ndimethylacetamide (DMAC) or N-
Methyl-2-pyrrolidone (NMP). DMACc is the most commonly used solvent but NMP satisfies the
kinetic criterion coagulation and allows the production of permeable membranes [28]. For this
reason, the fabrication parameters during phase-inversion can be controlled to develop
appropriate  membrane structures for contactor applications [22]. Some previous works
supported the use of PVDF membrane contactors in order to capture CO, [29-31].

Alkanolamines have been traditionally used for carbon dioxide capture due to their low costs
and high reactivity with CO.. Alkanolamines are able to form weakly bound complexes with
CO;, to produce effluent streams with very low CO- concentration. However, the regeneration
temperature for the CO.-rich solutions is usually higher than 393 K, which would induce
thermal degradation and the volatile loss of solvents [32]. Other problems using these solvents
are energy consumption for absorbent regeneration, corrosion of industrial equipment materials
and foam production [33].

The combination of ionic liquids (ILs) with membrane technology provides new ways to make
membrane-based separations a more competitive CO, separation technology [34]. Many studies
have improved CO; absorption capacities by taking advantage of the tunable properties of ILs
[11].

ILs have remarkable properties, such as negligible volatility, high thermal stability,
inflammability, tunability, solvation properties, and high CO; solubility [35]. ILs could
potentially replace traditional industrial solvents, which are often volatile organic compounds
(VOCs) [11]. A few ionic liquids have been found to have high solubility capacities for CO, and
SO, and have been studied as potential absorption liquids [36, 37].

ILs with acetate anions possess high degree of absorption for CO; across a wide range of
temperatures [38]. To achieve a high CO, absorption efficiency, a liquid with a high CO,
diffusion coefficient and/or a high CO; solubility is required. For this reason. In this work, 1-
ethyl-3-methylimidazolium acetate ([emim][Ac]) ionic liquid was used. This IL is an ideal
candidate for CO, capture due to its high CO; solubility (8.6%) and physical and chemical
absorption [39-42]. Additionally, this ionic liquid has been used in other applications, e.g., as a
corrosion inhibitor [43]. Carbon dioxide chemisorption by [emim][Ac] has been demonstrated
by previous works using NMR spectroscopy and X-ray diffraction [41, 44]. Gurau et al. (2011)
proposed a possible reaction of CO, with [emim][Ac] [44]. Figure 1 shows the molecular
structure of the IL, and a possible reaction mechanism with CO,, and the formation of a
corresponding imidazolium carboxylate. [emim][Ac] has been well-characterised in other
studies [45-47]. Moreover, Carvalho et al.(2009) suggested a preferencial interaction of the acid
carbon of the CO, molecule with the carboxylate group of the acetate anion [48].
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Figure 1: Proposed reaction of CO2-[emim][Ac] [44].

An intense study of self-made PVDF immobilized with [emim][Ac] hollow fibre membrane
contactor using [emim][Ac] were used for the non-dispersive absorption of CO,. PVDF
membranes due to its high hydrophobicity could be used with ionic liquids and therefore allows
working in non-wetted mode. On other hand, it is worth recalling that this ionic liquid possess a
carboxylic anion and therefore is promising for CO, capture. Moreover, [emim][Ac] has a
reversible interaction with CO,. This property is a key factor for the regeneration ability of the
IL in its industrial application. The CO; capture efficiency and mass transfer coefficient Koverail
were also evaluated. Gas, membrane and liquid resistances were also calculated. The obtained
values were compared with those reported in the literature. A numerical analysis was carried out
to estimate mass transfer effects. The membrane mass transfer coefficient, membrane
dimensions, and module design were evaluated to determine whether a significant
intensification effect was observed for a membrane contactor when compared with a
conventional packed column. The aim of the numerical analysis performed in this work is to
contribute to this objective. Additional work on membrane contactors may focus on optimizing
membrane geometry and module design. Future work could develop rigorous models essential
for the successful scale-up and evaluation of membrane contactors in various applications [49].

2. Experimental

2.1 Hollow fibre membranes

Poly(vinylidene fluoride) (PVDF) hollow fibre membranes with additives called 1AQ2 fibres
were homemade-cast via phase-inversion. The PVDF material was HSV900 grade from Arkema
(France). N-methyl-pyrrolidone (NMP) was used as a solvent, and LiCl (Aldrich-France) with a
block copolymer were used as additives. The 1AQ2 fibres were composed of 15% PVDF
HSV900, 3% block copolymer, 3% LiCl and 1% water [28, 50]. The fibre manufacturing
method was explained in detail in a previous works [28, 50-53]. The composition of the fibres
were water/NMP:70/30% [28]. Additives first are dissolved in the solvent for 24 hours under
mechanical stirring in a water bath at 323K by condensing vapors to prevent solvent
evaporation. PVDF is then added raising the temperature to 330K to facilitate dissolution.
Removing air bubbles trapped in the collodion by putting the primary vacuum to 353K.
Collodions then stored at 323K until use. Besides the dimensions and design of the extrusion
die, the operator can play during manufacture of flow rates and temperatures of the internal
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liquid collodion and the composition of the internal fluid, the air gap (distance between the die
and the coagulation bath), the humidity in the air, the composition and emperature of the
coagulation bath and the spinning speed imposed by the cylinders, ten operating parameters, to
modify the properties of the manufactured fibre [28]. After phase-inversion, 150mL of IL was
added to the developed membrane in continuous stirring during 48h at room temperature.
Finally, the virgin fibres were dried after adding the IL. Subsequently, 1-ethyl-3-
methylimidazolium acetate [emim][Ac] was immobilized into the fibres.

During drying, the fibres were maintained for approximately 72 hours in an oven at 323 K and
atmospheric pressure.

The membrane contactor was manufactured by gluing hollow fibres in a PVC shell. In the
1AQ2 hollow fibre membrane contactor, 11 fibres were assembled. The main characteristics of
the membrane contactors are shown in Table 1.

Table 1: Hollow fibre membrane contactor characteristics.

Membrane material 1AQ2-PVDF
Fibre 0.d. do, (M) 7.7-10*
Fibre i.d. dj, (m) 4.51-10*
Fibre length, L (m) 0.295
Number of fibres, n 11
Effective inner membrane area, A (m?) 4.60-10°
Porosity (%) 30
Packing factor 0.04
Tortuosity? 3.33

2.2 CO, capture process

A gas-liquid membrane contactor module was used in order to determine the membrane mass
transfer resistance and study the effect of operating parameters on CO; absorption. The
membrane has been checked with pure CO, from 0 to 14 bar. At these pressures the fibres were
stable and the membrane did not suffer degradation. This could imply that the ionic liquid filled
the pores, and thus, the gas was unable to enter fibres. This is a good quality for the fibers
because the membrane works in non-wetted mode because the pores are completely filled.

The experimental setup is shown in Figure 2. The feed Gas stream contained 15 vol.% CO; and
85 vol.% N.. The flow gas was adjusted using a mass flow controller (Brooks Instrument MFC
5850, Emerson Process Management, Spain). As can see, there is a rotameter in order to check
that the mass flow controllers are calibrated. Feed gas was directed through the inside of the
hollow fibres. The gas flow rate varied from 20 to 70 mL min. 1-Ethyl-3-methylimidazolium
acetate flowed in a counter-current direction through the shell side. The IL was pumped from a
storage tank. The liquid line (50 mL min™) was maintained by a digital gear pump (Cole Parmer
Instrument Company, Hucoa-Erloss S.A, Spain).
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Figure 2: Experimental setup for CO; gas capture.

The experiments were performed over the temperature range of 303-343 K. Each experiment
was replicated three times, and the average value was calculated. To maintain isothermal
conditions, the hollow fibre membrane contactor and the liquid line were kept in an oven.

Previous studies have reported that [emim][Ac] can be regenerated without degradation [38,
51]. For this propose, a N2-rich gas stream was directed through the lumen side of the hollow
fibre membrane until the analyser indicated that the CO, concentration was constant and near
zero. Previous works have demonstrated that [emim][Ac] exhibited a strong but reversible
chemical absorption for CO; and that [enim][Ac] is similar to other ionic liquids, such as
[bmim][Ac], due to the presence of an imidazolium cation and an acetate anion [40, 53]. It was
not necessary change the ionic liquid during the whole experimental planning.

The CO, concentration of the outlet gas stream was continuously monitored by sampling a
fraction of the stream using a gas analyser (Emerson Process) based on non-dispersive infrared
(NDIR) spectroscopy. Before sending the gas sample to the analyser, the sample was diluted
with N, to maintain a constant concentration range for the NDIR analyser (at least 200 mL min
D). A steady state condition was indicated by a constant CO. concentration in the exit gas
stream.

3. Results and discussion

3.1. CO, capture efficiencies with [emim][Ac] in a PVDF membrane module.

Carbon dioxide absorption experiments with 1-ethyl-3-methylimidazolium acetate were carried
out in a PVDF membrane contactor to evaluate the CO, capture efficiency at different
temperatures. The outlet concentration of carbon dioxide at pseudo-steady-state was calculated
using equation 1:

C
Efficiency (%) = (1 - M) -100 (D
CCOZIin

where Ccozout IS the outlet concentration of CO; and Ccog,in is the inlet concentration of CO,
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(15%).

The CO, removal efficiencies were calculated from the inlet and outlet CO, concentrations for
the absorption experiments (Table 2). The experiments were performed at different temperatures
with gas flow rates of 20 mL min* and 70 mL min* using a 1AQ2-PVDF membrane contactor.
The efficiency increased when the temperature increased, especially from 303 to 313 K. The
experimental error in Table 2 is the deviation of the results of at least three replicated
experiments. Within this range, there was a sharp drop in viscosity and low solubility losses.

Table 2: Experimental CO; absorption efficiency.

Qg (mL mint) T (K) Efficiency (%)

303 20.5%2.27
20 313 27.1£3.01
323 28.6+2.51
333 29.3+1.83
303 8.2+0.18
70 313 9.6+0.35
343 11.5+0.26

Based on the results, the following observations were made: (i) as the gas flow decreased,
higher residence times were recorded in the contactor and the efficiency increased; and (ii) the
efficiency also increased when the temperature increased. At a gas flow rate of 20 mL min’?, the
absorption efficiency was 20.5% at 303 K and 29.3% at 333 K. These values allow the non-
dispersive absorption using PVDF membranes and [emim][Ac] ionic liquid be considered as a
promising technique for carbon dioxide capture. In addition, working at 333K, coupled seven
modules in series disposition with a gas a flow rate of 20 mL min* around 90% of CO. recovery
could be reached. On the other hand it is possible to place as many modules in parallel as be
necessary for other gas flow rates.

3.2 Overall mass transfer parameter of CO, absorption with [emim][Ac] in a PYDF membrane
module.

In industrial applications, the mass transfer coefficient is a crucial parameter used to estimate
the size of a contactor [54]. This parameter is a diffusion rate constant that relates the mass
transfer rate, mass transfer area, and concentration change as driving force.

The overall transfer coefficient, Koweran, can be experimentally determined from the CO; flux
through the membrane. This parameter is calculated using equation 2 (Table 3):

Q Aylm - Pp
NCOZ.g = 79 (Ccoz'in - CCOZ'OW) = Koverall RT (2)

where Qq is the gas flow rate (m®s™), A is the membrane area (m?), Pr is the total pressure in
the gas phase, and Ay/m is the logarithmic mean of the driving force based on the gas phase
molar fractions.

Table 3 shows the values Koweran at different gas flow rates using a hollow fibre membrane
contactor with 1AQ2 fibres. The temperature was varied from 303 to 343 K. Figure 3 shows the
different values obtained at flow rates of 20 and 70 mL min*. The trend was the same as that in
the previous section. The differences were greater from 303 to 313 K due to the influence of
viscosity and minimal variation in solubility.
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Table 3: Koveran Values of CO; absorption with [emim][ac] in a PVDF hollow fibre membrane modules.

Qg(mL min™) T(K) Koverali-10%(m s
303 1.7+£0.2
20 313 2.3+0.3
323 2.4+0.3
333 2.5+0.2
303 2.2+0.2
70 313 2.6+0.4
343 3.1+0.3
4.00E-05
3.50E-05
~~ 3.00E-05 %
g 2.50E-05 % % A
rzs 2.00E-05 @ A 20mL/min
§ 1 50E-05 % O 70mL/min
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Figure 3: Representation of Koveranl Values versus temperature.

3.3. A resistance-in-series approach for CO, absorption with [emim][Ac] in the PVDF
membrane module.

The resistance-in-series approach can be used to correlate individual mass transfer resistances to
the overall mass transfer resistance, Koveran. Koveran 1S given by the summation of the gas,
membrane and liquid film resistances, as indicated in equation 3 [36, 51, 55]:

Roveran = Rg + R + R 3)

The liquid phase and gas phase were directed through a hollow fibre configuration in the shell
side and lumen side, respectively. The mass transfer process consisted of three consecutive
steps: diffusion of a gaseous component from the bulk gas phase to the outer surface of the
membrane, diffusion through membrane pores to the gas-liquid interface and chemical reaction
at the gas-liquid interface [56].

CO., absorption essentially takes place at the gas-liquid interface. The role of liquid
hydrodynamic distribution (i.e., solvent velocity profile) can be expected to play a minor role
[20].

The resistance in series approach (Equation 3) can also be expressed as Equation 4:
1 do do 1

= + +
Koverall kg di kmg dlm kl Hd E

4)
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where do, d;i and dim are the outside, inside and log mean diameters (m) of the hollow fibres; kg,
kmg, and ki are the individual mass transfer coefficients of the gas phase, membrane and liquid
phase, respectively (m s1); E is the enhancement factor, this factor can be quantified the
chemical reaction effect [39, 55, 57]; Koveran is the overall mass transfer coefficient (m s*) and
Hq is the dimensionless Henry constant. Hq was calculated by Eq. 5 using the Henry’s law
constant (Hc) [55]:

H, = H.RT (5)

Finally, ki was estimated using Kartohardjono’s correlation (Eq. 6) because the packing factor
and Reynolds number were within range (0.029<¢<0.53; Re<400) [39]:

1
Sh= (;‘l dh) — 01789 (°56) Re®3* S¢3 6)

€Oyl
where Dcog, is the diffusion coefficient of carbon dioxide in the liquid, L is the fibre length and
dh is the hydraulic diameter.

The gas and membrane phases had resistances of 0.02% and 0.23% of the overall resistance,
respectively (Table 4). The liquid phase had the highest resistance to mass transfer at nearly
100% of the overall resistance. This was consistent with the obtained results in previous works
[36, 39, 51, 55].

Table 4: Contributions to mass transfer. CO, absorption with [emim][Ac] in a PVDF membrane module.

Qg(mL min?t) T (K) Rtotal-10 (s m™?) Rg(sm?) Rm-102(sm?') RI-10* (s m?)

303 6.02 7.5 14 6.0
313 4.37 7.1 13 4.4
20 323 4.10 6.4 1.2 41
333 3.98 6.0 11 4.0
303 4.59 7.4 14 4.6
70 313 3.92 7.0 13 3.9
343 3.23 6.0 11 3.2

Figure 4 shows the logarithm plot of the different resistances against temperature. As expected,
different resistance values of gas, liquid and membrane overlapped for different gas flow rates.
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Figure 4: Log Rx Vs Temperature.

3.4. Mass transfer enhanced by the chemical reaction for CO; absorption with [emim][Ac] in
the PVDF membrane module.

Gurau et al. (2011), reported on the single-crystal X-ray structures of solid-state products
obtained from the reaction of CO. with acetate ILs, which confirm the reaction mechanism: the
crystal structure confirmed the formation of imidazolium carboxylate molecules (Figure 1) [44].

In order to contribute to the analysis of the chemical reaction, an approach from the mass
transfer results was carried out. The obtained values of Koeran Were transformed using equation
7 to compare the results from the 1AQ2 hollow fibre module with previously reported values.
The transformed constant, K (s™*) may agreed with a first-order, gas-liquid chemical reaction,
indicating the accumulation of CO- in the liquid media [36].

fiber area

()

The component diffusivities and the reaction rate steadily increased with the temperature. The
solubility decreased as the temperature increased. The temperature increased as a response to
competing phenomena and had an opposite effect on the reaction rate and solubility. This could
lead to a complex absorption behaviour [56].

K, =K _
r overall ¢hell volume

Table 5 compares the overall rate constant and transformed rate constant of the PVDF hollow
fibre membrane contactor with other reports in the literature for different types of solvent [54,
59-65]. The fibre sizes in the 1AQ2 membrane contactor agreed with those of the literature.
Mansourizadeh et al., used fibres with similar inner and outer diameters, 7.50-10** and 4.20-10*
m, respectively [60, 61]. Taking into account the number of fibres, several authors used between
5and 11 [54, 60-64]. However, Rongwong et al. and Wang et al., each used 35 and 150 fibres,
respectively [59, 62]. For this reason, the ratios between the fibre area and the shell volume
were higher in these cases.
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Table 5: Fibre size, Koveran (M s%) and K (s*) comparison with literature values in PVDF contactors.
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Regarding Koveran, the obtained values for this study were almost one order of magnitude higher
than previous works (Table 5) that used traditional solvents, such as monoethanolamine (MEA),
diethylamine (DEA), adenosine monophosphate (AMP) and water. As the different parameters
such as outer and inner fibre diameter, module length, number of fibres and the fibre area/shell
volume are in concordance with the previous articules, the high overall mass transfer coefficient
implies that the transfer carbon dioxide-ionic liquid is more facilitated than with traditional
solvents. Moreover, these solvents have been traditionally associated with some operational
problems due to volatility and solvent losses. lonic liquids can be used to eliminate these
drawbacks. Therefore it is worth recalling that the ILs have a number of advantages over
traditional solvents, such as negligible vapour pressures, high thermal, electrochemical and
chemical stability and loss less regenerative abilities [11, 35].

As in the previous sections, different values of K, were calculated for the different temperatures
and flow gas streams (Table 6).

Table 6: Interfacial rate constant versus temperature, CO,+[emim][ac], PVDF hollow fibre contactor.

Qg(mL min) T(K) K103 (s)
303 2.0
20 313 2.8
323 3.0
333 3.1
303 2.7
70 313 31
343 3.8

Using the Arrhenius equation and the different values of K at different gas flow rates (Table 6),
the activation energy was calculated according to equation 8.

—Ea
Kr =B :-eRT 8

where B is a pre-exponential factor, Ea is the activation energy (J mol™), R is the gas constant
8.31 (J Kt mol?), and T is the temperature (K). The activation energy for [emim][Ac] in CO;
was 9.2 kJ mol* with a confidence of R?=0.92.

Table 7 compares the activation energy obtained in the present work with values for different
ionic liquids in the literature [66-70]. A few observations can be made: (i) ionic liquids in the
presence of other solvents, such as MEA, AMP, aprotic heterocyclic anions (AHA) or water,
have higher activation energies than the value obtained herein [65-68]; and (ii) when ILs were
not mixed with other solvents, the reported activation energy value agreed with the value
calculated in this work. For the same [Pess14] cation, Burkan et al., reported activation energies
of 18 and 11 kJ mol™ for the anions [3-CF3pyra] and [2-CNpyr], respectively [70].

The reported Ea values for conventional solvents, such as amines (which react with CO,),
ranged from 40-55 kJ mol? [70]. These values were significantly higher than the results
obtained in this work using the ionic liquid [emim][Ac]. This phenomenon can be explained by
a differences in the coupling mechanisms, interfacial reactions and mass transfer in the liquid
phase.
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Table 7: Activation energy comparison with literature values.

Reference Liquid Ea kJ mol?

This work [emim][ac] 9.2
[66] [N2224] [CHsCOO]-nH,0 21.1
[67] 4mol-L* MDEA 43.32
[67] 4mol-L* MDEA+2mol-L[Bmim][BF4] 8.65
[68] [N1111][Gly] + AMP 40.7
[69] 30%MEA+65%[Bmim][NOs]+5%H,0 77.11
[69] 30%MEA+60%[Bmim][NOs]+10%H,0 63.69
[70] [Pess14][3-CF3pyra] 18
[70] [Pess14][2-CNpyr] 11
[70] [Pess14][Pro]+(AHA) 43
[70] [N1111][Gly] 15.4
[70] 2-((2-Aminoethyl)amino)-ethanol 325

An approach to describe the overall temperature dependence in reactive absorption processes
has been applied to hollow fibre membrane contactors by Boucif et al. (2015) [58], based on the
Shah criterion [71]. The use of an effective activation energy was proposed in terms of a
parameter yer calculated using the Equation 9.

1
Yefr = E(YDa +YR) — Vs €©))

where y are dimensionless activation energies, assuming that the solubility, the diffusivity and
the reaction rate constant are Arrhenius type dependent on temperature.

et €Xplains two different phenomena, on one hand an increase in diffusivity and reaction rate
and on the other hand a reduction in solubility for a rise in temperature. Boucif et al., reported
the different meanings of yeras a function of its positive, negative or zero value [58].

The values of yer obtained in this work for the interaction CO.-[emim][Ac] are slightly upper
than zero (0.4). Thus, the increase in reaction rate coefficient and diffusion coefficient with
temperature may play dominant role in the overall temperature dependence.

3.5. Simulation task to estimate mass transfer and operational effects.

A set of module conditions have been evaluated (i.e., membrane mass transfer coefficient,
membrane dimensions, and module design) to determine whether a significant intensification
effect was present for a membrane contactor when compared with a packed column.

A long-term, stable operation of the hollow fibre membrane contactor requires that the pores of
the membrane remain completely gas-filled over prolonged operational periods. If the
membranes are even partially wetted, the overall mass transfer resistance increases because the
absorbed gas has to diffuse through stagnant liquid inside the pores. Because aqueous
alkanolamine solutions increase the potential for membrane wetting, other absorption liquids,
such as ILs, may offer higher surface tensions and more consistent performance.

The modelling of the transfer of CO, from the gas phase to the liquid phase through the
membrane barrier was simulated using Aspen Custom Modeler software (Aspen Technology,
Inc.). Figure 5 shows the coordinates of the fibre. The radial position r=0 is the centre of the
fibre, and the axial distance of z=0 indicates the initial position of the gas in the fibre.
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[emim][Ac]

Figure 5: Coordinates of the fibre.

The differential mass balance on CO; (eg. 10) was based on the following assumptions: a
negligible concentration of the soluble gas in the absorption liquid, steady state and isothermal
conditions, no axial diffusion, ideal gas behaviour and constant tube side and shell side
pressures [72, 73].

Y2, =P [?E(r or (10)
Equation 10 can be transformed assuming the gas velocity is a fully developed laminar flow
[72]:

2n[1-() |52 =0 5 a1

Equation 11 can be rewritten in the dimensionless form:

Gz HC_'CO 10 GC_'CO

T — 7219 _ — (720

o -7 F(’)f(r or (12)

where the dimensionless variables are defined as:

Fm o (13
= R .a)
;=2 (13.h)
zZ = I .
_ C
CCOZ = C& (13 C)
CO,,inlet
The boundary conditions used were the following:
Fr=0>—2=0 14.
r oF (14.0)
_ ac_‘co Sh -
r=1 9 afz=—7 CCOZ (14‘b)
Z_ == 0 9 C_COZ = 1 (14 C)
and the dimensionless numbers:
Uy, di?
Gz = DL (15. a)
K di
Sh= =25 — (15.b)

The CO-, concentration at the outlet of the module is calculated as a dimensionless mixing cup:
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ECOZ:L = 4_[
0

1 p—
Cco, [1

—F2)rdr

(16)

The modelling results for a gas flow rate of 20 mL min'* and the parameters specified in Table 1
are shown in Figure 6. The Koveran (1.7-10° m s) obtained in paragraph 3.2 was used. Figure 6a
shows the dimensionless carbon dioxide concentration and the capture efficiency along the
dimensionless length at 303 K (corresponding to Koeran Value of 1.7-10°m s). Figure 6b shows
the simulation results for the temperature interval 303-333 K. These results closely matched the
experimental values.
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Figure 6: Modelling results for non-wetted mode: (62} piuiics ur unLiGIVIILOS wuz LuBLLHIL UL WU
process efficiency (%) along the fibre length; (6b) experimental Vs. modelling results at different
temperatures. Modelling results for wetted mode: (6¢, 6d).

Different radial nodes are shown in these figures from the centre of the fibre (r=0) to the
membrane surface layer (r=1). To show the difference between non-wetted and wetted modes,
Figures 6a, 6¢ and 6d were prepared. Different nodes in the radial dimension are provided from
the centre of the fibre (r=0) to the membrane surface layer (r=1). In the wetted mode, as the
Graetz number is large, the concentration profile in the radial dimension builds up, and a
significantly lower efficiency (8%) than that of the non-wetted mode was observed.

A sensitivity analysis was performed to estimate the mass transfer effect on the CO, capture
efficiency operating in non-wetted mode. A 90% efficiency was the design target [21]. Previous
works that reported 90% CO- capture efficiencies using PVDF membrane contactors used
alkanolamines, i.e., primarily MEA [74-77]. The aim of this simulation was to determine the
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parameters necessary to reach this efficiency using ionic liquids to provide a cleaner process
without solvent loss.

Figure 7 shows different capture efficiencies for varying values of the mass transfer coefficient,
Koverall (Daseline, 1.7-10°m s?). Values greater than 1.7-10*m s yielded efficiencies above 90%
(Figure. 7a). A more detailed analysis was carried out in Figure 7b. Values were analysed
varying the Sherwood number using a fixed Graetz number. For Sherwood number values
greater than 4.7-10% and a fixed Graetz number (8.0-103), at least 90% efficiencies were
achieved.

100 | | 5 100 | --
%0 P A 4.5 90 o
80 L’ 1 4 80 ,7
I
~70 / ! 35 & 70 ” 7
S / 1 S I
<60 | 3 = 00 ’ |
> / 3 /
250 / I 25 § 50 , I
'05-’40 / 1 2 S 40 1
= / I i ! !
Wi3g / I 15 30 /I |
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. Sh number
Koverall (m S 1)

Figure 7: Sensitivity analysis of mass transfer coefficient, K (7a), and the corresponding Sherwood
number (7b).

The intensification factor 1 was also calculated and shown in Figure 7a. The intensification
factor reached the value of 4.5 for the target CO; efficiency of 90% and was calculated as the
volumetric absorption capacity of the membrane contactor divided by the average volumetric
absorption capacity of a packed column. The reference value of a classical packed column was
estimated for 1 mol CO, m3s 1 using a 30 wt.% MEA solution [20].

Because 1-ethyl-3-methylimidazolium acetate provided higher Kowran values than values
reported in the literature, the use of ionic liquids is vital to making membrane contactors
competitive at the industrial scale.

In the design of a membrane unit module, membrane elements can be coupled in parallel and in
series. In this way, the module can be easily adjusted to achieve a desired removal efficiency. In
this simulation, the fibre length was also modified to estimate the number of hollow fibre
membrane contactors in series necessary to achieve at least a 90% efficiency. Figure 8a shows
the influence of the fibre length. Seven membrane contactors in series (a total length of 2 m)
was necessary to reach the target capture efficiency. For a constant, dimensionless Sherwood
number, the Graetz number was varied (Fig. 8b). Graetz values smaller than 9.5-10* allowed for
high efficiencies over 90%.
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Figure 8: Sensitivity analysis of length module, L (8a), and the corresponding Graetz number (8b). Koveran
obtained at 333K (2.5-10° m s%) was used as reference value.

Based on these simulation results, the total fibre length of 2 m of the membrane unit should be
considered during scale up. The efficiency of CO. capture processes based on sets of membrane
modules in series or in parallel that can be estimated based on the desired flue gas flow rate.
Furthermore, the footprint size of the contactors could be reduced by more than 65 % if
intensification factors are considered [78].

4. Conclusions

The evaluation of carbon dioxide absorption using a poly(vinylidene fluoride) (PVDF)-
[emim][Ac] hollow fibre contactor and 1-ethyl-3-methylimidazolium acetate [emim][Ac]
absorption ionic liquid was experimentally verified. The results show that approximately 20-
30% of carbon dioxide was recovered under a gas flow rate of 20 mL min* from 303 to 333 K.
Gas and membrane resistances were negligible compared with the overall mass transfer
resistance. Liquid resistance accounted for essentially all mass transfer resistance in the
contactor modules.

The mass transfer coefficients of the PVDF membrane contactors were compared with reported
values in the literature. Polymeric membranes are of great interest for this application because
of their hydrophobic character, their commercial availability and reasonable price.

CO, capture using PVDF fibres achieved a Koweran higher than values reported in the literature
for other PVDF hollow fibre membrane contactors using conventional solvents. For a gas flow
rate of 20 mL min~ at 303 K, the mass transfer coefficient was 1.7-10° m s

Regarding the activation energy calculations, the hollow fibre membrane contactor with ionic
liquid solvent had an activation energy of 9.2 kJ mol™. This energy barrier was much smaller
than those obtained with conventional solvents reacting with CO; (such as MDEA at 43-44 kJ
mol™). This may be explained by a coupling mechanism of the interfacial reaction between CO;
and [emim][Ac] and the mass transfer in the liquid phase.

A theoretical simulation was carried out. For a target 90% CO; capture, the simulation revealed
that (i) the mass transfer coefficient should be greater than 1.7-10* m-s? or (ii) seven hollow
fibre membrane modules in series (total length of 2 m) were necessary, being proposed for the
scaling-up a network of modules in series and as many in parallel as the flue gas flow rate
increases.

The intensification potential of the membrane contactor compared with a packed column
performance with 30 wt.% MEA solution was estimated by the intensification factor, which
reached a value of 4.5 for 90% CO, capture.
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Symbols used

A [m?] effective membrane area
B [-] pre-exponential factor
D [m?s1] diffusivity
dh [m] hydraulic diameter
di [m] inside diameter of the fibre
dim [-] log mean diameter of the fibre
do [m] outside diameter of the fibre
E [-] enhancement factor
Ea [J mol activation energy
Gz [-] Graetz number
Hq [-] dimensionless Henry’s law constant
He [mol bart L] Henry’s law constant
Kq [ms™] mass transfer coefficient in the gas phase
ki [ms™] mass transfer coefficient in the liquid phase
Kmg [ms™] mass transfer coefficient of the membrane
Koverall [M 7] overall mass transfer coefficient
L [m] fibre length
n [-] number of fibres
Ncoz  [mol m?s™] absorption flux of carbon dioxide
Pt [bar] total pressure
[m®s™ flow rate
R [bar L moltK™] ideal gas constant
Re [-] Reynolds number
Ry [sm™ resistance in the gas side
Ri [sm™ resistance in the liquid side
Rm [sm™ resistance of the membrane
Rovera [s M) overall resistance to mass transfer
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Sc [-] Schmidt number
Sh [-] Sherwood number
t [s] time

T [K] temperature

Um [ms™] linear velocity
Subscripts

g gas

I liquid

in inlet of the contactor
out outlet of the contactor

Greek letters

[0) [-] packing factor
Y [-] dimensionless activation energy
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“Hay una fuerza motriz més poderosa que el vapor, la electricidad
y la energta atémica: la voluntad.”

Albert Einstein (1879—1955)

Fisico aleman
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