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RESUMENES

RESUMENES

Titulo: “Obtencion y caracterizacion de membranas poliméricas de ultrafiltracion

de bajo ensuciamiento y estudio de condiciones de fabricacién”.
Resumen

Con el fin de mejorar las propiedades permeselectivas y la resistencia al
ensuciamiento, en el presente trabajo de investigacion se estudié la sintesis y
desarrollo de membranas poliméricas planas de ultrafiltracion de bajo
ensuciamiento mediante la incorporacion de diversos aditivos de diferente
naturaleza (orgénica e inorganica) e hidrofilicidad a escala nanoscopica. Para ello,
se investigaron dos tipos diferentes de modificacion de membranas: mediante la
introduccion de aditivos en la disolucion polimérica durante el proceso de
fabricacion de la membrana (método de inversion de fase via precipitacién por
inmersion), y mediante la modificacion superficial de membranas ya fabricadas
inducida por radiacion ultravioleta. En ambos métodos, la influencia de los aditivos
a distintas concentraciones en la morfologia y en las propiedades permeselectivas
(permeabilidad y selectividad) de las membranas poliméricas fue estudiada
mediante distintas técnicas analiticas y microscdpicas (espectroscopia infrarroja,
microscopia electronica de barrido, microscopia de fuerza atdmica, medidas de
mojabilidad, mediante angulo de contacto, y determinacién de porosidad, entre
otros). Los aditivos seleccionados para modificar la estructura polimérica fueron un
compuesto orgénico (polietilenglicol con un peso molecular de 400 Da), dos 6xidos
metalicos (6xido de aluminio y 6xido de zinc) y un calcogenuro (disulfuro de

tungsteno).
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Los ensayos se realizaron a escala de laboratorio en una planta de ultrafiltracion
convencional con membranas de distinto material polimérico (poliéterimida,
polisulfona y poliétersulfona) y con membranas comerciales (todas ellas de
poliétersulfona fabricadas por el método de inversion de fase). Cada ensayo fue
dividido en tres etapas: determinacion de permeabilidad hidraulica y resistencia
intrinseca de membrana, determinacion de umbral de corte molecular (molecular
weight cut-off) con disoluciones modelo de distintos pesos moleculares de
polietilenglicol y ciclos de ensuciamiento/aclarado con distintas disoluciones

alimento.

Los resultados obtenidos mostraron que los aditivos a ciertas concentraciones
fueron capaces de mejorar enormemente las propiedades intrinsecas Yy
permeselectivas de las membranas originales. Del mismo modo, se observd la
mayor eficiencia de la modificacion inducida por radiacién ultravioleta para
preservar las caracteristicas de la membrana original y, ademas, afiadir las ventajas
de los aditivos utilizados. Con todo ello, se determinaron las composiciones
Optimas de los aditivos durante las modificaciones tanto internas como
superficiales de las membranas para obtener membranas resistentes al

ensuciamiento.
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Titol: “Obtencio i caracteritzacié de membranes polimériques d’ultrafiltracio de

baix embrutament i estudi de condicions de fabricaci6”.

Resum

Amb la finalitat de millorar les propietats permselectives i la resisténcia a
I’embrutament, en el present treball d’investigacio es va estudiar la sintesi i el
desenvolupament de membranes polimériques planes d’ultrafiltracié de baix
embrutament mitjancant la incorporacié de diversos additius de diferent naturalesa
(organica i inorganica) i hidrofilicitat a escala nanoscopica. Per a aixo,
s’investigaren dos tipus diferents de modificacié de membranes: mitjancant la
introducci6 d’additius en la dissolucié polimérica durant el procés de fabricacio de
la membrana (meétode d’inversid6 de fase via precipitacid per immersio), i
mitjancant la modificacié superficial de membranes ja fabricades induida per
radiacio ultraviolada. En ambdds meétodes, la influéncia dels additius a diferents
concentracions en la morfologia i en les propietats permselectives (permeabilitat i
selectivitat) de les membranes polimeriques va estudiar-se mitjancant diferents
tecniques analitiques i microscopiques (com espectroscopia infraroja, microscopia
electronica de rastreig, microscopia de forga atomica, mesures de mullabilitat per
mitja d’angul de contacte, determinacié de porositat). Els additius seleccionats per
a modificar la estructura polimérica van ser un compost organic (polietilenglicol
amb un pes molecular de 400 Da), dos oxids metal-lics (0xid d’alumini i oxid de

zinc) i un calcogenur (disulfur de tungsten).

Els assaigs es varen realitzar a escala de laboratori en una planta d’ultrafiltracié
convencional amb membranes de diferent material polimeric (poliéterimida,
polisulfona i poliétersufona) i amb membranes comercials (totes elles fabricades

pel metode d’inversi6 de fase). Cada assaig va dividir-se en tres etapes:

3



RESUMENES

determinacié de permeabilitat hidraulica i resistencia intrinseca de membrana,
determinaci6 d’umbral de tall molecular amb dissolucions models de diferents
pesos moleculars de polietilenglicol i cicles d’embrutament/aclarat amb diferents

dissolucions aliment.

Els resultats obtinguts mostraren que els additius a determinades concentracions
van ser capacos de millorar enormement les caracteristiques i propietats
permselectives de les membranes originals. De la mateixa manera, es va observar
la major eficiencia de la modificacié induida per radiacié ultraviolada per a
preservar les caracteristiques de la membrana original i a més, afegir els avantatges
dels additius utilitzats. Amb tot aixo, les composicions optimes dels additius durant
les modificacions tant internes com superficial de les membranes per a obtenir

membranes resistents a I’embrutament van ser determinades.
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Title: “Preparation and characterisation of low-fouling polymeric ultrafiltration
membranes and the study of the preparation conditions”.

Abstract

In order to improve the permselective and antifouling properties, in the present
work the synthesis and development of low fouling flat-sheet polymeric
ultrafiltration membranes by the incorporation of nano-sized additives with
different nature (organic and inorganic) and hydrophilicity were studied. For this
purpose, two different processes to modify membranes were investigated: by
blending the additives in the polymer solution during the membrane synthesis
(non-solvent induced phase separation or immersion-precipitation phase inversion)
and by changing the surface properties of a formed membrane using UV-induced
modification. In both methods, the influence of additives at different concentrations
in the membrane morphology and in the permselective properties (permeability and
selectivity) was studied using different analytic and microscopic techniques, such
as IR spectroscopy, scanning electron microscopy, atomic force microscopy, water
contact angle and porosity measurements. The additives used to modify the
polymeric structure were: an organic polymer (polyethylene glycol with a
molecular weight of 400 Da), two metal oxides (aluminium oxide and zinc oxide),

and a metal dichalcogenide (tungsten disulphide).

Experiments were carried out in a standard ultrafiltration pilot plant using
membranes based on different polymers (polyetherimide, polysulphone,
polyethersulphone) synthesised in our laboratory and commercial membranes (all
these membranes were synthesised by phase-inversion method). Each experiment
was divided into three stages: determination of water permeability and intrinsic

membrane resistance, molecular weight cut-off determination by using model
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solutions consisting of polyethylene glycols with different molecular weights, and
fouling/rinsing cycles using different feed solutions.

Results demonstrated that the additives at specific concentrations were able to
greatly improve the characteristics and permselective properties of the pristine
membranes. In the same way, a higher improvement in these properties were
observed using the UV-induced modification technique compared to the presence
of additives in the polymer solution during the phase-inversion method, which not
only allowed the preservation of the main characteristics of the pristine membrane,
but also allowed the incorporation of the advantages from the additives used.
Furthermore, the optimal compositions of the membranes during the different
modifications to obtain a membrane with higher fouling resistance were

determined.
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Objetivos y estructuracion

I.1. Objetivos

El principal objetivo del presente trabajo de investigacién es el estudio del

desarrollo y sintesis de membranas poliméricas de ultrafiltraciébn de bajo
ensuciamiento mediante la incorporacion de aditivos (con distintas propiedades y
naturaleza) a escala nanoscopica, comparando sus propiedades con membranas sin
dichos aditivos y optimizando su composicion con el fin de mejorar el rendimiento
de sus propiedades permeselectivas y reducir el efecto perjudicial que los
fendmenos de ensuciamiento pueden ocasionar en la membrana y, de ese modo,
prolongar su vida media. Para ello, los aditivos utilizados a escala nanoscopica
fueron compuestos inorganicos (6xidos y calcogenuros metalicos) o combinacion
de inorganicos y organicos (6xidos junto a compuestos poliméricos). Dicha
modificacion se llevd a cabo de dos maneras distintas: en la etapa de fabricacion de
la membrana mediante el proceso de inversion de fase (precipitacion por
inmersion) o tras la fabricacion de la membrana de control (sin aditivos) mediante

la modificacion de su superficie inducida por radiacion ultravioleta.

Para ello se plantean los siguientes objetivos especificos:

e Estudio de la etapa de fabricacion de las membranas poliméricas de bajo
ensuciamiento a partir de tres polimeros de diferentes propiedades

superficiales: poliéterimida, polisulfona y poliétersulfona.

e Comparacion de dos métodos distintos de sintesis de membrana en las
propiedades finales de la misma: preparacién de membranas por inversion
de fase y modificacion superficial de membranas fabricadas (tanto en

laboratorio como comerciales) inducidas por radiacion ultravioleta.

e Caracterizacion permeselectiva de las membranas fabricadas y/o

modificadas en términos de permeabilidad, porosidad, umbral de peso
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molecular (molecular weight cut-off, MWCO) y coeficientes de rechazo

mediante diferentes disoluciones de alimentacion.

e Caracterizacion morfoldgica superficial e interna de las membranas

sintetizadas mediante diversas técnicas microscopicas y analiticas.

e Estudio del caracter antifouling (bajo ensuciamiento) de las membranas

sintetizadas mediante ensayos ciclicos de ensuciamiento y aclarado.
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1.2. Motivacion

En las Gltimas décadas, los procesos de separacion por membranas han sido
adaptados a una multitud de operaciones de separacion por diferentes industrias.
Entre la amplia gama de procesos por membranas, la implantacién del proceso de
ultrafiltracion en la industria ha ido incrementandose primordialmente de manera
individual o integrada a otros procesos existentes de separacion, tanto
convencionales como junto a otras tecnologias de membrana. A dicha integracién
se le conoce en la industria como procesos hibridos. El objetivo de su implantacion
es la mejora de la productividad y eficiencia en la concentracion, purificacion y
separacion de distintos compuestos como macromoléculas, proteinas, coloides o
solidos en suspension, la recuperacion de componentes de alto valor afiadido y la
eliminacion de determinados compuestos contaminantes y peligrosos para el medio
ambiente, particularmente en aquellos campos donde el fraccionamiento de una

serie de componentes es mas importante que una separacién completa.

Debido a estos motivos, su empleo se ha incrementado considerablemente
gracias a sus numerosas ventajas frente a otros métodos de separacién como su
facilidad de uso y selectividad elevada, el uso de condiciones de operacion mas
suave y su bajo consumo energético necesario para su funcionamiento. Sin
embargo, el proceso de ultrafiltracion presenta un inconveniente muy importante
relacionado con los fendmenos de ensuciamiento, puesto que afectan a su
rendimiento y funcionamiento. Dicho fendmeno provoca comportamientos muy
inestables en la membrana durante el periodo de operacion debido al descenso de
su permeabilidad y selectividad, pudiendo incluso llegar a un descenso de vida Util
de la membrana y, en el caso mas drastico, su rotura (aumentando de forma
indirecta el coste de operacion debido a la limpieza, cambio y mantenimiento tanto

del modulo donde se halla la membrana como de la misma membrana).
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Las propiedades de la superficie de la membrana juegan un papel crucial en el
ensuciamiento puesto que en ella ocurren ciertas interacciones hidr6fobas entre los
compuestos que conforman la disolucion a tratar y los materiales de la membrana.
Recientes estudios se han centrado en la modificacion superficial de la membrana
mediante la inclusion de compuestos organicos y/o inorganicos en forma de
aditivos, los cuales ejercen una mejora en sus propiedades permeselectivas e
hidrofilas y, del mismo modo, mejoran su resistencia frente al ensuciamiento. Esto
se debe a la inhibicion que provocan los aditivos en las interacciones entre la
membrana y los distintos compuestos en el alimento, limitando su adsorcion y
deposicion sobre la superficie de la membrana. Todo ello conlleva un incremento
en la permeabilidad y en la selectividad e intrinsecamente en la vida util de la
membrana. Este hecho repercute directamente en una disminucién del ndmero de
limpiezas requeridas para recuperar las propiedades iniciales de la membrana y de
la agresividad de los protocolos de limpieza, reduciendo los costes del proceso de
ultrafiltracion y, por tanto, incrementando la vida de los equipos. Asimismo, todo

esto implica la generacion de menores volimenes de efluentes contaminantes.

Por todos estos importantes motivos y consecuencias, la modificacion de
membranas, ya sea desde su proceso primigenio de fabricacion o tras el mismo, es
vital para garantizar su funcionalidad, vida atil y su alto rendimiento en su
implantacion en el proceso de separacion. Actualmente, la investigacion y el
desarrollo de técnicas que permitan la modificacion de membranas asi como la
utilizacién de materiales inorganicos para modificar estructuras poliméricas estan
viviendo una época de esplendor, tal y como demuestran las conferencias
realizadas en los ultimos congresos relacionados con la tecnologia de membranas,
en los cuales existia un “topic” o sesion especial Unicamente dedicado a la

caracterizacion y modificacién de membranas.
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Asi, la presente Tesis Doctoral se ha llevado a cabo dentro del Programa de
Doctorado de Ingenieria y Produccion Industrial de la Escuela de Doctorado de la
Universitat Politécnica de Valéncia, gracias a la concesién de una beca de
especializacion del Instituto de Seguridad Industrial, Radiofisica y Medio
Ambiente (ISIRYM) junto con la empresa Depuracion de Aguas del Mediterraneo,
dentro del proyecto de investigacion subvencionado por el CDTI (Centro para el
Desarrollo Tecnol6gico Industrial) dependiente del Ministerio de Economia y
Competitividad, denominado Tratamiento de aguas residuales de alto contenido en
materia organica y sales mediante tecnologias de membrana con minimizacion del
ensuciamiento y empleo de membranas modificadas. Estudio de separacion de

polifenoles para su valorizacion”.

Junto a ello, se realizd6 una estancia de tres meses en el grupo Process
Engineering for Sustainable Systems (ProcESS) dentro del Departamento de
Ingenieria Quimica de la Universidad Catélica de Lovaina (Departement
Chemische Ingenieurstechnieken, KU Leuven) bajo la supervision del Profesor
Bart Van der Bruggen, actual presidente del consejo de la European Membrane
Society (EMS).

Teniendo en cuenta lo mencionado anteriormente, en la presente Tesis Doctoral
se ha estudiado la sintesis de membranas poliméricas de ultrafiltracion mediante la
incorporacién de aditivos de naturaleza inorganica o mixta (combinacion de
organicos e inorganicos) tanto en la fabricacion de la membrana como
modificandola tras su fabricacion, con el fin de aumentar su resistencia al

ensuciamiento asi como mejorar sus propiedades permeselectivas.
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1.3. Contribucion de la Tesis Doctoral

Las principales contribuciones de la presente Tesis Doctoral son las

especificadas en los siguientes puntos:

e Actualizar la literatura sobre los métodos de fabricacion y modificacién de

membranas, asi como de la metodologia de dicho proceso.

e Comparar el proceso de fabricacion de membranas mas utilizado a nivel
industrial y académico (método de inversion de fase) frente a técnicas de
modificacion superficial inducida por radiacion ultravioleta, bastante actual

e innovadora, asi como las caracteristicas que definen ambos métodos.

e Ofrecer una vision actualizada de las técnicas de caracterizacion mas Utiles
y actualizadas para describir las propiedades quimicas, fisicas y

estructurales de las membranas fabricadas y/o modificadas.

o Analizar cualitativamente el papel y el efecto de distintos aditivos en los

procesos de fabricacion y modificacion de membranas.

e Proponer las composiciones mas apropiadas para la obtencion de
membranas de bajo ensuciamiento con buenas propiedades

permeselectivas.

Los resultados aqui recogidos han sido divulgados en distintos formatos tanto
en revistas, congresos y conferencias de ambito nacional como internacional,

mostrando el interés generado por el tema y la buena acogida del mismo:
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1.3.1. Relacién de publicaciones

Enhancement in hydrophilicity of different polymer phase-inversion
ultrafiltration membranes by introducing PEG/AI,O; nanoparticles, en
la revista Separation and Purification Technology (nimero 128, pp. 45-
57), con un factor de impacto 3.091. Los autores del articulo fueron: J.
Garcia lvars, M.l. Alcaina Miranda, M.I. Iborra Clar, J.A. Mendoza Roca
y L. Pastor Alcafiiz. DOI: http://dx.doi.org/10.1016/j.seppur.2014.03.012.

Development of fouling-resistant polyethersulfone ultrafiltration
membranes via surface UV photografting with polyethylene
glycol/aluminum oxide nanoparticles, en la revista Separation and
Purification Technology (ndmero 135, pp. 88-99), con un factor de
impacto 3.091. Los autores del articulo fueron: J. Garcia lvars, M.l.
Iborra Clar, M.l. Alcaina Miranda, J.A. Mendoza Roca y L. Pastor
Alcafiiz. DOI: http://dx.doi.org/10.1016/j.seppur.2014.07.056.

Treatment of table olive processing wastewaters using novel
photomodified ultrafiltration membranes as first step for recovering
phenolic compounds, en la revista Journal of Hazardous Materials
(numero 290, pp. 51-59), con un factor de impacto 4.529. Los autores del
articulo fueron: J. Garcia lvars, M.I. Iborra Clar, M.I. Alcaina Miranda,
J.A. Mendoza Roca y L. Pastor Alcafiiz.

DOI: http://dx.doi.org/10.1016/j.jhazmat.2015.02.062.

Comparison  between hydrophilic and hydrophobic  metal
nanoparticles on the phase separation phenomena during formation of
asymmetric polyethersulphone membranes, aceptado en la revista
Journal of Membrane Science, con un factor de impacto 5.056. Los autores
del articulo fueron: J. Garcia lIvars, M.l. Iborra Clar, M.l. Alcaina

Miranda y B. Van der Bruggen.
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DOI: http://dx.doi.org/10.1016/j.memsci.2015.07.009.

Surface photomodification of flat-sheet PES membranes with
improved antifouling properties by varying UV irradiation time and
additive solution pH, enviado a la revista Chemical Engineering Journal,
con un factor de impacto 4.321. Los autores del articulo fueron: J. Garcia
Ilvars, M.1. Iborra Clar, M.I. Alcaina Miranda, J.A. Mendoza Roca y L.

Pastor Alcafiiz.

1.3.2. Participaciones en conferencias y congresos

Workshop Membrane Processes for Industrial Pollution Control with
Water and Products Recovery celebrado en Lisboa (Portugal) el 23 de
Julio de 2013. El trabajo presentado (comunicacion poster) fue: Effect of
coagulation bath temperatura and addition of PEG/AI,O3 solutions on the
morphology and permeability of asymmetric polymeric membranes, de los
autores: J. Garcia lvars, M.l. lborra Clar, M.l. Alcaina Miranda, J.A.

Mendoza Roca y L. Pastor Alcafiz.

6th Membrane Conference of Visegrad Countries (PERMEA 2013)
celebrado en Varsovia (Polonia) los dias 15 al 19 de Septiembre de 2013.
El trabajo presentado (comunicacion oral) fue: Fabrication and
characterization of antifouling ultrafiltration membranes with nano-sized
alumina by phase inversion method, de los autores: J. Garcia Ivars, M.1.
Iborra Clar, M.l. Alcaina Miranda, J.A. Mendoza Roca y L. Pastor

Alcafiz.

IX Ibero American Conference on Membrane Science and Technology
celebrado en Santander (Espafia) los dias 25 al 28 de Mayo de 2014. El

trabajo presentado (comunicacion poster) fue: Photo-modification with
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PEG/AI,O3 nanoparticles of polyethersulfone ultrafiltration membranes, de
los autores: J. Garcia lvars, M.1. Iborra Clar, M.1. Alcaina Miranda, J.A.
Mendoza Roca y L. Pastor Alcafiiz.

IX Ibero American Conference on Membrane Science and Technology
celebrado en Santander (Espafia) los dias 25 al 28 de Mayo de 2014. El
trabajo presentado (comunicacion poéster) fue: Enhancement in
hydrophilicity of polyethersulfone membranes using Al,O; nanoparticles,
de los autores: J. Garcia lvars, M.l. Iborra Clar, M.l. Alcaina Miranda,

J.A. Mendoza Roca y L. Pastor Alcafiiz.

I Encuentro de Estudiantes de Doctorado celebrado en la Universitat
Politécnica de Valéncia (Espafia) el dia 12 de Junio de 2014. El trabajo
presentado (comunicacién péster) fue: Obtencidén y caracterizacion de
membranas poliméricas de ultrafiltracion de bajo ensuciamiento y estudio
de condiciones de fabricacién, de los autores: J. Garcia lvars, M.I. Iborra

Clar, M.1. Alcaina Miranda, J.A. Mendoza Roca y L. Pastor Alcafiiz.

Il International Congress of Chemical Engineering dentro de ANQUE-
ICCE-BIOTEC 2014 celebrado en Madrid (Espafia) los dias 1 al 4 de Julio
de 2014. EI trabajo presentado (comunicacion oral) fue: Surface
modification of polyethersulfone ultrafiltration membranes by nano-sized
aluminium oxide: effect of concentration and pH solution, de los autores:
J. Garcia lvars, M.1. Iborra Clar, M.l. Alcaina Miranda, J.A. Mendoza

Roca y L. Pastor Alcafiz.

XXXI EMS Summer School 2014 celebrado en Cetraro (ltalia) los dias
28 de Septiembre al 3 de Octubre de 2014. El trabajo presentado
(comunicacion poster) fue: Preparation and characterization of UV photo-

grafted PES ultrafiltration membranes with high antifouling properties, de
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los autores: J. Garcia lvars, M.I. Iborra Clar, M.l. Alcaina Miranda, J.A.
Mendoza Roca y L. Pastor Alcafiiz.

= Desalination for Clean Water and Energy celebrado en Palermo (Italia)
los dias 10 al 14 de Mayo de 2015. El trabajo presentado (comunicacion
poster) fue: Surface modification of commercial polyethersulfone
ultrafiltration membranes to treat table olive processing wastewaters, de
los autores: J. Garcia lvars, M.I. Iborra Clar, M.l. Alcaina Miranda, J.A.

Mendoza Roca y L. Pastor Alcafiz.

=  Euromembrane 2015 celebrado en Aachen (Alemania) los dias 6 al 10 de
Septiembre de 2015. El trabajo presentado (comunicacién péster) fue: UV-
induced modification of PES commercial membranes using PEG/AI,O;
nanoparticles, de los autores: J. Garcia lvars, M.l. Iborra Clar, M.I.

Alcaina Miranda, J.A. Mendoza Roca y L. Pastor Alcafiiz.

=  Euromembrane 2015 celebrado en Aachen (Alemania) los dias 6 al 10 de
Septiembre de 2015. El trabajo presentado (comunicacion poster) fue:
Ultra-low concentration of nanoparticles embedded in PES phase-
inversion membranes: effect on morphology and performance, de los
autores: J. Garcia lvars, M.1. Iborra Clar, M.I. Alcaina Miranda y B. Van
der Bruggen.
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1.4. Estructura de la Tesis Doctoral

La presente Tesis Doctoral ha sido estructurada en un total de ocho capitulos,
cuyo contenido se detallard seguidamente. Serd presentada por compendio de
publicaciones (tesis por articulos), donde los capitulos referidos a los resultados
corresponden a los articulos publicados y adaptados al formato de tesis. En el
primer apartado (Capitulo 1) se exponen los objetivos principales y secundarios, la
motivacién que ha impulsado a desarrollar este trabajo de investigacion, la
contribucion y estructura de dicha Tesis Doctoral que ha permitido la consecucion
de los objetivos expuestos al principio del apartado.

Posteriormente, se realiza una revision bibliografica que comprende los
aspectos mas importantes de la tecnologia de membranas, su aplicacion y su
problematica (Capitulo II). Junto a ello, se detallan los métodos mas utilizados y
relevantes de fabricacion y modificacion de membranas, tanto organicas como

inorganicas.

En el Capitulo Il son descritas las técnicas analiticas utilizadas a lo largo de la
Tesis Doctoral asi como la metodologia experimental empleada para la medicion
de los distintos pardmetros caracteristicos de la membrana, atiles para la

comparacion y posterior discusion de los resultados obtenidos.

En los apartados siguientes, Capitulos IV y V se detallardn los resultados méas
importantes extraidos de esta investigacion. En el primero de ellos, Capitulo IV, se
analiza el método de fabricacion por inversion de fase mediante precipitacion por
inmersion, donde el no-solvente induce la separacion de fases entre polimero y

disolvente. En el mismo se realiza una comparativa de los distintos

21



CAPITULO I

comportamientos y efectos ocasionados por la adicién de compuestos orgénicos e
inorgénicos en escala nanoscopica en la estructura del material polimérico base
para la fabricacion de la membrana frente a una membrana control formada
Unicamente por polimero. Del mismo modo, en el Capitulo V se estudiard la
modificacion superficial de membranas ya fabricadas y comerciales con aditivos

similares a los utilizados en el Capitulo IV.

Esta Tesis Doctoral finaliza con una serie de capitulos (VI y VII) donde se
detallan las conclusiones finales extraidas de los capitulos anteriores asi como las
futuras lineas de investigacion que se podrian seguir para desarrollar el estudio
realizado. Finalmente, un capitulo es dedicado a la nomenclatura empleada
(Capitulo VIII). Por tanto, el diagrama de bloques que muestra la estructura de la

presente Tesis Doctoral queda reflejado en la Fig. I.1:
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Obtencion y caracterizacion de membranas poliméricas
de ultrafiltracion de bajo ensuciamiento y estudio de condiciones
de fabricacion

Objetivos principales y secundarios (Capitulo 1)

Revision bibliogréafica:
Aplicacion, fabricacion, problematica, modificacion

Polimeros organicos e inorganicos Metodologia experimental y comerciales organicos ¢ inorganicos

técnicas analiticas B
(Capitulo I11)

Aditivos Membranas ‘ Aditivos

Modificacion superficial inducida
por radiacion ultravioleta
(Capitulo V)

Modificacion estructural mediante el
método de inversion de fase
(Capitulo IV)

Membranas fabricadas en el laboratorio
Conclusiones finales
(Capitulo V1)

Fig. 1.1. Diagrama de bloques de estructuracion de la tesis doctoral
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Introduccion

1.1 Problematica de los contaminantes organicos en

el agua.

El agua es un recurso bastante complejo que comprende un ciclo dindmico
compuesto por lluvia, evaporacion y escorrentias con enormes variaciones
temporales y espaciales asi como cambios en su calidad que repercuten

directamente en personas y ecosistemas [Rijsberman, 2006].

Sin embargo, los desequilibrios entre la disponibilidad y la demanda del agua
asi como la degradacién de las aguas subterraneas y la calidad de las aguas
superficiales, la competencia intersectorial y los conflictos interregionales e
internacionales han llevado al crecimiento de ciertos problemas relacionados con el
agua. Principalmente, éstos llevan a una escasez de suministro y calidad del agua
para uso urbano, industrial y agricola, en definitiva, para uso humano. En este
contexto, la escasez de agua se refiere a los suministros o recursos limitados de
agua proyectada para una demanda de agua en un lugar especifico. Dicha
limitacion de recursos puede ser en cantidad o en calidad, donde esta Ultima es
especialmente significativa puesto que aproximadamente el 97 % del agua presente
en la Tierra estd distribuida en océanos y mares, los cuales poseen un alto
contenido en sal (35000 mg/L). Este hecho convierte a esta vasta fuente natural en

un recurso virtualmente indtil sin un tratamiento correcto.

Si se profundiza mas en este analisis, un 2 % del agua presente en la Tierra esta
en forma de hielo en glaciares y casquetes polares. ElI 1 % restante del agua se
encuentra dividida entre la atmosfera (0.3 %), acuiferos subterraneos (0.6 %, donde
la mitad estan a una profundidad superior a 800 m) y rios y lagos (0.1 %). Asi pues,

con el agua presente en los acuiferos subterrdneos méas superficiales y el agua de
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rios y lagos hay que abastecer a toda la poblacion mundial (~ 7000 millones de
personas) que depende de ella para sus necesidades. Si se asume que los recursos
de agua estan disponibles para todo el mundo, los actuales niveles de consumo, el
crecimiento demogréafico y el desarrollo industrial provocardn una escasez de

recursos de agua dulce.

El acceso a agua potable limpia es un derecho fundamental y una necesidad
basica del ser humano, asi como un factor clave para la prevencion de muchas
enfermedades contagiosas. Los requisitos minimos de agua para satisfacer las
necesidades humanas estan establecidos en una disponibilidad total (agua potable,
higiene humana, servicios sanitarios y uso cotidiano) de 50 litros de agua por
persona y por dia [Gleick, 1996]. Sin embargo, casi 2 millones de nifios mueren
cada afio por falta de un vaso de agua limpia y un saneamiento adecuado. Las
oportunidades y opciones son limitados para millones de mujeres y nifias que se
ven obligadas a pasar horas recogiendo y transportando agua. Estas situaciones al
limite de la existencia llevan al consumo de agua directamente de rios y estanques,
lo que representa un alto riesgo para la salud incrementando la posibilidad de
contraer enfermedades infecciosas transmitidas por el agua como hepatitis, diarrea,
disenteria, polio, tracoma y tenia [Arnal et al., 2009]. Este hecho ocasiona un
mayor incremento en la pobreza y un decrecimiento econémico en algunos de los
paises mas pobres del mundo [Watkins, 2006], en las cuales dos fuentes de agua
estan normalmente disponible abundantemente: agua de mar y aguas residuales.
Ambas aguas plantean desafios significativos en su tratamiento, pero se esta

incrementando su uso como fuente de agua dulce para una amplia variedad de usos.

Sin embargo, estos procesos sociales han ocasionado la aparicion de nuevas

fuentes de aguas residuales a escala global, lo que ha convertido la contaminacion
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de los recursos hidricos en uno de los principales problemas medioambientales vy,
por ende, en una preocupacion de primer orden para las autoridades competentes.
Un numero cada vez mayor de contaminantes de caracter nocivo es generado
diariamente, alcanzando nuestro medio ambiente, es decir, el medio que nos rodea.
Este tipo de aguas residuales necesita ser tratado eficientemente y con técnicas de
gran calidad para obtener la descontaminacion necesaria. Su estudio ha llevado a
cientificos e investigadores de toda indole a dedicar gran parte de su carrera a este

tema y a la busqueda de soluciones.

Los procesos de separacion por membrana pueden jugar un papel determinante
en la reduccion de la escasez de agua. Esta tecnologia es ampliamente aceptada
como una técnica limpia para el tratamiento de aguas residuales antes de ser
vertidos a aguas superficiales, para recuperar materiales o productos de valor
afiadido en la industria y para el tratamiento de aguas para producir cantidad y
calidad de agua procedente de aguas superficiales, pozos, aguas salobres o agua
marina para consumo humano [Mallevialle et al., 1996]. Las principales ventajas
que posee un proceso de membranas frente a las técnicas convencionales de
separacion son el uso de temperaturas de operacion moderadas junto a condiciones
de proceso mas suaves sin necesidad de afiadir agentes quimicos y la posibilidad de
afiadir elementos si fuera necesario aumentar la capacidad de produccion del
proceso. Ademas, la versatilidad de este proceso radica en que puede
implementarse a priori 0 a posteriori de otro proceso de separacion, bien de
membranas o bien convencional, con el objetivo de incrementar la pureza y calidad
del agua producida. Esto implica que la tecnologia de membranas puede mejorar la
funcion de otros procesos desde el tratamiento y evacuacion de aguas residuales
hasta la obtencién de agua potable a partir de fuentes inesperadas [Nicolaisen,
2002].
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11.2. Clasificacion de las membranas.

De acuerdo con [Sotto, 2008], el término de operacién de membrana es mas
apropiado que la palabra proceso, ya que este segundo término engloba dos 0 mas
operaciones en su definicién. Una membrana se define como una barrera fina que
permite el paso selectivo de ciertas sustancias a su través, mientras que impide el
transporte de otros compuestos [Mulder, 2003]. Por tanto, una operacion de
membranas estard definida a partir de una corriente de alimentacion o alimento
compuesta por una disolucién a tratar que se divide en dos corrientes de distinta
composicidn al aplicar una fuerza impulsora al sistema: un permeado, formado por
el material que ha pasado a través de la membrana, y un concentrado, formado por
las sustancias retenidas. Un esquema de un proceso de membranas de flujo
tangencial se muestra en la Fig.11.1.

# Rechazo

Alimento

Permeado

Fig.I1.1. Esquema del transporte selectivo de un proceso de separacion por membranas en
flujo tangencial definido por sus corrientes de flujo.

La definicion anterior no aporta informacion sobre la estructura o la funcion de
la membrana. Una membrana puede tener mayor o menor espesor, ser natural o
sintética, con una estructura mas o menos homogénea, y presentar un transporte
activo o pasivo entre otras muchas caracteristicas [Mulder, 2003]. Con el fin de
establecer una clasificacion general y facilitar su entendimiento, se seleccionaron

los criterios mas comunes y distinguibles: naturaleza y estructura (Fig.11.2)
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Planas
Tubulares
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Porosidad

Configuracion
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Fig.11.2. Membranas clasificadas en funcion de su naturaleza y su estructura [Sotto, 2008].

En cuanto a la naturaleza de las membranas, se puede diferenciar dos tipos:

naturales o bioldgicas y sintéticas. Las primeras de ellas son esenciales en los

organismos vivos, donde cada célula viva es rodeada por una membrana, pero

difieren en la estructura. Estas membranas poseen estructuras muy complejas y
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resultan de vital importancia en funciones especificas de los procesos
biotecnoldgicos desarrollados actualmente en la investigacion médica vy
farmacéutica. A su vez, éstas pueden distinguirse en vivas y no vivas. Este tipo de

membranas tiene poca aplicacion industrial.

Mientras tanto, las membranas sintéticas son ampliamente utilizadas en el
ambito industrial y pueden clasificarse en inorganicas, liquidas, mixtas y organicas

0 poliméricas.

Las membranas inorganicas se caracterizan por su gran estabilidad térmica y
guimica en comparacion a los materiales poliméricos, por su alta resistencia a la
presién y por ser inertes ante la degradacién microbioldgica. Su uso a nivel
industrial es limitado, debido a su baja relacién superficie/volumen, fragilidad y
coste, lo que restringe su campo de aplicacion a procesos donde no resulta viable el
uso de membranas poliméricas. A su vez, las membranas inorganicas pueden

dividirse en membranas metalicas, ceramicas, zeoliticas y de vidrio.

Las membranas metalicas se fabrican a partir de polvos metalicos que son
sinterizados o emulsificados, como acero inoxidable, molibdeno o tungsteno. Otros
ejemplos de este tipo de membranas son los platos finos metalicos formados por
paladio, plata, cobre y aleaciones de estos metales, donde éstas son utilizadas para
reducir la fragilidad del paladio puro. El paladio se utiliza para este tipo de
aplicaciones puesto que es un material muy selectivo frente al hidrogeno, pudiendo
disociar hidrégeno molecular en dtomos, los cuales pasan a traves de la estructura

de la membrana [Decaux et al., 2010]. Las membranas metélicas poseen una alta
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resistencia mecanica y mayor vida media que las membranas cerdmicas [Suérez et
al., 2014].

Por otro lado, las membranas cerdmicas son formadas mediante la combinacion
de un elemento metélico utilizado como soporte con un material cerdmico en forma
de dxido, sulfuro, nitruro o carburo. Estas membranas poseen varias ventajas como
su estabilidad a altas temperaturas, alta resistencia mecéanica y a la presién, buena
estabilidad quimica, gran facilidad para ser limpiada y alta vida media asi como
una estructura porosa estable y bien definida [Zhang et al., 2015]. Los materiales
mas utilizados para la fabricacion de membranas son el 6xido de aluminio o

alimina (Al,QOs), el 6xido de zirconio (ZrO,) y el 6xido de titanio (TiO,).

Las zeolitas son aluminosilicatos microporosos cristalinos, con gran capacidad
de hidratarse y deshidratarse de manera reversible. Son construidos a partir de
redes tridimensionales de SiO,, AlO, o GeQO, tetraédricos. Las membranas
zeoliticas y de paladio suelen aplicarse en procesos de catélisis y produccién de
hidrégeno. Estos materiales poseen un tamafio de poro muy estrecho pudiéndose
aplicar en distintos procesos de separacion por membranas como pervaporacion,

reactores de membrana o separacion de gases [Zhou et al., 2012].

Al igual que se ha hablado de membranas ceramicas y metalicas, el vidrio es
otro material que puede ser Util en la fabricacion de membranas. Las membranas de
vidrio porosas poseen gran estabilidad térmica, resistencia quimica y alta
transparencia Optica, en comparacion con otros solidos porosos inorganicos

[Markovi¢ et al., 2009]. Pyrex y Vycor suelen ser los vidrios més conocidos para
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estas aplicaciones, los cuales estan compuestos principalmente por SiO,, B,O; y
Na,O, aunque también pueden estar compuestos por fosfatos [Qing et al., 2014].

Continuando con la clasificacion por material utilizado en la fabricacion de la
membrana, las membranas poliméricos constituyen el campo méas amplio y
desarrollado de las membranas tanto a nivel industrial como a nivel de laboratorio,
debido a la gran versatilidad que aportan los polimeros y a su bajo coste (en
comparacion con otros tipos de membranas como las cerdmicas). La eleccion del
material polimérico (o materiales poliméricos) como base de la membrana esta
basada en su estado, tamafio molecular y en propiedades especificas (térmicas,
guimicas y mecanicas), originadas de factores estructurales del polimero, que son
otorgadas a la membrana naciente. Por tanto, dicha eleccion determinard la
estructura y la estabilidad de la membrana y, en funcién de su naturaleza, definira
las interacciones existentes entre la superficie de la membrana y los compuestos a
tratar, posibilitando la aparicién de fendmenos como la adsorcion o la mojabilidad
que influyen en el mecanismo de separacion. Todo esto jugara un papel crucial en
las propiedades permeselectivas de la membrana. Sin embargo, su baja resistencia
a los agentes oxidantes, su dependencia del pH del medio y el deterioro estructural
que puede sufrir la membrana tras una larga exposicion a altas temperaturas son
sus principales inconvenientes [Ng et al., 2013]. Entre los distintos materiales
poliméricos utilizados, destacan: acetato de celulosa (AC), alcohol de polivinilo
(PVA), nitrato de celulosa (NC), poliamida (PA), policloruro de vinilo (PVC),
poliétersulfona (PES), polifluoruro de vinilideno (PVDF) y polisulfona (PSU).

En el caso de la estructura, esta clasificacion es muy ilustrativa puesto que ésta

determina el mecanismo de separacion y, por tanto, su campo de aplicacion. Desde
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el punto de vista macroscopico, las membranas pueden dividirse en planas,

tubulares o de fibra hueca en términos de su configuracion modular.

En cuanto a la estructura a escala microscopica, las membranas pueden ser
simétricas o asimétricas en términos de su morfologia. Las membranas simétricas
son homogéneas en todas las direcciones, mientras que las asimétricas poseen una
estructura no uniforme en todo su espesor. Las membranas asimétricas estan
formadas por una capa delgada medianamente densa (capa activa), la cual posee un
espesor de entre 0.1 a 0.5 pum y es responsable de las funciones de permeacion y
separacién de todo el conjunto de la membrana. Esta capa es soportada por una
subcapa porosa que proporciona resistencia mecanica y presenta una resistencia
despreciable a la transferencia de materia. La subcapa o estructura porosa tiene un
espesor comprendido entre 50 a 150 um. Usualmente, este tipo de membranas
suele prepararse sobre un substrato o soporte poroso que proporciona tensién
mecanica al conjunto de la membrana. La gran ventaja que posee este tipo de
estructuras es que combinan la gran selectividad proporcionada por una capa
delgada densa con la alta permeabilidad de las membranas muy finas o de poco
espesor. En la Fig.I.3 se muestra un esquema de la seccion transversal de una

membrana asimétrica.
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Fig.11.3. Representacidn esquematica de la seccion transversal de una membrana de
estructura asimétrica.
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Ademaés, a partir de la estructura asimétrica se puede extraer otro tipo de
membrana que resulta interesante para muchas aplicaciones de separacién por
membranas como destilacion por membranas, contactores de membrana,
pervaporacion o separacion de gases que es el uso de membranas compuestas. Este
tipo de membranas suelen ser asimétricas donde es depositada una fina capa densa
de otro polimero sobre su capa superior. Como cada capa es de un material distinto,
las capas pueden ser optimizadas de manera independiente, mejorando las
caracteristicas de todo el conjunto. Méas adelante se comentaran distintos métodos

de fabricacién o modificacion para conseguir este tipo de membranas.

Al mismo tiempo, si se considera la porosidad de la membrana, éstas pueden ser
porosas y no porosas 0 densas. Esta caracteristica importante puesto que el
mecanismo de separacion que tenga la membrana asi como su campo de aplicacion
vendran definidos por el tamafio y la distribucion de los poros de las membranas y
las dimensiones del soluto. Las membranas densas son aquellas que presentan unas
dimensiones de poro menores a 2 nm donde la difusion de especies tiene lugar en
el volumen libre presente entre las cadenas macromoleculares del material que
conforma la membrana. Dicha transferencia de materia estara determinada por las
caracteristicas intrinsecas del polimero tales como la cristalinidad o el estado
vitreo, las cuales son dependientes de la flexibilidad y la interaccion de la cadena y
la masa molecular del polimero. En algunas membranas, su estructura molecular
posee un exceso de grupos quimicos, proporcionando cierta naturaleza eléctrica a

la superficie activa. A su vez, las membranas cargadas se pueden clasificar como:

e Anionicas: membranas que poseen carga eléctrica superficial negativa.
¢ Neutras: membranas que no presentan carga eléctrica superficial.
e Catidnicas: membranas que presentan carga eléctrica positiva en su

superficie.
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Sin embargo, el pH del medio puede influir seriamente en la carga superficial de
este tipo de membranas, pudiéndose producir la hidrolizacion de los distintos
grupos quimicos presentes en la superficie. Asi, la naturaleza del polimero y su

carga superficial son factores decisivos en el funcionamiento del sistema.

En funcién del tamafio y distribucion de poros que posea una membrana, ésta
puede clasificarse en un rango intermedio entre las membranas porosas y densas.
En este caso, habria que tener en cuenta los efectos de disolucion-difusion y

electroguimicos que influyen en la permeabilidad y selectividad de la membrana.

Cabe destacar la importancia en esta clasificacion de un nuevo tipo de
membranas que estan teniendo gran repercusion en la actividad investigadora e
industrial durante estos Gltimos afios. Este tipo de membranas es conocido como
membranas mixtas, organico-inorganicas o nanohibridos, las cuales abarcan un
interesante espectro de aplicaciones, ya que la presencia de nanoparticulas de
naturaleza inorganica en una base organica mejora la fortaleza mecéanica del
material sin afectar a las caracteristicas mas importantes del polimero, Utiles para
definir las propiedades permeselectivas de la membrana. De este modo, el principal
objetivo de esta clase de materiales es el uso de la estabilidad aportada por la fase

inorganica junto con la funcionalidad organica dada por el polimero [Sotto, 2008].

Finalmente, otra forma posible de clasificar las membranas es en funcién del
proceso de aplicacion de las mismas, pudiéndose diferenciar por el tipo de

sustancias separadas y por las fuerzas impulsoras empleadas.
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1.3. Procesos de membranas para el tratamiento de

aguas.

La tecnologia de membranas se puede utilizar para concentrar, purificar o
fraccionar una disolucion o suspension. La concentracion de un componente
deseado se produce en sistemas donde dicho componente esta presente en pequefias
cantidades, propiciandose la eliminacién del disolvente del sistema por la corriente
de permeado. Por otro lado, la purificacion implica la eliminacién de impurezas o
componentes indeseables presentes en el sistema, bien en la corriente de permeado
0 bien en la de rechazo. Finalmente, el fraccionamiento se produce cuando se

separa una disolucioén o mezcla en dos 0 mas componentes de interés.

Dicho transporte de componentes a través de una membrana es posible debido a
la accion de una fuerza impulsora sobre la corriente de alimentacion.
Normalmente, esta fuerza motriz consiste en una diferencia o gradiente de
concentracién, temperatura, potencial eléctrico, presiébn o de presion parcial a
ambos lados de la membrana. Los gradientes de presion son los aplicados con
mayor frecuencia al tratamiento de aguas residuales y de agua potable. En la Tabla
Il. 1 se muestran un resumen de los procesos de membranas regidos por un

gradiente de presion.
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Tabla Il. 1. Comparacion de los distintos procesos de separacién por membranas regidos
por un gradiente de presion. Dichos procesos son: Microfiltracion (MF), Ultrafiltracion
(UF), Nanofiltracion (NF) y Osmosis Inversa (Ol).

MF UF NF Ol
Simétrica Simétrica P s
Estructura Asimétrica Asimétrica Asimétrica Asimétrica
Inorgénica Inorgénica Inorgénica -
Naturaleza Orgénica Orgénica Orgénica Organica
Porosidad Macroporosa Microporosa Microporosa Densa
Densa
Tar;g:‘g de  005-10um 0.002-005um <0.002um < 0.0002 um
Presionde 4 5 pgr 0.5 -5 bar 5-35bar 10100 bar
trabajo

El principio basico de la MF y la UF es la separacion fisica, donde la eficiencia
en la eliminacion de los solutos de interés viene definido por el tamafio de poro de
la membrana. La forma y el tamafio de estos solutos, que alcanzan pesos
moleculares del orden de miles de Dalton, son parametros muy importantes para
determinar el éxito del proceso aplicado. Asi, las sustancias que poseen un tamafio
mayor que las dimensiones de los poros de la membrana son retenidas totalmente,
aunque en dicha retencion también influyen la naturaleza de la membrana y las
interacciones electrostaticas existentes entre la superficie de la membrana y las
particulas presentes en la disolucidn a tratar. Ambas técnicas fueron desarrolladas
para eliminar las particulas, coloides y macromoléculas presentes en las aguas
residuales, por lo que la eleccién del material que conforma la membrana es
principalmente determinada por las caracteristicas de la disolucion a tratar y el
proceso de fabricacion, tendencia al ensuciamiento y la estabilidad quimica y

térmica de la futura membrana.
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La diferencia principal entre ambas técnicas (MF y UF) radica en la estructura
de la membrana, asi como en una capa superior mas densa que conlleva a un menor
tamafio de poro y de porosidad superficial y, como consecuencia, una mayor
resistencia hidrodindmica. A su vez, esto influye directamente en el tamafio de
particulas separadas asi como el intervalo de presiones de trabajo aplicables a cada
proceso y, como consecuencia, a la permeabilidad al agua obtenida. De este modo,
las membranas de MF presentan mayores dimensiones de poro que las membranas
de UF y, por tanto, unos elevados valores de permeabilidad al agua (> 150 L/m?-h
para MF frente a 10-150 L/m?-h para UF), soportando un rango de presiones de

trabajo mas pequerio, tal y como se observa en Tabla Il. 1.

A continuacion, se muestran distintos ejemplos de aplicacion de estas técnicas a

numerosos ambitos industriales:

e MF: en la eliminacion de bacterias, esporas y células somaticas
procedentes de leche desnatada [Gésan-Guiziou, 2010], en la eliminacion
de emulsiones de aceite, bacterias, levaduras y hongos de aguas residuales
de aceite [Padaki et al., 2015], como pretratamiento del caldo de
fermentado para proteger los intercambiadores de calor y columnas de
destilacion frente al ensuciamiento en plantas de produccion de bioetanol
[Baeyens et al., 2015], en la eliminacion de particulas carbonizadas para
mejorar la aplicabilidad de bio-aceites como combustibles [Javaid et al.,
2010] o como proceso alternativo en el clarificado de vinos blanco y tinto
[El Rayess et al., 2011].

e UF: en la eliminacion de sélidos coloidales, virus, proteinas, polisacaridos
y acidos humicos presentes en aguas residuales contaminadas con aceite
[Padaki et al., 2015], en el tratamiento de aguas residuales altamente

concentradas procedentes de la industria alimentaria mediante
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biorreactores anaerobios de membranas [He et al., 2005], en la sintesis de
varios productos de valor afadido mediante la separacion y el
fraccionamiento del licor negro de diferentes fracciones de lignina
[Toledano et al., 2010], en la eliminacién de farmacos con alta masa
molecular como Ibuprofeno, Estradiol o Diclofenaco en aguas sintéticas
[Jermann et al., 2009; Vona et al., 2015] o en la industria lactea en
distintos apartados como deshidratacion de leche, concentracion de
lactosuero y  fraccionamiento o  purificacion de  proteinas

[Kazemimoghadam y Mohammadi, 2007; Salvatore et al., 2014].

El proceso de NF permite separar solutos de bajo peso molecular, de
aproximadamente 150 a 200 Da, como sales inorganicas y pequefias moléculas
compuestas, debido a su pequefio tamafio de poro, rechazando débilmente las sales
monovalentes. Algunas membranas poliméricas de NF son estructuras no-porosas
formadas por redes entrecruzadas, mientras que las membranas inorgénicas
contienen discretos poros con un rango de tamafio de poro de 0.5 a 2 nm [Shen y
Schafer, 2014]. Esto les sitia en un rango de selectividad comprendido entre los
procesos de UF y Ol, presentando altos valores de permeabilidad al agua (1.5-15
L/m?-h) combinado con una gran retencion de solutos organicos. Debido a su gran
resistencia hidraulica, este proceso admite mayor rango de presion de operacion
que la UF, abarcando de 5 a 35 bar. Ademas, en este proceso hay que tener en
cuenta que la presion osmdtica del disolvente a tratar debe ser superada para

obtener la separacion deseada [Mulder, 2003].

Algunas aplicaciones industriales de esta técnica son: la obtencidn de agua de
alta calidad mediante el tratamiento de aguas subterrdneas y superficiales

[Mohammad et al., 2014], la purificacion de acido lactico y distintos aminoacidos
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en corrientes procedentes de biorefinerias [Koschu et al., 2005], la eliminacion de
flaor y fosfatos de aguas residuales procedentes de la fabricacion de fertilizantes
[Dolar et al., 2011] y de uranio de aguas subterrdneas contaminadas [Gamal Khedr,
2013].

El ultimo proceso de separacion por membranas que tiene como fuerza
impulsora un gradiente de presién es el proceso de Ol. Este proceso permite la
obtencién de un agua de alta pureza ya que presentan un alto rendimiento en la
retencion de sales disueltas y bacterias, mostrando su capacidad para desalinizar
fisica, quimica y bacterioldgica el agua tratada. Generalmente, las membranas
utilizadas son poliméricas con una estructura densa o0 no-porosa, implicando un alta
resistencia hidraulica y, por tanto, un valor bajo de permeabilidad al agua (0.05-1.5
L/m?-h). Debido a su estructura, el mecanismo de transporte caracteristico a través

de la membrana es el de disolucién-difusién [Wijmans y Baker, 1995].

El tratamiento de desalinizacién de agua salobres y agua de mar y la obtencién
de agua ultrapura para las industrias de la energia eléctrica, electronica y
farmacéutica son algunos de los usos mas frecuentes y estandarizados de la Ol
[Baker et al., 2004].

A modo de resumen, la Fig.11.4 muestra los distintos procesos de separacion por
membranas con un gradiente de presion como fuerza impulsora en funcion del tipo

de compuesto que puede atravesar la membrana.
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Fig.11.4. Separacion mediante procesos de membranas basados en un gradiente de presion.

Finalmente, es importante destacar que los procesos de operacion de
membranas pueden dividirse en dos tipos atendiendo a la direccion de flujo de la
corriente de alimentacion con respecto a la superficie de la membrana: filtracion
tangencial o “cross-flow” y filtracion lineal o “dead-end”. La principal diferencia
existente entre una filtracion “cross-flow” frente a una “dead-end” reside en que,
en el primer caso, la disolucién a tratar se dirige paralelamente al medio filtrante, a
una velocidad suficiente que limita la formacion de un depoésito al entrar en
contacto con la membrana y, de este modo, se reduce la rapida restriccion de flujo
producida por la saturacion o colmatacion de la superficie de la membrana. Por
tanto, con la filtracion “cross-flow” se reduce la deposicion de particulas sobre el
medio filtrante y permite trabajar a una velocidad lo suficientemente elevada como
para minimizar el fendmeno de ensuciamiento de la membrana. Ademas, este tipo
de filtracion extiende el uso de membranas de bajo diametro medio de poro para
separar sustancias con mayor tamafio molecular y permite de manera simultanea la
concentracion y purificacion de corrientes. Sin embargo, la configuracion “dead-
end” tiene ventajas a nivel operativo a escala piloto e industrial, puesto que la

energia requerida para realizar la separacion es menor que en “cross-flow”,
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principalmente debido a las altas velocidades tangenciales que son requeridas para
prevenir el fendmeno de ensuciamiento [Kennedy et al., 2008].

El comportamiento de una membrana y su eficacia en el proceso de separacion
donde es aplicada vienen definidos por la selectividad y la densidad de flujo. Por
tanto, para la aplicacion correcta de un proceso de separacion por membranas es
necesario comprender y superar los inconvenientes que pueden aparecer como
resultado de las interacciones existentes entre membrana, mddulo y disolucion a
tratar. Asi pues, la membrana viene definida por su composicién quimica y su
proceso de fabricacién, mientas que la disolucion viene definida por sus
propiedades caracteristicas y, finalmente, el tipo de material y la geometria definen
al modulo de membranas. Por tanto, la creciente investigacion y el desarrollo de la
tecnologia de membranas a escala de laboratorio y en planta piloto ayuda a la

resolucion de los problemas presentados por el proceso de forma dtil e inmediata.
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11.4. Procesos de fabricacion de membranas.

Como se ha indicado anteriormente, existe una gran variedad de materiales que
pueden emplearse en la preparacion de membranas, distinguiéndose generalmente
dos tipos de membranas por su gran aplicacion en los procesos industriales y
medioambientales: organicas (a partir de materiales poliméricos) e inorganicas (a

partir de materiales cerdmicos y/o metalicos).

Una membrana debe poseer una serie de propiedades que la vuelven (til para su
aplicacion en distintos procesos de separacion. En el caso de procesos que poseen
como fuerza impulsora un gradiente de presién (por tanto, separacién de sistemas
liquido-liquido), las propiedades méas importantes son: resistencias mecéanicas
excelentes, buen comportamiento frente al ensuciamiento, altas selectividad y
permeabilidad y un buen control de la distribucion de tamafio de poro en toda la

superficie de la membrana [Akar et al., 2013].

En funcién del campo de aplicacién y la morfologia deseada, existen distintos
tipos de técnicas para sintetizar una membrana. La eleccion del material que
compondra la membrana es de gran importancia, puesto que condiciona sus
propiedades de transporte. Del mismo modo, las técnicas de preparacion necesarias
para la obtencion de la morfologia y, por tanto, de la membrana deseada también es
funcion del material seleccionado. Todo ello repercute en las propiedades
mecénicas, termo y quimiorresistentes de la membrana. A continuacion, se
presenta un breve resumen de las técnicas de fabricacion més empleadas, tanto para

membranas organicas como inorganicas.
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11.4.1. Pista grabada o “track-etching”

En esta técnica (también conocida como de bombardeo ionizante o irradiacién
de particulas), una pelicula lisa y densa de material metélico u organico es irradiada
perpendicularmente a la lamina con electrones de elevada energia (0.5-5 MeV).
Con esta accion, la matriz de la pelicula es dafiada produciendo trazas o pistas de
ionizacién y, posteriormente, se introduce en un bafio mordiente (acido o alcalino)
produciéndose un conjunto de poros cilindricos de dimensidn estrecha y uniforme a
lo largo de las pistas. EI material mas comun en esta técnica es el policarbonato v,

en menor medida, la mica.

Mediante el bombardeo ionizante, las membranas poseen una porosidad muy
pequefia (aproximadamente 10 % como maximo) y el diametro de poro que varia

entre 0.02 y 3 um.

11.4.2. Estriamiento

Este método es utilizado para la fabricacion de membranas poliméricas, donde
una hoja de polimero cristalino es producida por extrusion mediante un esfuerzo
sometido perpendicularmente a la direccion de extrusion, que produce pequefias
rupturas y, de ahi, la estructura porosa. La tensidn mecéanica se realiza en esa
direccion debido a que las regiones cristalinas estan localizadas en la direccion

paralela a la extrusion.

Con esta técnica, los materiales tipicamente utilizados son polimeros
parcialmente cristalinos o semicristalinos (polietileno, polipropileno vy
politetrafluoroetileno) mientras que las porosidades obtenidas son muy altas (hasta

90 %) y el tamafio de poro oscila entre 0.1 y 3 pum.
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11.4.3. Fabricacion de membranas de vidrio

Los materiales utilizados mas conocidos para la fabricacion de membranas de
vidrio son Pyrex y Vycor, conteniendo ambos SiO,, B,0; y Na,O. Una mezcla
homogeénea de estos compuestos entre 1300 y 1500 °C de temperatura es enfriada
repentinamente a un rango de temperaturas entre 500 y 800 °C, donde ocurre la
separacién de fase en funcion de la composicién de la mezcla. En el caso de Vycor,
esta separacion de fases lleva a una fase compuesta principalmente por SiO,, la
cual no es soluble en acidos minerales. La otra fase es rica en B,0Os, la cual puede
extraerse formando estructuras mesoporosas. La principal ventaja es la facilidad
con la que se puede modificar la superficie de estas membranas con cualquier clase
de compuesto y, de ese modo, cambiar sus propiedades selectivas. Sin embargo, la
pobre estabilidad mecanica y la susceptibilidad del material debido a un proceso de
fabricacion a alta temperatura destacan como sus desventajas mas destacables
[Mulder, 2003].

11.4.4. Método de inversion de fase

El desarrollo de este proceso en el campo de la fabricaciéon de membranas
poliméricas ha sido muy importante, siendo la mas utilizada actualmente
comercialmente y en la investigacion en los procesos de ultrafiltracion. Este
proceso comprende el control de la conversion de una disolucién polimérica
(sistema homogéneo de concentracion conocida formado normalmente por
polimero y disolucion), de una fase liquida a una fase sélida. La preparacion de la
membrana es influenciada por varios factores entre los que destaca la
concentraciéon y estado del polimero y el disolvente, la composicion del agente
coagulante o no-disolvente en el bafio de coagulacion y el rol y concentracion de

los aditivos utilizados. Esta técnica sera extensamente explicada en el Capitulo Il1.
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11.4.5. Método sol-gel

Este método es utilizado para la fabricacion de membranas cerdmicas, metalicas
y de vidrio, con un tamafio de poro relativamente grande; aunque Ultimamente se
estd aplicando a la fabricacién de membranas poliméricas e hibridas organicas-
inorgénicas [Catauro et al., 2015]. La base de este proceso radica en el uso de un
precursor al que se le aplicardn reacciones de hidrolisis y polimerizacion (o
policondesacion). Usualmente, el precursor mas utilizado es un alcoxido
[M(OR)n], donde M representa el elemento metalico de enlace (Si, Al, Ti...) y R
es un grupo alquilo. Ambos métodos de fabricacion en funcién del material,
organico o inorganico, se muestran en la Fig.11.5. En primer lugar, el precursor se
hidroliza mediante la adicién de liquido (agua o medio organico, en funcion de la
naturaleza que interese), obteniendo una dispersion coloidal o “sol”. Tras ello, el
compuesto hidrolizado estd compuesto por grupos OH capaces de reaccionar con
otros reactivos, produciéndose un aumento de su viscosidad durante la
polimerizacion y formando una fase solida “gel” como resultado. Para la
peptizacion del gel y formacién de una suspension estable, se afiade un agente
acido como HCI 0 HNO;. Una vez transcurrida la gelacion, el producto obtenido es
secado para preparar xerogeles (mediante su exposicion a bajas temperaturas) o
aerogeles (en condiciones supercriticas). Este método permite la obtencion de
estructuras con un tamafio de poro del orden de pocos nanémetros asi como una
membrana con las caracteristicas necesarias a partir de precursores liquidos muy
puros [Casado-Coterillo, 2005]. Ademas, es interesante tener en cuenta la eleccion
del catalizador &cido o béasico puesto que, ademas de acelerar o frenar las
reacciones de hidrolisis y policondesacién, puede afectar a las propiedades del
material. En el caso de utilizar un catalizador &acido, la reaccién de hidrélisis es
favorecida, formando un material mas compacto. Sin embargo, si se opta por un
catalizador bésico la estructura obtenida serd mas porosa [Curran y Stiegman,
1999; Catauro et al., 2015].
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Fig.11.5. Representacion esquematica del proceso de fabricacion de membranas por el
método sol-gel, extraido de Burggraaf et al., 1996.

11.4.6. Patrdén de lixiviacion

Esta técnica, también conocido como ‘“template-leaching”, es util para la
fabricacion de membranas porosas mediante la lixiviacion o percolado de uno de
los componentes sobre un film. Es atil para fabricar membranas de vidrio y

poliméricas, con polimeros que no se disuelven en disolventes organicos comunes.
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En este proceso, una pelicula homogénea formada por una mezcla del material base
de la membrana y un compuesto lixiviable. Este compuesto puede ser una sustancia
soluble de bajo peso molecular o incluso una macromolécula como el
polivinilalcohol o el polietilenglicol [Sa-nguanruksa et al., 2004]. Por tanto, la
pelicula es tratada quimicamente (un &cido o una base) eliminando el compuesto
lixiviable y formando una estructura porosa como resultado. De este modo, se
pueden obtener estructuras porosas con un tamafio minimo de poro de alrededor de

5nm.

11.4.7. Sinterizado

Es un método de sintesis de membranas porosas valido para organicas y para
inorgéanicas. Admite un amplio rango de materiales con gran estabilidad térmica,
quimica y mecénicamente como polimeros (polietileno, polipropileno y
politetrafluoroetileno), cerdmicas (6xido de zirconio y Oxido de aluminio),
metalicas (tungsteno y acero inoxidable), de grafito o de vidrio. Con esta técnica,
se obtienen membranas con un diametro de poro valido para microfiltracion (desde
50 nm a 10 pm) y una porosidad media (de 10 a 20 % en materiales poliméricos y
80 % en materiales metalicos), en funcién del tamafio y distribucion de poro del

polvo.

El proceso de sinterizado consta de dos etapas: compactacion del polvo hasta un
determinado tamafio mediante la compresion homogénea de las particulas y un
tratamiento térmico, donde el polvo compactado es calentado hasta que se produce
una fusion parcial y, por tanto, la aglutinacion de las particulas en contacto debido

a la desaparicion de las interfases que las separa.
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11.5. Fendmeno de ensuciamiento.

La tecnologia de membranas ha sido ampliamente utilizada para la eliminacion
de varios contaminantes procedentes de aguas residuales. La principal limitacion
gue posee estas operaciones de separacion, en especial en la microfiltracion y la
ultrafiltracion, es el fendmeno de ensuciamiento. Este es un complejo fenémeno
que comprende la interaccion entre la disolucion de alimento (pudiendo estar
formada por coloides, productos quimicos y microbios), las propiedades de la
membrana y las condiciones de operacion (como la presién, la temperatura y la
velocidad del proceso), conllevando a una disminucion progresiva de la densidad
de flujo de permeado a medida que avanza el tiempo de filtracion. Exige una
considerable atencién puesto que el ensuciamiento ocasiona un descenso gradual
del flujo de permeado a lo largo del tiempo de filtracién, dando lugar a una mayor
demanda energética, encarecer los costes de limpieza y, como consecuencia mas

grave, el reemplazo de la membrana.

El ensuciamiento es capaz de presentarse de diversas formas [Corbatdn-
Baguena et al., 2015; Mohammad et al., 2015]:

e Adsorcidn: interaccion especifica entre la membrana y el soluto, la cual
puede ocurrir en la superficie de la membrana y/o en los poros. Es causada
por solutos de dimensiones menores o similares al tamafio de poro de la
membrana, los cuales pueden penetrar dentro de los poros de la membrana,
reduciendo gradualmente su tamario efectivo.

e Bloqueo de poros: solutos de tamafio menor o similar al tamafio medio de

la membrana, los cuales bloquean o taponan los poros de la membrana. El
blogqueo parcial o total de los poros dependerdn del tamafio de las

particulas del soluto.

53



CAPITULO 11

e Formacion de torta: deposicion de particulas en forma de capas

superpuestas sobre la superficie de la membrana. Usualmente, es causada
por particulas con un tamafio superior al del poro de la membrana.

e Formacién de una capa gel: debida principalmente al ensuciamiento

superficial. Se forma homogéneamente en la inmediata vecindad de la
superficie de la membrana, siendo originada por el efecto de polarizacion

por concentracion.

Las tres primeras formas de ensuciamiento estdn asociadas mayormente al
ensuciamiento irreversible mientras que la Ultima de ellas, corresponderia al

ensuciamiento reversible.

Los mecanismos de ensuciamiento estan intimamente relacionados con otros
dos fendmenos: polarizacidn por concentracion y presion osmética. El primero de
ellos es un proceso de acumulacion de solutos retenidos en los limites de la
membrana que se encuentra en contacto con la corriente de alimentacion y resulta
en la formacién de una zona de alta concentracidn en soluto comparada con la
presente en el seno de la disolucién. Esta acumulacién es producida en forma de un
gradiente de concentracion e implica que, en todo proceso de membrana, la
desviacion entre la capa limite y la composicion global de la disolucién esta
relacionada con este fendmeno. El fendmeno de concentracion por polarizacion
tiene la tendencia que contribuir a otros mecanismos mas severos de ensuciamiento
(mencionados anteriormente), en especial, a la formacién de la capa gel. Ademas
de esto, la acumulacién de solutos organicos e inorganicos conlleva a un
incremento en la presion osmdtica de la disolucion, la cual conduce a una

reduccidn de la presion transmembranal y del flujo de permeado.
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A su vez, el fenébmeno de ensuciamiento puede dividirse en cuatro categorias

diferentes: ensuciamiento organico, ensuciamiento coloidal, ensuciamiento

inorganico o scaling y ensuciamiento bioldgico o biofouling.

Ensuciamiento organico: es uno de los mayores problemas aparecidos
durante el proceso de separacion por membranas, siendo producido por la
adsorcion o deposicion de material organico disuelto o en forma coloidal
sobre la superficie de la membrana. Ejemplos de agentes de ensuciamiento
organico son: materia organica natural, proteinas y polisacaridos.
Ensuciamiento coloidal: corresponde a la acumulacion de coloides
retenidos y material particulado sobre la superficie de la membrana.
Ejemplos de ensuciamiento coloidal son: minerales arcillosos, silice
coloidal, dxidos metalicos, coloides organicos, materia suspendida y
precipitados salinos.

Ensuciamiento inorganico: causado por la acumulacién de precipitados de
naturaleza inorganica, formados debido al aumento de su concentracion
hasta el valor de superar su concentracion de saturacion, sobre la superficie
de la membrana o en su interior. El sulfato de calcio, el carbonato célcico y
el sulfato de bario son algunos ejemplos de este tipo de ensuciamiento.
Ensuciamiento bioldgico: la adhesion y crecimiento de microorganismos
(células bacterianas o fléculos microbianos) acompafiado con la
aglomeracion de materiales extracelulares en forma de peliculas y geles
sobre la superficie de la membrana. Este tipo de geles, con una alta
densidad de carga negativa, protege a los microorganismos de los ataques
fisicos y quimicos de la limpieza. Algunos ejemplos de este tipo de

ensuciamiento son: hongos y bacterias.
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La comprension de los fendmenos de ensuciamiento es crucial para el desarrollo
efectivo de una aplicacion basada en membranas. Por ello, los estudios de
ensuciamiento proporcionan informacion atil para su reduccion y tratamiento, asi
como valiosas guias para el disefio de procesos de membrana y su aplicacion

industrial.

Por todo lo comentado anteriormente, el ensuciamiento debe ser controlado para
reducir los impactos negativos en el proceso de separacion mediante la
implantacion de medidas preventivas previas a la unidad de membrana (como
analisis de la composicién y concentracion de la corriente de alimentacion o
diferentes técnicas aplicadas como pretratamiento), la seleccién de membranas, el
disefio del modulo, las condiciones de operacién (velocidad tangencial, presion
transmembranal, temperatura y flujo de permeado entre otros) y los procesos y
productos de limpieza [Mohammad et al., 2015]. Durante la realizacién de esta
Tesis Doctoral, se estudiaron las técnicas de fabricacién y modificacion de
membranas con el fin de seleccionar correctamente la composicién y clase de las
membranas a utilizar y prevenir el ensuciamiento sufrido por las mismas. De esta
manera, se reduciria la degradacién de las membranas producida por la frecuencia

y agresividad de los distintos protocolos de limpieza aplicados.

Durante el proceso de separacion, la superficie juega un papel determinante en
la selectividad y permeabilidad de la membrana debido a que las interacciones
existentes entre la membrana y el medio a tratar tienen lugar principalmente en la
capa superficial. La naturaleza hidr6foba de algunos materiales utilizados como
polimeros base para la fabricacion de membranas, tanto a escala laboratorio como a
escala comercial, las vuelve susceptibles a ser ensuciadas, lo que afecta

negativamente a sus propiedades permeselectivas y al tiempo de vida de la
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membrana. Estos polimeros hidréfobos con bajas energias superficiales, sufren en
su estructura la adsorcién de solutos hidrofobos y anféteros presentes en el
alimento, como proteinas y grasas. Esto resulta en fuertes descensos en los flujos
de permeado de las membranas con el tiempo, causados por el ensuciamiento. Por
ese motivo, las superficiales hidrofilas son menos susceptibles al ensuciamiento
[Rahimpour, 2011].

Por todos estos motivos, las técnicas de modificacion de membranas se han
enfocado en la mejora de las propiedades superficiales, para prevenir los efectos
adversos causados por el ensuciamiento, manteniendo las caracteristicas intrinsecas
del polimero base en la estructura de la membrana, tales como su resistencia a la

tension.
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11.6. Técnicas de modificacion de membranas.

Actualmente, existe una gran variedad de procesos que permiten la
modificacion quimica de la superficie de la membrana tras su formacion. La
modificacion superficial tiene como principal objetivo incrementar el caracter
hidrofilo (o hidréfobo, segln el caso) y la selectividad con la incorporacién o

funcionalizacion de segmentos poliméricos en la membrana.

En muchos casos, el objetivo de la modificacion superficial es mejorar una serie
de propiedades de la membrana que adapte su aplicacion a la disolucion (o
disoluciones) a tratar y, por tanto, al estudio realizado. De este modo, distintos
grupos de investigacion han buscando un perfeccionamiento en el comportamiento

de la membrana mediante la mejora de su:

¢ Resistencia a la tension [Yao et al., 2008; Huang et al., 2014, Yan Li et al.,
2015].

e Rechazo o selectividad al soluto [Mansourpanah et al., 2009; Peeva et al.,
2010, An et al., 2013].

o Densidad de flujo de permeado o permeabilidad [Jiang et al., 2014,
Yuliwati et al., 2011; Ananth et al., 2012; Susanto et al., 2009].

e Resistencia al ensuciamiento [Shi et al., 2008; Vatanpour et al., 2012;
Dulebohn et al., 2014; Xueli et al., 2013].

11.6.1. Reacciones quimicas

La modificacion quimica de la superficie es una manera simple de variar el
caracter hidrofébico de una membrana a hidrofilico. Por tanto, esta técnica puede

cambiar drasticamente las propiedades intrinsecas de la membrana, especialmente
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si se introdujera un grupo anionico. Este método permite introducir grupos de
intercambio i6nico facilmente en un material. Uno de los primeros métodos
utilizado para tratar la superficie es la formacion de grupos carbonilo, hidroxilo y
carboxilico en superficies poliméricas mediante la exposicion del material a
productos quimicos oxidantes como &cido cromico, acido nitrico o permanganato
de potasio [Conceicdo et al., 2009; Wang et al., 2011]. Si este proceso se realiza en
presencia de mondémeros, puede tener lugar el injerto del mondémero (o

mondmeros) de interés en la estructura polimérica [Nunes y Peinemann, 2006].

Uno de los métodos mas utilizados ultimamente, son las reacciones de
sulfonacién aromatica de la superficie de una membrana con el fin de obtener
mejorar su caracter hidrofilo. En dicha reaccién se produce el entrecruzamiento de
la membrana polimérica (normalmente, PSU o PES) en presencia de &cido
sulfurico concentrado o derivados, y debe ser controlada para limitar la solubilidad
del agua del polimero resultante. Con dicha reaccién, se introduce el &cido
sulfénico como grupo funcional en la estructura [Klaysom et al., 2011; Ng et al.,
2013; Farrokhzad et al., 2015]. Otros métodos utilizados, especialmente en
poliolefinas, son la descarga por efecto corona y el flameado de la superficie
[Sutherland et al., 1994; Farris et al., 2010].

11.6.2. Mezcla de polimeros o “blending” polimérico

Este proceso es muy utilizado, principalmente en el método de inversion de
fase, donde un polimero hidréfilo (o hidrofobo, en funcion de queé carécter se desee
mejorar) es introducido durante la formacion de una membrana polimérica de
caracter hidréfobo con el fin de mejorar sus propiedades hidréfilas mediante un
cambio en su composicion con la formacion de un sistema unido homopolimérico.

Esta union depende principalmente del disolvente utilizado para realizar dicha
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combinacion, de los pesos moleculares, naturaleza, estructura y grado de
cristalinidad de los diferentes polimeros utilizados, entre otros parametros [Khulbe
et al., 2010]. Este método puede aplicarse para la union de particulas inorganicas
en estructuras poliméricas, explicandose con mayor detalle en el Capitulo I11.

11.6.3. Injerto polimérico o “grafting”

Esta técnica es muy utilizada actualmente y consiste en la adhesion quimica de
un grupo funcional procedente de uno o mas tipos de mondémeros (0 polimeros)
sobre una superficie usando distintos tipos de radiacion como medio, tales como
luz ultravioleta, rayos X o gamma [Rahimpour, 2011]. Con esta técnica no se
modifican las propiedades existentes en el seno del polimero. Este método sera

ampliamente explicado en el Capitulo Il1.

11.6.4. Capa por capa o “layer-by-layer”

Técnica muy versatil para construir controladas nanoestructuras en superficies
de objetos existentes. Consiste en la deposicion capa por capa de polimeros
cargados opuestamente mediante inmersiones alternadas y consecutivas de un
substrato en distintos bafios que contienen polielectrolitos cargados positiva y
negativamente. Durante este tipo de modificacion, la atraccion electrostatica,
puentes de hidrégeno y/o enlace quimico pueden estar implicados en la unién de
maltiples capas de nanomateriales sobre la superficie de la membrana [Yin et al.,
2015]. Las membranas modificadas bajo este método han sido aplicadas en
distintos campos como separacion de gases, pervaporacion y nanofiltracion,
mostrando una gran habilidad para mitigar el ensuciamiento orgénico [Lajimi et
al., 2011].
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Algunos ejemplos de esta técnica son:

o Los estudios realizados por [Ng et al., 2014], donde estos investigadores
trabajaron en el desarrollo de membranas de NF con dicha técnica, con el
fin de obtener un alta selectividad a la sal y, ademas, con un rendimiento
estable.

e La utilizacibn de compuestos de enganche como métodos de
entrecruzamiento, como son los grupos amina y silano. El enganche con
grupos amina consistié en el entrecruzamiento entre los grupos amino en
polielectrolitos cationicos y los grupos carboxilo entre los polielectrolitos
anionicos mientras que el enganche con grupos silano estaba compuesto
por la reaccion entre los polielectrolitos opuestamente cargados en grupos
silano. Con ambos métodos, la estabilizacion de la capa formada bajo
condiciones de alta fuerza idnica y el tratamiento con cloro pudo ser
mejorada [Saeki et al., 2013].

e El uso de d6xido de grafeno durante la fabricacién con el fin de desarrollar
un nuevo tipo de membrana dedicado a la purificacion de agua. Esta
membrana estaba formada por un polimero cargado positivamente
(hidrocloruro de polialilamina o PAH) y nano-hojas de 6xido de grafeno
cargados negativamente, y dio como resultado altos valores de rechazo de
sacarosa y Util para procesos de tratamiento de agua con baja carga ionica
[Hu and Mi, 2014; Mohammad et al., 2015].

11.6.5. Recubrimiento o “coating”

Dicha técnica, también conocida como “coating”, es Util para la obtencion de
membranas poliméricas densas, puesto que el transporte es por difusion y da lugar
a bajos flujos. Para incrementar dicho flujo y mejorar su selectividad, el espesor de

la membrana debe reducirse al maximo. Por tanto, la solucion es fabricar
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membranas compuestas por dos materiales diferentes, introduciendo una nueva
capa fina de polimero que aporte selectividad y permeabilidad sobre una capa de

otro material poroso que aporte resistencia mecanica.

Con esta técnica, existe la posibilidad de que la capa de recubrimiento puede
taponar los poros de la capa porosa, por lo que las propiedades de este material
determinaran las propiedades de la membrana formada [Alcaina, 1991].
Normalmente, este material poroso suele ser una membrana asimétrica fabricada

por inversion de fase.

Existen distintos tipos de recubrimiento como:

o Revestimiento por inmersion o “dip coating”

Técnica simple y util para la preparacion de membranas compuestas mediante la
aplicacion de una capa muy fina y densa sobre un substrato poroso. Dicha
estructura porosa (membrana asimétrica) es introducida en un bafio compuesto por
un disolvente y un polimero o monémero a una concentracion muy baja.
Posteriormente, se extrae la membrana con una capa de polimero/disolvente
adherido a su superficie y se lleva a un horno donde se produce la evaporacion del
disolvente y, a su vez, el entrecruzamiento polimérico que favorece la adhesién
entre la capa polimérica y el substrato. El espesor de la capa activa dependera de la
hidrodinamica de la disolucién polimérica, entre ellas fuerzas viscosas, capilares e
inerciales. Con este método suelen fabricarse membranas para distintas

aplicaciones como Ol, pervaporacion y separacion de gases.
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e Polimerizacion por plasma

En esta técnica, la aplicacién de la capa densa y fina sobre un substrato poroso
es realizada mediante polimerizacion por plasma, donde su accién puede ser util
para mejorar las caracteristicas de un material. El plasma es un complejo estado
gaseoso de la materia que consta de radicales libres, electrones, fotones, iones, etc.
Puede ser generado por una continua descarga eléctrica a altas frecuencias (hasta
10 MHz) que ioniza un gas inerte o reactivo (vapor de agua, argén, didxido de
carbono, oxigeno, nitrégeno, hidrogeno entre otros) [Ng et al., 2013]. Capas muy
finas de polimero con un espesor del rango de 50 nm pueden ser obtenidas con esta
técnica. La principal ventaja de su aplicacién en la tecnologia de membranas es la
ausencia de disolventes o cualquier liquido peligroso, mientras que su mayor
desventaja es la complejidad del revestimiento de una capa polimérica sobre la
membrana y su control. En funcién del objetivo que se pretende conseguir, los
distintos tipos de tratamiento de plasma sobre la superficie de la membrana tienen

como objetivo:

e El entrecruzamiento de la capa activa y una reduccion del tamafio de poro.
e La introduccion de grupos funcionales en la superficie.
e La adhesién de una fina capa de un material selectivo sobre el substrato

pOroso.

En el primer ejemplo, el tratamiento de plasma con gases inertes (argén, helio),
nitrégeno u oxigeno permite la aparicion de radicales libres en la superficie a partir
de las moléculas procedentes del material irradiado que han sido excitadas por la
accion del plasma. Tras ello, se produce una deposicion de una capa fina mediante
reacciones de entrecruzamiento del material radicalizado sobre la superficie.
Mediante el control de exposicion del tratamiento, se puede controlar la reduccion

del tamafio de poro deseada.
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En cuanto a la introduccién de diferentes grupos funcionales en la superficie de
una membrana (como COOH, CO, NH, y OH entre otros), el tratamiento de
plasma con aire, oxigeno y vapor de agua introduce grupos funcionales que
contienen oxigeno en la superficie [Pal et al., 2008]. Del mismo modo, si se utiliza
nitrégeno, amonio o aminas en el tratamiento, se puede introducir grupos

funcionales que contienen nitrdgeno en la superficie [Kull et al., 2005].

Finalmente, la adhesion de una capa selectiva e hidrofila sobre la membrana
inicial puede realizarse mediante la polimerizaciéon inducida por plasma en
presencia de mondmeros hidréfilos, como el acido acrilico (AA) o la N-vinil-2-
pirrolidona (NVP). El plasma es generado de mondmeros orgéanicos en fase
gaseosa que polimeriza y se entrecruza sobre la superficie de la membrana. Por
tanto, las condiciones pueden ser ajustadas para obtener una capa polimérica densa
con la selectividad y el tamafio deseado. [Ulbricht y Belfort, 1996] investigaron el
efecto tratamiento de plasma (de agua y helio) a baja temperatura sobre membranas
de UF de poliacrilonitrilo (PAN) y PSU utilizando 2-hidroxietil metacrilato
(HEMA) y AA como monomeros. En su estudio demostraron la mejora del
caracter hidréfilo de las superficies modificadas asi como reduccion del
ensuciamiento producido por la adsorcion estatica de proteinas, mejorando su
rendimiento en procesos de UF. Ademas, estos investigadores demostraron que no
hubo pérdida de permeabilidad ni de flujo durante los experimentos con
membranas modificadas ya que la reduccion de poro sufrida tras el tratamiento fue
compensada por la adicion de la capa polimérica formada por el entrecruzamiento

entre la membrana y el monémero.
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e Polimerizacion interfacial

Técnica practica y util en la que una capa activa fina es formada a partir de una
reaccion de polimerizacion entre dos monémeros muy reactivos que ocurre en la
interfase de dos disolventes inmiscibles. Es el método méas importante para la
fabricacion de membranas comerciales compuestas con capa fina o “thin-film
composite (TFC)” para aplicaciones de NF y OI. La membrana que se utilizara
como subcapa porosa o soporte es sumergida en un bafio compuesto por una
disolucion acuosa formada por un mondémero reactivo. Tras ello, el conjunto se
introduce en un segundo bafio que contiene el otro monémetro reactivo junto a un
disolvente inmiscible en agua, reaccionando ambos monémeros y formando la capa
polimérica densa en la superficie de toda la estructura. En muchas ocasiones, para
favorecer el entrecruzamiento y completar la reaccion, se aumenta la temperatura

de todo el conjunto.

Esta técnica es facil de aplicar y la reaccién se auto-inhibe mediante el control
de las cantidades de los reactivos, obteniendo una capa fina de ~ 50 nm. Esta capa
determinara la permeabilidad, la selectividad y, por tanto, la eficiencia media de las

membranas [Mohammad et al., 2015].

Varios investigadores han dedicado su esfuerzo en el desarrollo de esta técnica,
con el fin de mejorar diversas caracteristicas de la membrana como la selectividad
y la resistencia al ensuciamiento. La aplicacién en dos etapas de la polimerizacion
interfacial con polivinilamina reactiva con acido benceno-1,3,5-tricarboxilico
cloruro y m-fenilendiamina fue estudiada por [Tsuru et al., 2013], obteniendo un
incremento en la permeabilidad al agua. [Abu Seman et al., 2011] estudi6 la mejora
en las propiedades antifouling y el rendimiento de las membranas utilizando
bisfenol A vy tetrametil bisfenol A en su modificaciéon por polimerizacién

interfacial. También se han desarrollado nuevos tipos de mondmeros para
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conseguir una buena inhibicion bacteriana y permeselectividad como
dietilenotriamina o clorhidrato de polihexametileno guanidina [Li et al., 2014A, Li
et al., 2014B].

Ademés de mondmeros reactivos y 4&cidos organicos, actualmente los
investigadores se han centrado en la introducciéon de sales inorganicas en fase
acuosa asi como de alcoxidos metélicos en el desarrollo de la membrana en
términos del proceso de formacion y permeabilidad obtenida [Kong et al., 2011;
Fan et al., 2014].

e Polimerizacion in-situ

Este método puede ser visto como una alternativa a los métodos comunes de
preparacion y modificacion de membranas. Una de sus principales ventajas es que
las membranas procedentes de polimeros entrecruzados pueden fabricarse en un
solo paso. A partir de la foto-irradiacion de un precursor (monémero o polimero),
se produce la formacién de radicales libres en dicho material con la que se
inicializa una reaccion de polimerizacion (de mondmeros), una reaccion de
entrecruzamiento (de polimeros) o una degradacion polimérica controlada (para
incrementar el volumen libre o crear poros) [He et al., 2009]. De este modo, se
puede formar una nueva membrana o reaccionar con una existente para modificar

su superficie.
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I11.1.  Plan de trabajo.

Previamente a los ensayos de caracterizacion, se plantearon los procesos de
fabricacion y maodificacion de membranas poliméricas para la mejora de sus
caracteristicas permeselectivas y de resistencia al ensuciamiento. Con este fin, el
proceso de fabricacién de membranas empleado a lo largo de esta Tesis Doctoral
fue el método de inversion de fase via precipitacion por inversion. Tras ello, se
realiz6 la modificacion superficial inducida por radiacion ultravioleta de dichas
membranas asi como de membranas comerciales fabricadas (también sintetizadas

por inversion de fase).

Posteriormente a la fabricacion y modificacion de las distintas membranas
probadas a lo largo de toda esta Tesis Doctoral, se establecieron una serie de
ensayos de caracterizacion que serian Utiles para visualizar el éxito del proceso y
de la introduccion de los aditivos dentro tanto de las matrices poliméricas (en el
caso de fabricacion por inversion de fase) como en la estructura superficial (en el
caso de modificacion inducida por radiacién ultravioleta). Estos andlisis fueron
realizados tras los procesos de fabricacion y/o modificacion y se han subdividido

en una serie de categorias para facilitar su explicacion y su comprension.

Las membranas en esta Tesis Doctoral han sido caracterizadas en funcién de:

e Propiedades fisicas de las membranas.
o Angulo de contacto.
o Porosidad y contenido de agua en el equilibrio.
o Tamaiio medio de poro.
o Grado de modificacion.

o Determinacién del punto de turbidez (cloud point).
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e Técnicas microscopicas.
o Espectroscopia ATR-FTIR.
o Microscopia de fuerza atomica (AFM).
o Microscopia electrénica de barrido (SEM).
o Espectroscopia de dispersidn de energia de rayos X (EDX).
e Propiedades permeselectivas de las membranas.
o Permeabilidad al agua.
o Determinacion del umbral de corte molecular mediante las curvas
de rechazo a solutos orgénicos.
o Propiedades antifouling.
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I11.2. Procesos de fabricacion y modificacion

superficial de membranas.

I11.2.1. Fabricacién de membranas por inversion de fase

Actualmente, el método de fabricacion de membranas poliméricas mas
empleado y versatil es el método por inversion de fase, el cual permite la obtencion
de membranas con diferentes configuraciones y morfologias, en funcion del
proceso de aplicacion y el compuesto 0 compuestos a separar. Desde un punto de
vista bésico, este proceso presenta una manera controlada de pasar un polimero
liquido a estado so6lido [Mulder, 2003].

En él, se parte de un sistema inicialmente homogéneo formado por un polimero
convenientemente disuelto en un disolvente organico, formando lo que se
denomina disolucion  polimérica.  Posteriormente, ésta es depositada
homogéneamente sobre un soporte con un espesor especifico, que vendra definido
por el enrasador utilizado para su deposicion (dicha deposicion puede realizarse
manual o mecanicamente). El proceso de precipitacion o solidificacion comienza
cuando se produce una desestabilizacion termodinamica de la disolucion
polimérica mediante una disminucion en su entalpia libre, provocando su
separacion en dos fases de distinta composicion, una fase rica en polimero y otra
diluida o pobre en polimero. A este tipo de separacion se le conoce como
separacion liquido-liquido y estd basada en la existencia de un intervalo de
miscibilidad en el diagrama de fases ternario, presentado en la Fig.l11.1 (donde el
no-disolvente puede ser un liquido, un vapor o el mismo aire atmosférico). Dentro
de este intervalo, la disolucion polimérica no es estable y la separacion de fase

comienza con la aparicién de un mindsculo nicleo en el seno de la disolucion (fase
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pobre en polimero y rica en disolvente) que interacciona con diversos nudcleos
desarrollados a lo largo de toda la disolucion. En ese instante, se produce el
fendmeno de coalescencia que sefiala el inicio de la inversion de fase, teniendo
lugar la configuracion de una estructura celular donde la formacion de poros es
producida por la fase pobre en polimero (en estado liquido) rodeada por la
estructura sélida de la membrana formada a partir de la fase rica en polimero. Este
mecanismo explica la formacion de la estructura o subcapa porosa de la membrana

asimétrica.

La separacion solido-liquido también puede jugar un papel importante,
especialmente en los sistemas que contienen polimeros cristalizables, tales como
CA y PVDF [Nunes y Peinemann, 2006]. Tras entrar en contacto la disolucién
polimérica con el no-disolvente, el intercambio entre disolvente y no-disolvente
lleva al sistema a una zona termodindmicamente inestable causando una

disminucidn de la entalpia de la disolucién polimérica.

Esto hace posible la formacion de estructuras cristalinas mediante la agregacion
ordenada de las macromoléculas que forman el polimero en forma de
microcristales o regiones submicroscopicas. A este fenémeno se le conoce como
microcristalizacion. Sin embargo, no solo esta relacionado con la termodindmica de
la disolucion de polimero, sino también de la posibilidad de que el polimero
cristalice en un rango determinado. Esto explica la formacién de la capa densa

ultrafina o capa activa en la superficie de la membrana asimétrica.

Ambos mecanismos (separacion liquido-liquido y microcristalizacion) son

posibles termodinamicamente, sin embargo la separacion de fases liquido-liquido
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se produce mas rapidamente compitiendo con la cristalizacion, lo que ocasiona que
se formen cristales de tamafio microscépico en la mayoria de los casos. Esta
secuencia puede variarse, e incluso invertirse, favoreciendo la velocidad de
formacion de nucleos por la sobresaturacion producida por el aumento de la
concentracion del polimero. Este hecho limita el crecimiento de los nucleos.

POLIMERO
Region cristalina

Linea de interconexion
y (te line)
Punto critico

Region inmiscible

Regiin
homogénea

DISOLVENTE NO-DISOLVENTE

Fig.111.1. Esquema de un diagrama de fases ternario que muestra el mecanismo de
separacion de fase durante la formacion de una membrana.

La desestabilizacion de la disolucion polimérica y posterior formacién de la

membrana es debida a uno de los siguientes mecanismos:

e La separacion por difusion del componente polimérico mediante la
evaporacion del disolvente en atmosfera abierta (EIPS, evaporation
induced phase separation) o en atmosfera controlada (VIPS, vapor induced

phase separation).
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e La separacion por difusion del componente polimérico por interaccion con
un no-disolvente o también conocida como precipitacién por inmersion
(NIPS/DIPS o non-solvent induced phase separation/diffusion induced
phase separation).

e La separacién por el descenso brusco de la temperatura de la disolucién
polimérica tras ser introducida en un bafio de coagulacion (TIPS o
temperature induced phase separation).

La mayoria de las membranas de UF fabricadas actualmente en el mercado son
obtenidas mediante el método de precipitacion por inmersion. Este método admite
un amplio rango de polimeros para su aplicacion, siendo la Unica condicion que el
disolvente pueda disolver completamente al polimero. Mientras tanto, el no-
disolvente (usualmente agua, aunque también puede ser una combinacion acuosa
de varios componentes) estd dispuesto en un bafio de coagulacion a una
temperatura y concentracion conocida, donde serd introducido el sistema
polimero/disolvente para que se produzca el proceso de inversion de fase. Cuando
entra en contacto la disolucion polimérica con el no-disolvente, la rapida
precipitacion del polimero provoca que se forme una capa superficial densa sobre
un substrato microporoso. Esto hace que el sistema polimero/disolvente entre en
una zona de inmiscibilidad y comiencen a producirse mecanismos de difusion entre
el disolvente y el no-disolvente asi como entre este compuesto y el polimero,
formandose la estructura de la membrana. Asi pues, se produce una separacion de
fases debido a un gradiente de concentraciones entre disolvente y no-disolvente, lo
que ocasiona un flujo de disolvente desde la membrana en formacion (donde hay
mayor concentracion de disolvente) hasta el seno del bafio de coagulacion. Esto
conlleva a que en la interfase entre el no-disolvente y la disolucién polimérica se
forme una zona sélida rica en polimero que conformaré la estructura sélida final de

la membrana.
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Existen dos tipos de separacion liquido-liquido que pueden resultar en distintas

morfologias, independientemente del espesor de la membrana [Mulder, 2003]:

Separacion liquido-liquido instantanea (“instantaneous demixing”): la
membrana se forma inmediatamente tras la inversién de la membrana,
obteniendo superficies relativamente porosas.

Separacion liquido-liquido lenta (“delayed demixing”): la membrana
necesita un tiempo para comenzar su formacioén, lo que conlleva a la

formacion de una capa superficial densa.

Entonces, las distintas estructuras que puede poseer una membrana fabricada

utilizando el método de inversion de fase pueden clasificarse usualmente como

estructuras tipo dedo (finger-like) o esponjosas (sponge-like). Las cavidades tipo

dedo son formadas en muchos casos como la penetracion del no-disolvente en la

disolucion polimérica. Esta estructura puede dar lugar a la formacién de

macroporos, los cuales pueden contribuir a la falta de estabilidad mecanica en las

membranas cuando son expuestas a altas presiones. Asi pues, la presencia de una

estructura u otra puede ser inducida de diferentes maneras, siendo la estructura

esponjosa favorecida por [Nunes y Peinemann, 2006]:

Incremento de la concentracion de polimero en el sistema
polimero/disolvente.

Incremento de la viscosidad de la disolucion polimérica mediante la
adicion de un agente de entrecruzamiento.

Cambio de disolvente.

Introducir disolvente en el bafio de coagulacién con el no-disolvente.
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Por todo lo mencionado anteriormente, puede afirmarse que el proceso de
inversion de fase es dependiente de la concentracion y temperatura del polimero,
del tipo y temperatura de disolvente y del tipo, concentracion y temperatura del no-
disolvente. Sin embargo, un factor muy importante todavia no mencionado, y que
ha sido introducido en el péarrafo anterior, seria la presencia de aditivos organicos e
inorgénicos, ya sea en el bafio de coagulacion o en la disolucion polimérica inicial.
En relacién a esta ultima posibilidad, muchos estudios han demostrado que la
adicion en forma de nanoparticulas de compuestos organicos e inorganicos en el
sistema polimero/disolvente puede mejorar el proceso de inversion de fase
ajustando las propiedades de la membrana. Los aditivos modifican la superficie y
estructura de la membrana mediante la variacion de la cinética y termodinamica del
proceso de formacion. Este hecho, al igual que presenta muchas ventajas como la
mejora de hidrofilicidad o de la distribuciéon de tamafio de poro, puede presentar
algunos inconvenientes ya que la consecucion de una dispersion uniforme y
homogénea de los aditivos en la disolucion polimérica es muy dificil debido a la
gran viscosidad de dicha disolucion asi como la facilidad de las nanoparticulas a
aglomerarse [Kim y Van der Bruggen, 2010; Ahmad et al., 2013]. Esta ultima
puede resultar en un bloqueo de los poros de la membrana, causado por el alto
contenido de nanoparticulas en la matriz de la membrana. Dicha desventaja
produce un marcado descenso en el flujo de permeado de la membrana y reduce

sus prestaciones [Razmjou et al., 2011; Sinha y Purkait, 2013].

Los aditivos mas utilizados durante la fabricacién de membranas por el método
de inversion de fase, son polimeros de distinta naturaleza a los que conforman la
membrana en la disolucién polimérica homogénea. Este método es conocido como
mezcla de polimeros o “blending”. Muchos investigadores han estudiado la
influencia de esta técnica en el comportamiento de la membrana. [Ochoa et al.

2003] estudiaron la modificacién de membranas de PVDF usando como aditivo
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polimetilmetacrilato (PMMA) para diferentes grados de hidrofilicidad. Durante su
estudio, observaron que el incremento de concentracion de PMMA provocé la
apariciéon de macroporos en la subcapa porosa sin que la selectividad de la
membrana se viera afectada, presentando mayor caracter hidrofilo. [Saljoughi et
al., 2010] analizaron la influencia de la temperatura del bafio de coagulacion (CBT)
y las diferentes concentraciones de aditivo (en su caso polietilenglicol o PEG) en
membranas de CA usando N-metil-2-pirrolidona (NMP) como disolvente. En estos
ensayos se observo un incremento de la porosidad y la permeabilidad cuando se
habia introducido PEG de bajo peso molecular en la disoluciéon polimérica de
partida, asi como un incremento de la estabilidad térmica y quimica de las
membranas fabricadas a menores valores de CBT. [Chakrabarty et al., 2008A]
alteraron membranas de PSU con la adicion de PEG de distintos pesos
moleculares, lo que causé el incremento del flujo de agua a través de la membrana
asi como el aumento de rechazo al albdmina de suero bovina (BSA) cuando mayor
era el peso molecular del PEG. Ademas, se observd como el nimero de poros y su
densidad aument6 a lo largo de toda la superficie de la membrana. Sin embargo,
cuando la adicién fue de polivinilpirrolidona (PVP) de distintos pesos moleculares,
mejord el rechazo al BSA pero el flujo y la permeabilidad al agua descendieron.
Esto pudo deberse a una estructura mas compacta formada por este aditivo
hidréfilo. Del mismo modo, demostraron que el disolvente N,N-dimetilacetamida
(DMA) es més adecuado que la NMP en términos de rechazo de BSA, sea cual sea
el pH de la disolucién de BSA [Chakrabarty et al., 2008B].

Por otro lado, la adicion de nanoparticulas es una técnica que esta en auge
durante las ultimas décadas con el fin de mejorar la hidrofilicidad y, por tanto, el
flujo de la membrana. Distintas nanoparticulas como 6xidos metalicos o metales
cero valentes (como TiO,, Ag, ZnO, ZrO,, Fe, SiO, y Fe;0,, entre otros) se han

utilizado para mejorar sus propiedades bactericidas, cataliticas y proporcionar
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conductividad eléctrica y magnetismo a la membrana [Yang et al., 2009; Zodrow et
al., 2009; Li et al., 2010; Maximous et al., 2010; Xu et al., 2007; Yu et al., 2009;
Homayoonfal et al., 2014]. Ultimamente, se ha extendido el uso de nanoparticulas
de 6xido de aluminio o alimina (Al,Os) en la modificacion de membranas. [Yan et
al., 2005] investigaron su adicion en membranas de PVDF de fibra hueca,
mostrando una mejora de su hidrofilicidad superficial y en su recuperaciéon de
densidad de flujo de agua en comparacion con las membranas sin aditivo, lo que
conllevé a una mejora en su caracter antifouling. Del mismo modo, [Maximous et
al., 2009] estudiaron la distribucion de Al,O; dentro de la matriz polimérica de
PES y la concentracién dptima de nanoparticulas que aseguran su presencia dentro
de dicha matriz (0.05 % AIl,O3/PES). Sin embargo, no encontraron ninguna

relacién entre la presencia de Al,O3 y el comportamiento de la membrana.

Con toda esta informacion, el método de fabricacion seleccionado fue la
separacién de fase inducida por un no-disolvente o, lo que es lo mismo, el método
de inversion de fase via precipitacion por inmersién. Para ello, se prepararon
disoluciones homogéneas formadas por polimero y disolvente. En el caso que
hubiera que introducir aditivos en esta disolucién, las nanoparticulas inorganicas se
dispersan en el disolvente bajo agitacion mecanica constante y vigorosa a
temperatura ambiente. Posteriormente, en los casos donde figura en su
composicion, el aditivo organico se disuelve en el sistema formado por las
nanoparticulas y el disolvente. Cuando se homogeneiza la disolucion anterior, una
cantidad fija de polimero es afiadida lentamente en constante agitacion para evitar
la aglomeracion del polimero, hasta que la disolucién es completamente
homogénea. Esta disolucion es conocida como disolucion polimérica,
independientemente de que posea aditivos o no. Las burbujas formadas en el seno
de las resultantes disoluciones poliméricas se eliminaron empleando distintos

aparatos, tales como una estufa de vacio o una centrifugadora. Tras ello, la
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disolucion polimérica fue depositada lenta y homogéneamente sobre un soporte no
tejido con un enrasador de micraje conocido con un aplicador de pintura mecénica,

mostrado en la Fig.I11.2.

/

Fig.111.2. Imagen del aplicador micrométrico RK Print Applicator utilizado para el proceso
de fabricacién de membranas por inversion de fase por precipitacién por inmersion.

Inmediatamente después, el sistema formado por el soporte y la disolucion
polimérica depositada fue introducido en un bafio de coagulacion compuesto de no-
disolvente (agua desionizada) a temperatura ambiente (~ 18-20 °C). En este sistema
comienzan a producirse los mecanismos de difusion entre el disolvente y el no-
disolvente, formandose la estructura de la membrana. Tras completarse el proceso
de coagulacion, las membranas fueron almacenadas en agua desionizada hasta su

uso.

I11.2.2. Modificacion  superficial inducida por radiacién

ultravioleta

Las membranas del tipo poliméricas son las més utilizadas en los procesos de
separacion por membranas, debido principalmente a sus rendimientos y sus bajos
costes de fabricacion y mantenimiento en comparacién con los materiales
inorganicos (destacando membranas ceramicas y metélicas). Sin embargo, en

muchas ocasiones, las membranas fabricadas por métodos tradicionales, como el

93



CAPITULO 111

método de inversion de fase, no consiguen satisfacer los objetivos planteados en su
aplicacion o no presentan las caracteristicas permeselectivas deseadas.

Es frecuente el caso de que un polimero que posee la estructura y la distribucién
de poros méas conveniente para una separacion o que posee las mejores capacidades
resistentes a un disolvente sea demasiado hidrofébico como para presentar un
rendimiento aceptable durante un proceso de filtracion de disoluciones acuosas. La
gran desventaja que presentan los procesos de modificacion de membranas a partir
de los procesos de fabricacion (es decir, la introduccion de aditivos dentro del
proceso de fabricacién de membrana) es el cambio que los aditivos presentes en la
disolucion polimérica de partida pueden ocasionar en la estructura interna de la
nueva membrana, provocando cambios irreversibles en la distribucion de tamafio
de poro de la membrana. Otras técnicas planteadas como la modificacion quimica
de la cadena polimérica antes del proceso de fabricacion suele dafiar drasticamente
la estructura interna resultante. Por tanto, una solucién reside en la modificacion

superficial de la membrana, sin alterar las propiedades de todo el conjunto.

A lo largo de los ultimos afios, muchos investigadores han trabajado en la
modificacion superficial de membranas poliméricas en términos de hidrofilicidad,
porosidad, tamafio de poro y carga de la superficie. Dicho trabajo ha sido publicado
en multiples patentes, articulos y monografias aplicados a distintos campos de
investigacion tales como tratamiento de aguas residuales, eliminacion e inhibicion
de farmacos, recuperacion de productos de alto valor afiadido, produccion de agua
potable y aplicaciones biomédicas, entre muchos otros. Este desarrollo se ha
centrado en la mejora de las caracteristicas superficiales de la membrana respecto a
su ambito de aplicacién, manteniendo las caracteristicas mecénicas que poseia la

membrana pretratada. Asi pues, los investigadores han prestado atencion al
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tratamiento de plasma, el injerto (o grafting) de polimeros o la adicion de
moléculas modificadoras de superficie (SMM) sobre la membrana [Khulbe et al.,
2010].

Debido a la facilidad del proceso de modificacion, la utilizacion de radiacion
ultravioleta (UV) es una de las técnicas de modificacion superficiales mas
interesantes y utilizadas actualmente. En ella, cadenas macromoleculares son
enlazadas covalentemente a la superficie de la membrana. Para ello, dicha
superficie es irradiada en presencia de un mondémero o cualquier otro aditivo en
estado liquido o gaseoso. Las razones que llevan a realizar la modificacion
superficial de una membrana dependen de la alimentacién a tratar y la aplicacion.
Generalmente, este proceso permite cambiar ciertas propiedades de la membrana,
afectando al rendimiento de la membrana. Sin embargo, no causan influencias

adversas en las propiedades internas de la membrana.

El proceso de modificacion estructural de la superficie de la membrana
mediante radiacion UV (u otros tipos de radiacion como rayos de electrones, X o
gamma) [Linggawati et al., 2012] o de iniciadores de radicales previamente
irradiados (usualmente cetonas aromaticas o peroxidos como hidroperéxido o
diperoxido) [Kita et al., 1994; Ulbricht et al., 1998] puede dividirse en dos
categorias: el foto-injerto (o “photo-grafting”), que consiste en la introduccion de
un grupo funcional presente en monomeros hidrofilos (o hidréfobos); o la
modificacion inducida por radiacion UV, que consiste en la introduccion de otras
sustancias como nanoparticulas inorganicas que también se encuentran presentes
en dispersadas sobre la membrana ya sea en estado liquido o en disolucion acuosa.
Cuando el polimero es expuesto a la radiacion, se genera una serie de radicales

inmovilizados a lo largo de la superficie rigida de la membrana, asi como en los
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poros. Esos radicales libres reaccionan con los mondmeros o aditivos presentes en

el medio, injertdndose cadenas del mondmero sobre la membrana.

Ademas de la irradiacion directa de la superficie polimérica de la membrana
para la liberacion de radicales libres que reaccionen con el mondmero, éstos
pueden introducirse en la membrana mediante la inmersion o el bafio de la
membrana en disoluciones compuestas de mondmeros o aditivos e irradiar

posteriormente la membrana.

Existe una gran variedad de mondmeros gque pueden utilizarse en esta técnica
para modificar la superficie de la membrana, tales como HEMA, AA,
etilenodiamina (EDA), 1,3-fenilendiamina (mPDA) y NVP, entre muchos otros.
Dichos mondmeros suelen poseer caracter hidrofilo, aunque también pueden ser
hidr6fobos. Normalmente, en este proceso, las membranas son inmersas en las
soluciones monomeéricas y se irradian posteriormente con una fuente UV, siendo
modificadas las estructuras moleculares del polimero base mediante el injerto de
los mondmeros en su estructura. Tras ello, se suele realizar un lavado con agua
para la eliminacion del exceso de mondmeros o aquellos que no han reaccionado.
Con la presencia de cadenas hidrdfilas en la estructura de la membrana, se reduce
su hidrofobicidad y, por tanto, puede inhibirse en gran medida el fendmeno de
ensuciamiento [Pieracci et al., 2000]. Esta mejora depende del tipo de monémero y
de su concentracion 6ptima [Rahimpour, 2011; Ng et al., 2013]. Asi pues,
[Rahimpour, 2011] demostr6 que la adicion de mayor concentracion del monémero
(como HEMA, AA 0 mPDA) en una membrana de PES conllevd a la reduccién del
tamafio de poro y, por ende, a mayores rechazos de proteina lactea. Esto implicd
mejores caracteristicas antifouling o de resistencia al ensuciamiento. Sin embargo,

las densidades de flujo obtenidas en la filtracion de soluto (leche entera) fueron
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menores en las membranas modificadas que en las membranas de control. Por
tanto, se demuestra que la foto-modificacién (o foto-injerto) de membranas con la
adicion de mondmeros a ciertas concentraciones implica un incremento en el

rendimiento de separacion.

Del mismo modo, [Yamagishi et al., 1995] demostraron la mejora de la
resistencia al ensuciamiento de membranas de PSU y PES mediante esta técnica
utilizando monémeros vinilicos como HEMA. Para ello, irradiaron la superficie de
estas membranas debido a su habilidad para generar radicales libres debido a su
intrinseca fotosensibilidad. [Deng et al., 2008] trabajaron en el injerto de AA en
polvos de PES mediante irradiacion de rayos vy, obteniendo un incremento de
porosidad y agua permeabilidad relacionado con el incremento del grado de
modificacion (DM) o “degree of grafting” (DG). Ademas, en el mismo estudio
demostraron que las propiedades de las membranas modificadas son dependientes

del pH de la disolucion acuosa.

Esta relacion entre los mondmeros utilizados durante el injerto y su relacion con
el pH del proceso de separacion también fue demostrada por otros investigadores.
[Abu Seman et al., 2012] demostraron que existia una dependencia entre el pH del
alimento y la concentracién del monémero necesaria en la superficie. Del mismo
modo, estos investigadores observaron que un breve periodo de tiempo de
irradiacion UV no es suficiente para asegurar la incorporacién del monémero en la
superficie de una membrana de PES cuando éste se encuentra a una concentracion
muy baja. Sin embargo, grandes concentraciones de mondémero frente a grandes
periodos de exposicion a la irradiacion UV resultaron en incrementos de
permeabilidad al agua producidos por posibles escisiones de polimero, el

agotamiento de los mondmeros o el desprendimiento de mondmeros previamente
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injertados en la superficie de la membrana. Por tanto, se demostrd que existian
intervalos de tiempo de irradiacion y concentraciones Optimas de monémero para

conseguir una exitosa modificacion.

Asi pues, el tipo de monémero no solamente afecta a la estructura y
caracteristicas de la membrana, sino que también determina su idoneidad para ser
aplicada en diferentes medios (sea acido, neutral o alcalino) y disoluciones a tratar.
Por tanto, parametros como la intensidad, distancia y duracion de la irradiacion
juegan un papel significativo en el proceso de modificacién UV (tanto en la foto-
modificacion con nanoparticulas como en el foto-injerto monomérico), influyendo
enormemente en la seleccién de monémeros y, al mismo tiempo, en la seleccion de
la membrana base a irradiar y su umbral de corte molecular (o molecular weight
cut-off, MWCO). Todos estos factores afectaran de una manera u otra al
comportamiento y rendimiento de la membrana frente a una disolucién a tratar, lo
gue lleva a que los mondmeros deben ser seleccionados de acuerdo con el proceso
de separacion por membranas para mejorar la separacion y las propiedades

antifouling [Bernstein et al., 2013; Mansourpanah y Momeni Habili, 2013].

Sin embargo, cuando se usa un fotoiniciador, éste es irradiado y reacciona para
generar la polimerizacién con la superficie polimérica de la membrana. El
fotoiniciador puede ser disuelto en una solucion monomérica o adsorbida en la
superficie de la membrana [Kochkodan et al., 2015]. Un ejemplo de ello seria el
realizado por [Ma et al., 2000] durante su investigacion, quienes utilizaron
benzofenona (BF) como fotoiniciador. En primer lugar, BF es utilizado para formar
fotoiniciadores en la superficie del substrato (polipropileno, PP) en ausencia de la
disolucién monomérica. Tras ello, se afiaden las disoluciones monoméricas sobre el

substrato activo polimérico y se produce el proceso de injerto bajo la radiacion UV.
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Los mondmeros utilizados fueron monometacrilato de polietilenglicol, metacrilato

de 2-dimetilaminoetilo y AA.

En cuanto a la modificacion inducida por radiacion UV en presencia de
nanoparticulas, éstas quedan adheridas durante el proceso de irradiacion UV a la
estructura superficial de la membrana mediante su deposicion y entrampado. Las
nanoparticulas mas utilizadas en este tipo de modificacion suelen ser de TiO..
[Rahimpour et al., 2008] investigaron la modificacion de membranas de PES
mediante irradiacion UV en presencia de nanoparticulas de TiO, y demostraron que
las membranas modificadas con TiO, presentaron grandes flujos de permeado y
selectividad en comparacién con membranas no modificadas o modificadas con el
mismo aditivo mediante el proceso de inversion de fase. Ademas, la radiacién UV
no causé ninguna clase de degradacién en la morfologia de PES conservando su
integridad. Cuando un material semiconductor TiO, es expuesto a una energia
equivalente o superior al salto energético entre la banda de valencia y la de
conduccion, los electrones producidos generan aniones radicales O, como
resultado de los agujeros generados y tienden a cambiar el estado de oxidacion del
titanio (1V) a titanio (I1). Tras la irradiacion UV, los agujeros o vacios producidos
reaccionan con el vapor de agua presente para producir radicales OH, los cuales
son adheridos al titanio, formando estructuras superhidréfilas. Debido a todas estas
caracteristicas y a la habilidad del TiO, para limitar la acumulacién y destruir la
materia organica, ha sido ampliamente analizado el comportamiento antifouling de
su incorporacion tanto en la matriz estructural de la membrana como en su
superficie [Kwak et al., 2001; Rahimpour et al., 2012; Yin et al., 2015].

De este modo, para que tenga éxito ambos tipos de modificacion, se tiene que

tener en cuenta el tipo de monémero o aditivo, longitud de onda, tiempo, intensidad

99



CAPITULO 111

y distancia de la radiacion UV. Asi, la eleccion de la técnica especifica de
modificacion UV depende de la estructura quimica de la membrana y las
caracteristicas deseadas tras la modificacién superficial. En nuestro caso, se ha
aplicado la modificacion superficial en aras de mejorar la hidrofilicidad, o reducir
la hidrofobicidad, de la membrana de partida, que conllevara a una inhibicién de la
adsorcion y deposicion del ensuciamiento. De este modo, se minimizara el efecto
del fendmeno de ensuciamiento y, por tanto, aumentara el flujo de permeado de la
membrana y, al mismo tiempo, alargara su vida media en operacion. Para ello, este
estudio se centrard en modificar superficialmente membranas de inversion de fase
fabricadas en el laboratorio y comercialmente, mostrando los efectos de la
modificacion en su estructura y propiedades permeselectivas. De este modo, las
membranas seran introducidas en un bafio con una solucién aditiva (compuesta por

PEG 400 y Al,O; a distintas concentraciones) y, tras ello, irradiadas con luz UV.

lampara ventilador
[1}Y]
membrana filtro de vidriol
rana___ —
disolucion aditiva/monomeérica

li soporte metalico ‘|

Fig.111.3. Esquema del sistema de modificacion superficial.

Las membranas fueron modificadas utilizando un equipo disefiado en el
laboratorio, el cual consta de un ventilador para controlar la temperatura y la
humedad relativa del sistema, dos placas de Petri albergan la membrana y la
disolucién aditiva o monomérica y donde una de ellas actia de filtro UV, un
soporte metalico donde se sittan las placas Petri y, ademas, actla como sujecion

del sistema de iluminacion UV y dos lamparas UV de 6 W (una que emitia a una
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longitud de onda de 300 nm y otra que emitia a 356 nm) de la casa comercial
Vilber Lourmat (Francia) que son posicionadas en el centro de la celda y
proporciona continua y uniforme luz UV en un area de hasta 100 cm® Su
representacion esquematica se muestra en la Fig.I11.3.

Del mismo modo, las dimensiones de la celda se muestran en la Fig.111.4, la
cual esta hecha de poliestireno expandido recubierta por una fina lamina de papel
de aluminio en su exterior, con el fin de proteger al operario y al medio que le
rodea de la posible radiacion que se pueda producir. Para la disipacion del calor
producido en la celda durante la irradiacién UV, se perfor6 con diminutos agujeros.
Con ello, se consiguid evitar la posible salida de radiacion residual a través del
material de la celda y a su vez la disipacion de parte del calor generado durante la
modificacion.

38 cm

33.2cm 24.5em N R K

306 cm

[ —— P

|
|
T
|
| ~a
|
|
|
1

Fig.111.4. Dimensiones de la celda de modificacién superficial.
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La modificacion superficial consta de las siguientes etapas:

1.

Las membranas poliméricas (de PES; en resultados se explicara el
motivo por el cual se ha seleccionado este material) son sumergidas en
la disolucion aditiva (formada por Al,O; y PEG de 400 Da) en un
recipiente durante un tiempo de 5 min.

Seguidamente, el recipiente se introduce en la celda donde se somete a
radiacion ultravioleta a una longitud de onda superior a 300 nm durante
10 min.

Inmediatamente después, se produce un aclarado rapido con agua
osmotizada.

La muestra aclarada se introduce en distintos bafios de agua
desionizada, Primeramente, en un bafio a temperatura ambiente durante
30 min. Seguidamente, en un bafio a 50 °C durante 2 h y, finalmente, de
nuevo en un bafio con agua a temperatura ambiente durante 30 min.

Finalmente, la muestra lavada se almacena con agua desionizada.
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I11.3.  Caracterizacion de propiedades fisicas de las

membranas.

111.3.1. Medida de angulo de contacto

Como fue descrito en apartados anteriores, la estructura de una membrana
asimétrica esta compuesta principalmente por dos capas (sin incluir el soporte): una
capa densa superficial y una subcapa porosa. La superficie de la membrana posee
propiedades diferentes a las de la estructura interna, debido a que la primera es la
encargada de otorgar las principales propiedades de permeacion mientras que la
segunda proporciona resistencia mecanica a la membrana. Por tanto, propiedades
como la mojabilidad (hidrofilicidad e hidrofobicidad), resistencia quimica y
térmica, presencia de cargas idnicas, biocompatibilidad o afinidad a distintas
particulas estan directamente relacionadas con la quimica de la estructura

superficial de la membrana.

La medida del angulo de contacto de agua es un método simple para el analisis
de la superficie de un material y esta relacionada con la energia y tension
superficial. Posee una gran utilidad para estimar la hidrofilicidad o hidrofobicidad
de dicho material. EI &ngulo de contacto puede definirse como el dngulo formado

por la superficie de un liquido al entrar en contacto con un material sélido.

Usualmente, suele emplearse el método de medida conocido como método de
gota depositada o “sessile drop”, en el cual se mide el valor del angulo de contacto
a partir de la tangente al perfil de una gota de liquido (agua en este caso)
depositada sobre la superficie plana de un material sélido. La forma que adquiera la

gota dependera de su naturaleza y de las fuerzas existentes entre las dos fases. Si el
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material solido fuera hidréfobo (o0 no humectante), el liquido formaria un glébulo
con un elevado angulo de contacto entre la superficie del material y la gota. En
dicho caso, el angulo de contacto presentaria valores superiores a 90 ° (llegando a
valores de hasta 180 °©). En caso contrario, si fuera hidrofilo (o humectante), la gota
de liquido se extenderia a lo largo de la superficie resultando en un angulo de
contacto pequefio y, por tanto, el material solido quedaria mojado por el liquido. El
valor del angulo de contacto seria menor de 90 °, siendo menor cuanto mas
hidrofilo fuera la superficie del solido. La Fig.lll.5 muestra el ejemplo de una

superficie hidréfoba y otra hidréfila.

\\\\\ \.\\ superficie \\ \\\\\ \‘

Fig.111.5. Ejemplo de la deposicion de una gota de liquido sobre una superficie hidréfoba
(izquierda) y sobre una superficie hidréfila (derecha).

Previamente a la medicidn, se secaron las muestras analizadas y se depositaron
durante un dia entero en un desecador a vacio con el fin de eliminar cualquier
presencia de humedad en su superficie que pudiera interferir en los valores

medidos por el equipo.

Las medidas de angulo de contacto se realizaron utilizando un equipo 6ptico
Dataphysics OCA20 (Alemania) situado en el Centro de Biomateriales e Ingenieria
Tisular (CBIT) de la Universitat Politécnica de Valéncia (UPV). Dichas medidas se
llevaron a cabo mediante el método de gota depositada o “sessile drop” en un
sistema trifasico (aire, agua y muestra sélida). Tres microlitros de agua ultrapura
fueron depositados sobre la superficie seca de la muestra usando una jeringa a
temperatura ambiente. Mediante la cAmara insertada en el equipo Optico se observa

el angulo que toma la gota por ambos lados con la superficie solida y se determina
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la tangente a esos angulos. Con estas medidas, podria determinarse la energia
superficial del material sélido. Los resultados expresados para cada membrana
corresponden a valores medios extraidos de diez areas aleatorias distintas de la

superficie analizada.

En el caso concreto de la modificacion superficial, se realizd un ensayo de
incubacion en agua desionizada para estudiar la estabilidad de las nanoparticulas de
PEG y Al,O; introducidas en la estructura superficial de la membrana. Se
prepararon muestras de cada una de las membranas modificadas con radiacion
ultravioleta asi como muestras de las membranas de control o sin modificar. Todas
ellas fueron introducidas en un bafio con agua a 25 £ 2 °C durante un tiempo de
incubacion de 10 dias. Cada 24 h, se midi6 el &ngulo de contacto de agua para cada
muestra y se usé la variacion de esas medidas a lo largo de todo el tiempo de
incubacion como indicador de la estabilidad de la modificacion superficial. Con
estos experimentos se pudo confirmar si las nanoparticulas de los agentes
modificadores hidréfilos (PEG y Al,Os) quedaron bien selladas a la capa injertada

durante el proceso de modificacion.

111.3.2. Medida de porosidad y contenido de agua en el equilibrio

Los parametros de porosidad y contenido de agua en el equilibrio son muy
Gtiles para el estudio de la hidrofobicidad de una membrana. Dichos parametros
juegan un papel importante en la separaciéon y permeacion de una membrana y
estan intimamente relacionados con su permeabilidad hidraulica [Chakrabarty et
al., 2008A]].
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Se equilibré una muestra de cada una de las membranas sumergiéndolas en un
bafio de agua desionizada a temperatura ambiente (~ 20-25 °C). El volumen
ocupado por el agua y el volumen de la membrana en estado himedo se
determinaron mediante gravimetria. Posteriormente, se secé la capa superficial de
agua de las muestras extraidas del bafio con un pafiuelo. De este modo, se
obtuvieron y pesaron las muestras correspondientes a la membrana himeda. A
continuacion, las muestras himedas fueron introducidas en una estufa a vacio
durante 24 h a 50-55 °C vy, finalmente, se pesaran las muestras secas. Por tanto, la
porosidad de la membrana (¢) puede definirse como el cociente entre el volumen de

los poros y el volumen total de la membrana, y se calcula utilizando la siguiente

ecuacion:
(Wy -Wp)
_ P ,
£(%) = Wiy _WD)+WD 100 Eq. (111.1)
AW Pp

donde Wy, es el peso de la membrana humeda (g), Wp es el peso de la membrana
seca (g), pw es la densidad del agua desionizada a temperatura ambiente (g/cm®) y

pp €s la densidad del polimero a temperatura ambiente (g/cm®).

A su vez, el contenido de agua en el equilibrio (EWC) indica la cantidad de
moléculas de agua necesaria para rellenar los poros de la membrana y se estimé del

siguiente modo:

EWC (%) = WWW_WD-loo Eq. (111.2)

W
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111.3.3. Medida de tamafio medio de poro

El tamafio de poro de la membrana es un parametro muy Util para evaluar el
rendimiento de una membrana. El radio medio de poro (rn,) se considera como una
estimacion del tamafio de poro real y representa el tamafio medio de poro a lo largo
del espesor de la membrana. Este parametro fue determinado experimentalmente
mediante el método de velocidad de filtracion de agua a presion transmembranal
constante, y la ecuacién de Guerout-Elford-Ferry [Wu et al., 2008; Yuliwati et al.,
2011]:

(2.9-1.75¢)81:¢ Qy
\ &-Ay AP

donde p es la viscosidad del agua (Pa-s), Qu es el caudal de agua (m®/s), A, es el

Eq. (111.3)

Im(Nm) =

area efectiva de la membrana (m?), 4P es la presion transmembranal (MPa) y ( es

el espesor de la membrana (m).

Otra manera mas aceptada y extensamente utilizada de calcular el mismo
parametro es mediante la determinacién del umbral de corte molecular (MWCO).
Con esta medida, que se explicara en el apartado “Determinacion del umbral de
corte molecular mediante las curvas de rechazo a solutos orgénicos”, se puede

calcular el tamafio de poro en la superficie.

111.3.4. Grado de modificacion o de injerto

Este parametro es muy utilizado en los estudios que comprenden la
modificacion superficial de una membrana mediante técnicas de injerto o
recubrimiento. ElI grado de modificacion puede ser determinado a partir del
espectro ATR-FTIR [Taniguchi y Belfort, 2004; Yune et al, 2012] o
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gravimétricamente mediante el incremento de masa por unidad de é&rea
experimentado por la membrana tras el proceso de modificacion [Rahimpour,
2011; Susanto et al., 2012; Peeva et al., 2012]. Se representa bajo la siguiente

expresion:

Mm —Mp)

DM ( )=( m Eq. (111.4)
cm? A

donde mq es el peso inicial de la muestra, my, es el peso tras la modificacion y A es

el area superficial de la muestra usada.

Cabe mencionar que todas las muestras utilizadas para este tipo de
determinaciones no fueron usadas en la determinacion de las propiedades
permeselectivas ni en los ensayos de ensuciamiento puesto que la preparacion y/o
gjecucion de estas medidas poseen un caracter destructivo para la estructura de la

muestra.

111.3.5. Determinacion del punto de turbidez (cloud point)

Esta determinacion, englobada en el apartado de “Caracterizacion de
propiedades fisicas de la membrana”, posee una gran importancia para entender el
proceso de formacién de una membrana mediante el método de inversion de fase,
donde este ultimo serd extensamente explicado en el Capitulo IV. Para su
obtencion, una cantidad pura de no-disolvente o coagulante (usualmente agua) o
una disolucién formada por coagulante y disolvente es afiadida lentamente a una
disolucion homogénea de polimero y disolvente que se mantiene en agitacion y a
temperatura controlada. La utilidad de la agitacion en el sistema
polimero/disolvente es elevada, puesto que la adicion de no-disolvente conduce a

una precipitacion local e instantanea del polimero. Con la agitacion, se evita la
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obtencion de resultados engafiosos. Este método es de analisis volumétrico donde
los cambios producidos en la tonalidad del sistema, su paso de disolucion
homogénea a un estado turbio y, de ahi, a su separacion en dos fases gracias a la
adicion de coagulante sirven para determinar el punto de turbidez. El paso
contrario para obtener una disolucion homogénea seria la adicion de disolvente

puro al sistema polimero/disolvente.
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I11.4.  Caracterizacion microscopica de la membrana.

I11.4.1. Espectroscopia ATR-FTIR

La espectroscopia infrarroja (IR) se basa en la interaccion entre la radiacion
infrarroja y la muestra a analizar. Fue una de las primeras técnicas espectroscopicas
gue encontrd un uso extendido debido principalmente a su versatilidad, ya que
permite estudiar practicamente cualquier tipo de muestra con independencia del
estado en que se encuentre (gas, liquido o s6lido). La regién infrarroja del espectro
electromagnético se encuentra comprendida entre 10-12800 cm™. Dicha region
puede subdividirse en tres zonas, tanto desde el punto de vista de las aplicaciones
como de los instrumentos de medida: infrarrojo lejano (10-400 cm™), infrarrojo
medio (400-4000 cm™) e infrarrojo cercano (4000-14300 cm™). La radiacion
correspondiente al infrarrojo medio es la méas utilizada debido a su relacion con el
andlisis de compuestos organicos. La importancia de esta técnica radica en que
aporta informacion relacionada con las vibraciones caracteristicas de una molécula,
dependiendo de la naturaleza quimica de los atomos implicados en la vibracion asi
como del tipo de vibracién. Por tanto, permite elucidar la estructura de un
compuesto organico. Ademas, el espectro infrarrojo de un compuesto organico,
ayuda a la confirmacion o rechazo de la presencia de determinados grupos

funcionales en el mismo [Ortega y Blanco, 1982; Sotto, 2008].

La cantidad de radiacion absorbida puede ser medida como el porcentaje de
transmitancia o de absorbancia. A partir del espectro vibracional de una molécula 'y
teniendo en cuenta que cada molécula y/o grupo funcional posee una o varias
absorbancias caracteristicas a una longitud de onda determinada, pueden
identificarse los grupos funcionales presentes en dicha muestra. Sin embargo,

aunque dicha técnica permite la determinacidon cuantitativa de compuestos
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organicos, el rigor de sus resultados implica que su mayor aplicacion se encuentre

en la informacion cualitativa de los mismos [Ortega y Blanco, 1982].

Otra razén fundamental que convierte la espectroscopia infrarroja en una
técnica muy atractiva es el uso de la espectroscopia infrarroja por transformada de
Fourier (FTIR), la cual fue desarrollada con el fin de superar las limitaciones
existentes de los instrumentos dispersivos. A raiz de esto, ha sido posible el
desarrollo de nuevas técnicas, tales como CA-FTIR (de camino abierto) y ATR-
FTIR (de reflectancia total atenuada), para solucionar problemas existentes en el
analisis infrarrojo y perfeccionar su uso [De Fuentes Navarta et al., 2008]. Durante

nuestro estudio, la técnica ATR-FTIR fue utilizada.

En la espectroscopia ATR-FTIR, la radiacion infrarroja incide sobre un cristal
plano de elevado indice de refraccion, produciéndose una reflexién total, en forma
de onda evanescente [Martens y Naes, 1989]. Sin embargo, si una muestra (o
material Opticamente poco denso) es puesta en contacto con dicho cristal, la
radiacion que viaja a través del cristal penetra en la muestra, viéndose atenuada en
aquellas longitudes de onda en las que la muestra absorbe energia. De este modo,
es posible obtener el registro de un espectro de absorcion de la muestra. En la
Fig.I11.6, se muestra un esquema visual del sistema ATR. El angulo del haz
incidente y la geometria del cristal son parametros fundamentales durante la
obtencion del espectro de absorcion, ya que facilitan la produccion de sucesivas

reflexiones en las caras internas del cristal [Macho, 2002].
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MUESTRA

incidente } reflectado

ZnSe cristal

Fig.I11.6. Elemento de reflexion interna utilizado en el sistema ATR, donde 6 es el angulo
de incidencia del haz de radiacion del cristal (de ZnSe). Extraido de [Macho, 2002].

El equipo utilizado a lo largo de esta investigacion fue un espectrometro
Thermo Nicolet® Nexus compuesto por un cristal de ZnSe con un angulo nominal
de incidencia de 45 °. Dicho espectrofotometro se encuentra situado en el Centro de
Biomateriales e Ingenieria Tisular (CBIT) de la Universitat Politécnica de Valéncia
(UPV). Para cada medida de composicién estructural, se realizaron 64 (para
ensuciamiento) o 128 barridos (para caracterizacion) en el rango de 600-4000 cm™
con una resolucion de 4 cm™. Las muestras utilizadas deben ser secadas con
anterioridad previamente al andlisis para evitar la interferencia de la humedad en

las medidas.

111.4.2. Microscopia de fuerza atémica (AFM)

Esta técnica tiene como principio de funcionamiento el barrido de la superficie
de una muestra mediante un sensor de fuerzas, el cual estd formado por una punta
afilada situada en el extremo de una palanca flexible. Durante dicho barrido, se
registran continuamente la topografia de la muestra mediante el campo de fuerzas
de interaccion producido entre la superficie de la muestra y la punta del sensor,
detectdndose las ligeras desviaciones o deflexiones existentes en la posicion del
sensor [Binning et al, 1986]. El cuerpo formado por la palanca y la punta se

mantiene esta unido a un tubo piezoeléctrico, manteniendo el campo de fuerzas
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constante. Asi pues, la sensibilidad de este instrumento es elevada (del orden de
piconewtons) [Sotto, 2008]. En la Fig.Il11.7, se muestra un esquema del método de
deteccion empleado para registrar el movimiento del sensor durante la medida. En
él, un haz laser se hace incidir sobre el sensor, registrandose su reflejo sobre un
fotodiodo que actua como detector. Los cambios en el voltaje producidos en el
detector permiten conocer la magnitud de la deflexion del sensor.

detector laser

\/
sensor

muestra
Fig.111.7. Esquema bésico de un microscopio de fuerza atémica (AFM) formado por un
detector dptico, un laser, el sensor de fuerzas (compuesto por aguja y palanca) y la muestra.

El modo de trabajo utilizado para esta técnica durante todo el estudio fue el
conocido como “tapping air”, en el cual se mide la topografia de la superficie de la
muestra en aire mediante el contacto intermitente con una punta oscilante. De este
modo, las fuerzas laterales y de presion son eliminadas con el fin de no perder
resolucion en muestras blandas que puedan deteriorarse. Un esquema de este tipo
de AFM es mostrado en la Fig.I11.8. Este método es muy atil en el estudio de
superficies funcionalizadas, las cuales podrian definirse como superficies sélidas
donde las moléculas han sido adsorbidas (0 han sido injertadas mediante ataque
guimico o fotoquimico) de manera aislada dispersandose a lo largo de la superficie

0 en peliculas homogéneas [Mourougou-Candoni, 2012].
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Fig.111.8. Representacion esquematica de una aguja de AFM operando en modo “tapping".
Imagen extraida de Alessandrini y Facci (2005).

En la investigacion desarrollada, fue utilizado el equipo AFM VEECO
Multimode (VEECO Instruments, EEUU), con el cual se tomaron una serie de
imagenes a escalas diferentes (5 x 5,2 x 2y 1 x 1 um) con el fin de caracterizar
correctamente la superficie de las distintas membranas fabricadas y/o modificadas.
Como se indic6 anteriormente, todas las imagenes AFM fueron tomadas en aire en
modo “tapping”. La topografia de las muestras se estudi6 mediante la
determinacion de la rugosidad. Se definen la rugosidad media (Sy) y la raiz

cuadratica media de la rugosidad (S,) como:

1 N
Sa :WZ‘Zi —Zp| Eq. (111.5)
i=0
N
Sq = ;ZZi—zmz Eq. (111.6)
\ i=0

donde Z,, es el valor medio de las alturas de la punta en cada punto de la imagen en

un area dada (Z;) y N es el nimero de puntos en un area dada (en este caso, 512).
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111.4.3. Microscopia electrénica de barrido (SEM)

La observacion y caracterizacion tanto de la morfologia superficial como de la
seccion transversal de materiales sélidos (sean inorganicos y/o organicos) puede
realizarse mediante microscopia electrénica de barrido o SEM (Scanning Electron
Microscopy), el cual puede definirse como un microscopio que usa un haz de
electrones (5-50 keV) sobre una muestra para formar una imagen o fotografia. En
funcion de los detectores disponibles en el equipo, los electrones generados de la
interaccién entre el haz de electrones y la superficie de la muestra sélida permiten
extraer informacién del solido irradiado (composicion quimica, estructura y
textura) en forma de imagen visualizada en un monitor. Al tener gran profundidad
de campo, es capaz de realizar enfoque o aumentos sobre un area de tamafio
definida por el usuario. De este modo, se pueden obtener imagenes de alta
resolucion e incluso en tres dimensiones. Como resultado, esta técnica permite
procesar y analizar aspectos morfoldgicos de las imagenes obtenidas procedentes

de zonas microscopicas de diversos materiales.

La preparacion de las muestras requiere que sean conductoras, ya que algunos
materiales poliméricos pueden sufrir dafios en el analisis microscopico por el
voltaje aplicado o por la sensibilidad del tipo de polimero a dicha técnica. Para ello,
la muestra es recubierta con una capa muy delgada de metal (usualmente oro u
oro/paladio) o carbono y, posteriormente, es barrida usando electrones procedentes
de un cafidn. De este modo, aumenta la produccion de electrones de baja energia lo
que conlleva a un mayor contraste de las imagenes. Un detector cuantifica la
cantidad de electrones enviados mediante la intensidad de la zona de muestra,

mostrandose en el monitor figuras en tres dimensiones de la muestra analizada.
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La utilidad de esta técnica radica en la obtencion de imégenes tanto de la
estructura superficial como de la seccion transversal de la membrana. De este
modo, es posible la estimacion de la porosidad y distribucion de tamafio de poro
mediante el uso de un software estadistico.

En este estudio fue utilizado un microscopio electrénico de barrido JEOL JSM
6300 (Japdn), que se encuentra situado en las instalaciones pertenecientes al

Servicio de Microscopia de la Universitat Politécnica de Valéncia (UPV).

111.4.4. Espectroscopia de dispersion de energia de rayos X (EDX)

Esta técnica es de gran utilidad puesto que permite obtener la composicién real
de la parte analizada de la muestra. El detector recibe los rayos X procedentes de
cada uno de los puntos de la superficie de la muestra sobre la que ha pasado un haz
de electrones (procedente del equipo de medida SEM). Asi, puede obtenerse
informacidn analitica y cuantitativa de areas del tamafio deseado debido a que la

energia de cada rayo X es caracteristica de cada elemento irradiado.

En esta investigacion, un analizador de EDX adjunto al microscopio electrénico
de barrido JEOL JSM 6300 (Jap6n) fue utilizado para obtener los resultados para

cada una de las muestras analizadas.
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I11.5.  Caracterizacion de propiedades permeselectivas.

El rendimiento de la membrana se estudid mediante la caracterizacion de
propiedades permeselectivas en un sistema de ultrafiltracion en términos de
permeabilidad al agua, curvas de rechazo a solutos organicos y ensayos ciclicos de
ensuciamiento y limpieza. Un esquema de la planta de ultrafiltracién utilizada es
mostrado en la Fig.111.9, y consta de un tanque de alimentacion con una capacidad
maxima de 20 L y una sonda de control de temperatura, una bomba de pistones, un
prefiltro con un tamafio nominal de poro de 100 um y un mddulo de membranas
planas de flujo tangencial RAYFLOW X100 con capacidad para dos unidades y
con un érea efectiva de 100 cm® El equipo de ultrafiltracion consta de medidores
de temperatura, presién transmembranal (controlada por valvulas de
estrangulamiento y medida por dos manémetros de 0 a 6 bar, situados a la entrada
y salida del médulo), pH y caudal de alimentacién y rechazo.

y —l @ Rechazo

Valvula

Caudalimetro

Tangue de alimentacion @
con controlador de ° :%

temperatura Valvula Bomba _
R Médulo de
<> 5 [ ———
membranas
Filtro de ¢/ Alimento
100 pm

Permeado
Fig.111.9. Esquema del sistema de ultrafiltracion de flujo tangencial operando en
recirculacion total.

Durante la estancia realizada en el Departamento de Ingenieria Quimica de la
Universidad Catdlica de Lovaina (KU Leuven), los ensayos de caracterizacion se
realizaron en un sistema de ultrafiltracion “dead-end” o filtracion clasica. En la
Fig.111.10 se muestra un esquema del equipo utilizado para dichos ensayos, el cual
tenia como elemento principal un mddulo de filtracion dead-end (HP 4750,

Sterlitech Corporation, USA) con un area efectiva de membrana de 14.6 cm?.
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Fig.111.10. Diagrama esquematico del sistema de filtracion clésica utilizado.

A continuacion, se describe cada uno de los pardmetros determinados para el
estudio del transporte y la selectividad de las membranas fabricadas y/o
modificadas.

111.5.1. Determinacion de la permeabilidad al agua

Un parametro crucial en la caracterizacién del transporte de las membranas es el
coeficiente de permeabilidad al agua (Py) de las mismas. Previamente a la
obtencion de dicho parametro, se define el concepto de densidad de flujo o flux
(Jw) como el volumen de permeado recogido V (m® durante un intervalo

experimental de tiempo t (h) para un area efectiva de membrana A, (m?):

J_V
WAm-t

Eq. (111.7)

118



Técnicas analiticas y metodologia experimental

Todas las densidades de flujo obtenidas a lo largo de esta investigacion fueron

determinadas mediante gravimetria.

Con Jw ya definido, el coeficiente de permeabilidad al agua (o0 permeabilidad
hidraulica, Py) puede obtenerse como la pendiente de la representacion grafica
entre los valores de Jy para distintos valores de presion transmembranal 4P:

_Jw

=P Eq. (111.8)

PH

La resistencia intrinseca de la membrana (Ry) puede definirse utilizando la ley
de Darcy:

Ry, = AP Eq. (111.9)

Previamente a los ensayos de determinacion del coeficiente de permeabilidad al
agua, cada una de las membranas fue compactada a un valor de 4P de 3 bar durante
30 min, hasta que la diferencia entre valores de masa del permeado recogido fue
menor al 2 %. Después, se realizaron los ensayos correspondientes a la
permeabilidad al agua con agua desionizada a distintos valores de 4P (de 0.5a 3
bar) manteniendo constante la temperatura a 25 °C y la velocidad tangencial de
2.08 m/s. Cada ensayo tuvo de duracién 30 min a una presion determinada.
Mediante la representacion gréfica anteriormente mencionada de Jy frente 4P, se
realiz6 una regresion lineal de los datos obtenidos y, de ahi, se determind el valor
de la pendiente de la recta. Este valor corresponde al coeficiente de permeabilidad
al agua de la membrana y, con él, se calcul6 el valor de resistencia intrinseca de la

membrana.
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En el caso de utilizar el sistema de filtracion convencional o “dead-end”, la
temperatura fue controlada (~ 25 °C) manteniendo una velocidad de agitacion de
500 rpm. Las membranas fueron precondicionadas o compactadas mediante la
filtracion de agua desionizada a una presion con nitrégeno gaseoso de 3 bar hasta
obtener un valor estable de densidad de flujo. Tras ello, se realizan los ensayos
correspondientes a la obtencion del coeficiente de permeabilidad hidraulica y la
membrana intrinseca de la membrana del mismo modo que se describid

anteriormente, a distintos valores de AP (de 0.5 a 3 bar).

111.5.2. Determinacion del umbral de corte molecular mediante las

curvas de rechazo a solutos organicos

La determinacion del rechazo a solutos organicos con pesos moleculares ya
conocidos es un ejercicio muy Util para la determinacion del umbral de corte
molecular cuando no se dispone de las Gltimas técnicas de analisis. Con ello, se
determina el rango de separacion que poseera cada membrana analizada en funcién
del tamafio de las sustancias presentes en la disolucion alimento. Para ello, dichas
sustancias deben estar no cargadas (ser neutras), puesto que si presentan carga
pueden interaccionar con la carga de la membrana, debido a la influencia del pH
del medio sobre la carga de las mismas (punto isoeléctrico). Por tanto, el umbral de
corte molecular de una membrana puede determinarse a partir de la permeacion de
disoluciones diluidas que contienen moléculas neutras o no cargadas [Platt et al.,
2002].

Estas curvas de rechazo o curvas de exclusion por tamafio son obtenidas a partir
de la representacion gréafica del rechazo del soluto organico frente a la masa

molecular del mismo, ya que la retencidn de un soluto es proporcional a su masa
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molecular. Se define el umbral de corte molecular de una membrana como el peso
molecular del soluto que es retenido o rechazado un 90 % por la membrana [Platt
et al., 2002; Maximous et al., 2010].

En la actualidad, suelen utilizarse indistintamente dos métodos para determinar
las curvas de exclusion por tamafio. El primero de estos métodos considera
sucesivos ensayos de ultrafiltracion de varias disoluciones formadas
individualmente por un soluto. La principal desventaja de esta técnica es el tiempo
gue consume entre el ensayo y la recuperacién de la membrana. Sin embargo, no
existen interferencias entre mas solutos presentes, por lo que permite analizar los
resultados con técnicas sencillas como la refractometria o la espectroscopia UV-
VIS. El segundo método considera una disolucion alimento formada con una
mezcla de disoluciones de solutos con diferentes pesos moleculares, el cual
presenta la ventaja de que con un simple ensayo se puede determinar la curva de
exclusién por tamafios. No obstante, su principal desventaja es que la técnica de
analisis es mas complicada que en el anterior método, requiriendo una serie de
patrones bien preparados para detectar los picos de medida necesarios. En este
trabajo, se ha utilizado el primero de los métodos por su fiabilidad, tal y como

indicaron en sus estudios [Tram y Tremblay, 1991; Platt et al., 2002].

La determinacion del umbral de corte molecular mediante las curvas de
exclusion por tamafio se realiz6 en las plantas de ultrafiltracién anteriormente
mencionadas utilizando como alimento disoluciones acuosas de PEG de distintos
pesos moleculares (de 4000 a 35000 Da) con una concentracion de 1 g/L. Dichas
soluciones fueron preparadas individualmente usando agua desionizada. Cuando se
trabajo con la planta de filtracion tangencial, los experimentos se llevaron a cabo a

velocidad tangencial constante (2.08 m/s), 25 °C y en un rango de AP de 0.5 a 4
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bar. Las concentraciones de PEG fueron analizadas mediante un refractometro
ATAGO RX-5000 de alta precision a 20 °C con una exactitud de + 0.00004
unidades y el rechazo (R) se calculd de la siguiente forma:
Cp
R(%)=|1-— [100 Eq. (111.10)
Ct
donde C, es la concentracion de PEG en el permeado y Cs es la concentracion de
PEG en el alimento.

Sin embargo, cuando se utiliz6 el sistema de filtracion convencional, la
concentracién de PEG se analizd mediante el calculo del carbono orgénico total
con el equipo Hach Lange IL550 TOC-TN de alta precisién. Se obtuvieron rectas
de calibrado para los rangos de concentracion experimentales de cada uno de los
PEG utilizados con factores de regresion superiores al 99 %. Posteriormente, el
rechazo fue calculado utilizando la misma ecuacion anteriormente mencionada Eq.
(111.20).

Para determinar el radio del soluto rechazado (PEG) en nanémetros y, de ahi,
estimar el tamafio de poro de la membrana, se utilizd la ecuacion siguiente [Cheng
etal., 2015]:

f (M) =16.7310712.m,, 0257 Eq. (I11.12)
donde ry, es el radio de PEG (m) y My es la masa molecular del PEG utilizado
(Da).
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111.5.3. Determinacion de propiedades antifouling

Durante el presente trabajo, las propiedades de resistencia al ensuciamiento o
antifouling que posee una membrana han sido evaluadas en funcion de su pérdida
de densidad de flujo de permeado a lo largo de un periodo de ensuciamiento
concreto. Teniendo en cuenta la literatura sobre medicion de propiedades de
resistencia al ensuciamiento que posee una membrana [Shi et al., 2008; Yune et al.,
2011; Zhao et al., 2011], se seleccion6 un tipo de ensayo compuesto por distintos
ciclos de ensuciamiento y aclarado con agua para comprobar la resistencia de la
membrana a un ensuciamiento prolongado y a unas condiciones de operacion que
favorezcan dicho fenémeno. Como agentes de ensuciamiento se escogieron una
disolucion modelo de PEG de 35000 Da a una concentracién de 5 g¢/L, acido
himico a 500 mg/L y agua residual procedente del procesado y envasado de
aceituna de mesa. Esta Ultima agua residual se utiliz6 Unicamente para la
determinacion de propiedades antifouling de membranas comerciales modificadas

superficialmente.

El proceso seguido durante los ensayos de determinacion de las propiedades
antifouling de cada membrana se detalla a continuacion, estando compuestos
principalmente por: un ensayo de compactacion y tres ciclos de ensuciamiento con
aclarados de agua desionizada intercalados entre cada ensuciamiento. En primer
lugar, se realizaron ensayos de ultrafiltracion con agua desionizada para cada una
de las membranas seleccionadas a un caudal de rechazo constante de 300 L/h
(4nicamente en el caso de filtracion tangencial) y 2 bar durante 30 min. Tras ello,
se utilizé la disolucion alimento con distintos agentes de ensuciamiento para
evaluar la capacidad antifouling de cada membrana a una presion de 2 bar durante

2 h. Posteriormente, las membranas ensuciadas fueron aclaradas con agua
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desionizada por un periodo de 30 min. Como se ha indicado anteriormente, este
proceso (ensuciamiento y aclarado) fue repetido tres veces.

Para la evaluacion de la capacidad de resistencia al ensuciamiento de cada una
de las membranas utilizadas, se calcul6 el coeficiente o ratio de flujo normalizado
(NFR) con la siguiente expresion:

NFR (%) = {J”}loo Eq. (111.12)
‘J fl

donde Jy, es la densidad de flujo de la membrana tras el proceso de ensuciamiento y

Ji es la densidad de flujo de la membrana obtenida previamente a cada ciclo de

ensuciamiento. Ambos presentan L/m*h como unidades de medida. Valores

elevados de NFR (cercanos a 1) indican mejores propiedades antifouling de una

membrana.

. Polietilenglicol de 35000 Da

En primer lugar, se estudi6 la resistencia al ensuciamiento de cada una de las
membranas fabricadas y/o modificadas utilizando disoluciones modelo de PEG de
35000 Da con una concentracion de 5 g/L. Pese a que su uso haya descendido estos
ualtimos afios en beneficio de otras sustancias como dextranos y BSA, esta sustancia
no-ionizada ha sido extensamente utilizada como agente de ensuciamiento en
diferentes ensayos de ultrafiltracion para estudiar modelos de ensuciamiento y
propiedades hidrofilas [Hilal et al., 2007; Kim et al., 2009; Corbaton-Baguena et
al., 2013].
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e Acido hamico

En los ensayos realizados con el sistema de filtracién convencional, se utiliz6
acido himico con una concentracion de 500 mg/L como agente de ensuciamiento.
Esta sustancia ha sido identificada como uno de los mayores contaminantes durante
la aplicacion de procesos de separacion por membranas en procesos de tratamiento
de agua residual y en obtencion de agua potable. Del mismo modo, esta sustancia
ha sido reconocida como el principal componente presente en la materia organica
natural o “natural organic matter” que se halla en los recursos hidricos naturales
[Huang et al., 2009]. Esto ha llevado que dicha sustancia haya ganado mucha
importancia en estudios sobre ensuciamiento y degradacion de membranas en los
ultimos afios [Balta et al., 2012; Lin et al., 2013; Zhang et al., 2015].

Para determinar la concentracion de acido himico presente en cada una de las
corrientes tras el proceso de ultrafiltracion, se empled un espectrofotémetro UV-
VIS Shimadzu UV-1601 a una longitud de onda de 254 nm. Los factores de
regresion obtenidos para la calibracién correspondiente al rango de concentracion
experimental fueron siempre superiores al 0.999. A partir de las concentraciones de
alimento y de permeado, los rechazos fueron obtenidos utilizando la Eq. (I11.10)

anteriormente mencionada.

. Agua residual procedente del procesado y envasado de la aceituna

de mesa

Las membranas comerciales modificadas superficialmente fueron testeadas con
muestras de agua residual procedente del procesado y envasado de aceituna de
mesa. El fin de este ensayo fue observar la selectividad a la reduccion de color,

demanda quimica de oxigeno y contenido fendlico de dichas modificaciones
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realizadas a las membranas, ademas de sus propiedades de resistencia al
ensuciamiento. Actualmente, no hay muchos articulos ni trabajos donde se hayan
aplicado procesos de separacion por membranas a este tipo de efluentes, debido
principalmente a su alto contenido en sales (cloruro sodico e hidréxido sédico) y
compuestos fendlicos. Por ello, se plantea su aplicacion como un pretratamiento
para procesos de recuperacion de productos de valor afadido, tales como los
polifenoles. Esto se detallarda con mayor profundidad en el apartado

correspondiente a dichos ensayos (Capitulo V).

Las reacciones colorimétricas son ampliamente utilizadas para caracterizar
muestras de agua residual mediante el uso de un espectrofotdmetro UV-VIS Hach-
Lange DR 6000 (Alemania). Dicho método es aplicable a escala de laboratorio,
rapido, de facil operacion y bajo coste [Blainski et al., 2013]. Todos los analisis

fisicoquimicos del agua residual fueron realizados al menos por triplicado.

a. Demanda quimica de oxigeno y decoloracién.

La demanda quimica de oxigeno o DQO fue medida mediante un método
colorimétrico usando kits de medida de Hach Lange. Usualmente, el agua residual
procedente del procesado de aceitunas contiene grandes concentraciones de
cloruro, superiores a 15 g CI/L. En dichos casos, las muestras deben diluirse con
agua ultrapura hasta una concentracion de 1.5 g CI/L, que es el valor mas alto de
cloruros recomendado por el fabricante para el uso de los Kits, para evitar cualquier
posible interferencia en los resultados obtenidos. La concentracion de cloruros fue
obtenida usando el kit de Hach Lange LCK 311. 2 mL de muestra fueron
adicionados a los tubos de ensayo de Hach Lange (kits LCK 114 y 314) y
mezclados adecuadamente. Posteriormente, las muestras fueron depositadas en un

termoreactor a 150 °C durante 2 h. Tras este tiempo de reaccion, se enfriaron los
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tubos de ensayo a 20 °C y se analizaron las muestras mediante espectrofotometria
UV-VIS. En dicho espectrofotdmetro, el color de las muestras de agua residual fue
determinado mediante la diferencia de absorbancias a 440 y 700 nm.

Las eficiencias en la decoloracion y en la eliminacion de demanda quimica de
oxigeno (chemical oxygen demand en inglés) se evaluaron utilizando las siguientes

expresiones:

DC(%)=|1-__" |100 Eq. (111.13
cop (%) COD ' Eq. (111.14)

donde DC es el porcentaje de decoloracion durante la ultrafiltracién de agua
residual, OD, es la densidad optica (definida como la diferencia entre absorbancias
a 440 y 700 nm) del permeado recogido, OD; es la densidad dptica de la disolucién
de alimento, Rcop €s el valor porcentual del rechazo de DQO durante el proceso de
ultrafiltracion, y COD, y CODs son los valores de DQO en la corriente de

permeado y alimento respectivamente.

b. Compuestos fenélicos totales.

Para la determinacién de compuestos fendlicos totales se utilizé el método de
Folin-Ciocalteau, descrito por [Singleton y Rossi, 1965]. En él, una curva de
calibracion con tirosol es construida para expresar los compuestos fenélicos totales
como miligramos de tirosol equivalentes por litro de agua residual. Las muestras
fueron diluidas con el fin de obtener absorbancias dentro del rango de la curva de

calibracion. Tras ello, se agregaron secuencialmente el reactivo de Folin-
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Ciocalteau y la solucion saturada de Na,CO;. Posteriormente, las muestras se
incubaron durante 2 h a temperatura ambiente (25 °C) midiendo la absorbancia a
765 nm utilizando el espectrofotometro UV-VIS mencionado anteriormente.

La eficiencia en la eliminacion de compuestos fenolicos durante el proceso de

ultrafiltracion se calcul6 de la siguiente manera:

Cp_TPC

Rrpc (%)=|1-
Ct TPC

100 Eq. (111.15)

donde Rypc €s el porcentaje de compuestos fendlicos totales rechazados durante la
ultrafiltracion de agua residual, C, tpc Y Cs 1pc SON las concentraciones de dichos

compuestos en la disolucion de permeado y alimento, respectivamente.
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Fabricacion de membranas de ultrafiltracién por inversion de fase

V.1 Introduccion.

En este capitulo se estudiara el proceso de fabricacion de membranas
poliméricas de ultrafiltracién mediante uno de los métodos mas utilizados en la
industria, conocido como el método de inversion de fase, el cual ha sido

extensamente explicado en el capitulo anterior (Capitulo Il1).

En el primer apartado, se evaluara la combinacién de dos aditivos de diferente
naturaleza, uno organico (PEG de 400 Da) y otro inorganico (Al,Os), en las
propiedades hidrofilas y estructurales de las membranas de ultrafiltracion
fabricadas con diferentes polimeros base (PSU, PES y PEI), mostrados en la Tabla
IV.1. Para su caracterizacion, se hard uso de ensayos tanto en estado estatico como
dindmico y técnicas microscopicas. A su vez, se estudiara el efecto de la
concentracién de polimero y aditivos en las membranas fabricadas para determinar

sus caracteristicas permeselectivas y su resistencia al ensuciamiento.

En el segundo apartado se analizara el efecto de pequefias concentraciones de
nanoparticulas inorganicas (del orden de pg) en el proceso de formacion de una
membrana por inversion de fase y en las caracteristicas que la conforman. Este
estudio fue planteado debido a que la tendencia actual en el campo de las
membranas de matriz mixta (mezcla de organicos e inorgéanicos) es la observacion
de la influencia de muy pequefias cantidades de compuestos inorgénicos afiadidos
en una matriz organica. Sin embargo, estos estudios siempre se centran en la
mejora de las propiedades hidrofilas debido a la hidrofilicidad del material
introducido. Para demostrar que dicha mejora se debe al hecho de la adicion de
nanoparticulas, independientemente de su naturaleza, se plante6 la comparacion de

la influencia en el proceso de formacion de una membrana polimérica hecha de
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PES de dos compuestos diferentes con un caracter hidrdfilo opuesto; un 6xido
metélico hidréfilo (6xido de zinc, ZnO) y un calcogenuro hidréfobo (disulfuro de
tungsteno, WS,). Dicha influencia fue estudiada en funcion de distintas
caracteristicas de la membrana como la morfologia (tanto la seccién transversal
como la superficie), el punto de turbidez, hidrofilicidad, resistencia al

ensuciamiento y permeselectividad.

Tabla I1V.1. Estructuras de los polimeros utilizados.

Polimero Estructura
PSU T [I
(Ultrason - - i
S 2010) CH: 0
(0]
PES H
(Ultrason 2 0
E 6020) L‘

PEI o H
e . .
oo | OO

PEG J[Ow}
H OH
1
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IV.2. Mejora en la hidrofilicidad de diferentes
membranas poliméricas de inversion de fase de
ultrafiltracion  mediante la  introduccion  de

nanoparticulas de PEG/AI,Os.

Originalmente titulado: “Enhancement in hydrophilicity

of different polymer phase inversion ultrafiltration Separation

membranes by introducing PEG/AI,O; nanoparticles”, EFPurification

Technology

publicado en la revista Separation and Purification
Technology 128 (2014) 45-57.

IV.2.1. Abstract

The influence of the modification by additives in the characteristics of several
ultrafiltration polymeric membranes was studied. Three asymmetric membranes
with similar pore size (MWCO of around 30000 Da) but different materials and
pore microstructures — polysulfone, polyethersulfone and polyetherimide — were
used. Effects of two different hydrophilic additives on membrane structure and the
resulting performance were compared to determine the material with the best
antifouling properties. Polyethyleneglycol (PEG) and alumina (Al,O3) were
employed as additives in the phase-inversion method, N,N-Dimethylacetamide
(DMA) and deionized water were used as solvent and coagulant, respectively.
Membranes were characterized in terms of hydraulic permeability, membrane
resistance, MWCO profile and hydrophilicity (by membrane porosity and contact

angle). The cross-sectional and membrane surface were also examined by
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microscopic techniques. Membrane antifouling properties were analysed by the
experimental study of fouling/rinsing cycles using feed solutions of PEG of 35000
Da. Permeation and morphological studies showed that the addition of PEG/AI,O3
results in formation of a hydrophilic finger-like structure with macrovoids, whereas
the addition of Al,O3 results in the formation of a hydrophilic structure with a
dense top layer with Al,O; nanoparticles and a porous sponge-like sublayer.
Furthermore, polyethersulfone/PEG/AI,O; membranes displayed  superior

antifouling properties and desirable ultrafiltration performance.

IV.2.2. Introduction

Ultrafiltration (UF) is a pressure-driven membrane separation process using
membranes with pore sizes between 0.1 and 0.001 pum. This technique is widely
used for separating macromolecules, proteins, colloids, and suspended particles
from different solutions in several industrial fields, such as water production,
chemicals processing, food processing, biotechnology, and water and wastewater
treatment [Baker 2004; Barredo-Damas et al., 2012]. Due to the growing
application of UF process, efforts to improve UF process performance are gaining

more and more importance.

Commercial UF membranes are prepared using several polymers like cellulose
acetate (CA), polyacrylonitrile (PAN), polyetherimide (PEI), polyethersulfone
(PES), polyethylene (PE), polypropylene (PP), polysulfone (PSU) and
polyvinylidene fluoride (PVDF), and among them PSU and PES are the most
common polymers used in membrane preparation because their mechanical
strength and physicochemical characteristics for UF applications [Zhang et al.,

2011]. Unfortunately, the inherent hydrophobic nature of PSU and PES membranes

146



Fabricacion de membranas de ultrafiltracién por inversion de fase

makes them susceptible to be contaminated, which can lead to a decline of
permeability properties and membrane lifetime [Zhao et al., 2013; Sinha and
Purkait, 2013].

Therefore, the contamination of the membrane, known as membrane fouling, is
an important problem in UF. Membrane fouling depends on membrane surface
characteristics such as morphology, pore size, porosity, and hydrophilicity
[Vatanpour et al., 2012A]. During an UF process, the initial blockage of the
membrane pores results in a rapid flux decline. After that, the accumulation of the
retained macromolecules on the membrane surface leads to a gradual flux decline
[Su et al., 2008; Corbaton-Baguena et al., 2013]. To avoid this problem, the
composition of the membrane can be modified in order to obtain a more
hydrophilic material. So, the increase of the hydrophilicity of the membrane
surface and pore surfaces can remarkably reduce membrane fouling [Li et al.,
2006; Ahmad et al., 2013].

Many researchers have studied the modification of the membrane surface
properties [Vatanpour et al., 2012A; Su et al., 2008; Susanto and Ulbricht, 2007;
Susanto and Ulbricht, 2009] in terms of hydrophilicity, pore size, porosity and
surface charge, which has several advantages as the inhibition of the foulants
adsorption and deposition, and hence an increase in the permeate flux and a
decrease in membrane fouling. However these modifications change the internal
structure of the membrane, making irreversible changes in pore size distribution of
the membranes. Therefore recent studies are focused on the addition of organic and

inorganic nanoparticles within the membrane matrix [Sinha and Purkait, 2013].
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The use of organic or inorganic nanoparticles as additives in membranes to
decrease its hydrophobicity is extensively reported. The presence of nanoparticles
in the membrane matrix improves the thermal stability, strength and stiffness,
permeability, hydrophilicity, flux recovery and antifouling property of the
membrane [Razmjou et al., 2011; Sotto et al., 2011; Saleh and Gupta, 2012; Sinha
and Purkait, 2013]. Also the addition could control the membrane surface
properties and prevent the macrovoids formation [Liu et al., 2003; Li et al., 2006;
Idris et al., 2007]. However, uniform and homogeneous dispersion of the additives
in the casting solution is very difficult due to the high viscosity of the casting
solution and the ease of the nanoparticles to agglomerate [Qiu et al., 2009; Sinha
and Purkait, 2013]. This agglomeration could result in the decrease of pure water
flux (PWF) because of the blockage of the membrane pores is caused by the high

content of nanoparticles in the membrane matrix [Razmjou et al., 2011].

One of the most common methods to prepare membranes is the phase-inversion
process. The phase-inversion method induced by immersion precipitation has been
widely used for preparing asymmetric polymeric membranes. This is a useful
method to introduce nanoparticles as additives in the membrane matrix [Saljoughi
et al., 2010; Al Malek et al., 2012]. In this process, the membrane preparation is
influenced by many factors, including the concentration and state of the polymer
and solvent, the composition of the non-solvent in the coagulation bath, and the
role and concentration of the additive. Several studies [Shi et al., 2008; Rahimpour
and Madaeni, 2010; Yuliwati et al., 2011; Wang et al., 2011; Balta et al., 2012]
had demonstrated that the addition of organic/inorganic nanoparticles in the casting
solution could enhance the phase-inversion process, adjusting the membrane
properties. Additives modify the membrane surface and structure by changing the
kinetics and thermodynamics of the formation process. [Ochoa et al., 2003]

prepared PVDF with polymethyl methacrylate (PMMA) membranes with different
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degrees of hydrophilicity, obtaining the appearance of macrovoids in the porous
substructure without any modification of the selective surface structure and high
hydrophilic character when PMMA concentration increases. [Yan et al., 2005]
prepared PVDF membranes modified by nano-sized alumina (Al,O3), improving
the surface hydrophilicity, PWF, flux recovery and then antifouling character in
comparison with unmodified membranes. [Chakrabarty et al., 2008] modified PSU
membranes with the addition of polyethyleneglycol (PEG) of different molecular
weight, causing the increase in the PWF and BSA rejection when the molecular
weight of PEG increases. [Saljoughi et al., 2010] studied the effect of coagulation
bath temperature (CBT) and different PEG concentrations in prepared CA with
PEG and 1-methyl-2-pyrrolidone, resulting in the increase of porosity and
permeability with the presence of low molecular weight PEG and the increase of

thermal/chemical stability of the prepared membranes with the decline of CBT.

In the present work, alumina (Al,O3) and PEG of molecular weight 400 Da
(PEG 400) are used as additives to obtain a hydrophilic polymeric membrane
having a molecular weight cut-off of around 30000 Da. Al,O; is one of the most
stable inorganic materials, inexpensive, highly abrasive, resistant and non-toxic
(even in form of nanoparticles). Previous studies [Jones et al., 2001; Yan et al.,
2005; Liu et al., 2011] have demonstrated that the use of Al,O3 nanoparticles in UF
membranes is of interest. PEG has been extensively used as additive to enhance the
membrane preparation. [Shieh et al., 2001] showed that PEG is used to improve
membrane selectivity as well as a pore forming agent due to its hydrophilic nature.
[Liu et al., 2003] reported that PEG 400 can be used as polymeric additive to
improve the hydrophilicity and to prevent the macrovoid formation when PEG 400

is added in appropriate amounts.
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This research aimed to study the influence of the combination of two
compounds with different nature, an organic additive (PEG 400) with an inorganic
additive (Al,O3), on the preparation of several UF polymeric membranes with
different chemical and physical properties to improve their hydrophilicity. Until
now, no papers dealing with the combination of both types of additives for
membrane modification by phase inversion method have been published. The
effect of addition of PEG 400 and nano-sized Al,O at different concentrations in
casting solution on morphology, permeability properties and on the hydrophilicity
of the membranes were investigated. Morphology and composition of each
membrane were analysed by scanning electron microscope (SEM) and energy
dispersive X-ray (EDX). Membrane hydrophilicity was also determined using
contact angle measurements. The performances of the prepared membranes were

tested by water permeation and different molecular weights of PEG rejection.

IV.2.3. Experimental

IvV.2.3.1. Materials

Polyethersulfone (PES, Ultrason E 6020 P, My = 51000 Da) and polysulfone
(PSU, Ultrason S 2010, My = 42000 Da) were purchased from BASF Co.
(Germany). Polyetherimide (PEI, Ultem 1010, My, = 48000 Da) was donated by
General Electric (United States). These polymers were independently used as base
polymer in the different membrane casting solutions. The nonwoven support was
commercial grade Viledon FO 2431 from Freudenberg (Germany). The solvent
N,N-Dimethylacetamide (DMA) was selected in the current study because it is
widely accepted as a good solvent for many polymers [Rahimpour and Madaeni,
2010; Liu et al., 2013; Daraei et al., 2013]. Aluminium oxide (Al,O3) in gamma

phase with primary particle size of 13 nm and a surface area of 90 m%g (Sigma
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Aldrich, Germany) was used as an inorganic hydrophilic additive. Also, PEGs with
different My, of 400, 10000, 20000 and 35000 Da were provided by Sigma Aldrich
(Germany). The additives (Al,Oz and PEG 400) were specifically selected to study
the effects of the organic/inorganic nature on the membrane performance.
Deionized water was used throughout this study.

IV.2.3.2.  Membrane preparation

Phase-inversion method by immersion precipitation was applied for preparing
asymmetric ultrafiltration membranes. Homogeneous solutions were prepared by
dissolving PEG in DMA in the presence of Al,O; under vigorous and constant
mechanical stirring with a vortex mixer at a room-temperature, in which PEG was
rapidly dissolved and Al,O; nanoparticles were dispersed. After that, a
predetermined amount of each polymer was added with continuous stirring for at
least 48 h until the solution was completely dissolved and homogeneous. The effect
of polymer concentration was studied by preparing casting solutions consisting of
15 and 20 wt%. According to previous studies about modification of organic
membranes, these polymer compositions were selected to prepare membranes
[Ahmad et al., 2013]. When polymer was completely dissolved, Al,O; was well-
dispersed and also entrapped into the polymer solution matrix due to the high
viscosity of the polymer solution. Then, the resultant polymer solutions were
centrifuged at 1500 rpm during 2 min, and placed in a desiccator to keep intact
their characteristics and release all of the bubbles. Membranes were cast with a 75
um casting knife onto nonwoven supports by using a film applicator at room-
temperature. After that, membranes were immediately immersed in a coagulation
bath of deionized water at 18 °C for 48 h to not allow a preceding dry phase-
inversion in the atmosphere [Barth et al., 2000] and to remove the remaining

solvent from the membrane structure [Wu et al., 2008]. After complete the
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coagulation process, the prepared UF membranes were stored in deionized water
until use.

IvV.2.3.3. Characterization of membranes

All the membranes prepared were characterized in terms of pure water flux,
hydraulic permeability and membrane resistance, fouling/rinsing experiments,
MWCO determination, porosity, equilibrium water content, contact angle, and

morphological studies as follows.

IV.2.3.4.  Hydraulic permeability

UF experimental set up used in this part of the study is shown schematically in
Fig.IV.1. This system consisted of a temperature-controlled feed tank (1) with 20 L
in volume, a centrifugal pump (4), a pre-filter (3) with a nominal pore size of 100
um, and two UF membranes inside a RAYFLOW X100 cross-flow membrane
module supplied by TECHSEP (6), where the effective membrane area was 100
cm2. Feed solution stream crosses the membrane module, dividing it into two
different streams, permeate and concentrate. Both streams return to the feed tank.
The required transmembrane pressure is obtained by two manometers (0-600 kPa),
placed at the inlet (5) and outlet (7) of the membrane module, which are controlled
by two throttling valves (2 and 8). Also, a flow meter (9) is placed at the

concentrate outlet and is used to measure cross-flow rate.
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Fig.I1V.1. Schematic diagram of experimental UF setup: (1) temperature-controlled feed
tank, (2) feed valve, (3) pre-filter, (4) centrifugal pump, (5) manometer, (6) membrane
module, (7) manometer; (8) valve, (9) flow meter, (10) thermometer.

Water permeation properties of asymmetric polymeric membranes were tested
using the above-mentioned cross-flow filtration system. Initially, membranes were
compacted at 100 kPa of transmembrane pressure (AP) for 30 min. Then, hydraulic
permeability experiments were carried out with deionized water. Flux was
measured at different transmembrane pressures ranging from 100 to 300 kPa at a
constant flow rate of 300 L/h and at room-temperature conditions. Jy (L/m?®-h) was

evaluated by the expression,

J —L Eq. (IV.2.1
W= . (V.21)

where V is the total volume permeated (m®) during the experimental time interval t

(h) and A, is the effective surface area of the membrane (m?).

Hydraulic permeability (P,) was obtained from the slope of the plot of Jy and

AP and was calculated by

Jw
Ph = AP Eq. (1V.2.2)
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Membrane intrinsic resistance or membrane resistance (R,) was calculated

according to Darcy’s law (Eq. (1V.2.3)):

Ry = AP Eq. (IV.2.3)
JZETY

where u is the water viscosity (Pa s).

IV.2.3.5.  Molecular weight cut-off determination

Molecular weight cut-off (MWCO) of the membranes was determined using 1
g/L aqueous solutions of PEG with different molecular weights from 10000 to
35000 Da. PEG solutions were prepared individually using deionized water and
used as a standard for rejection studies. Experiments were carried out at a constant
cross-flow velocity (2.08 m/s), 25 °C, and 4P ranging from 50 to 400 kPa in the
same above-mentioned ultrafiltration set up. PEG concentrations were analysed
using a high-precision Atago Refractometer (Atago RX-5000) at 20 °C within an
accuracy of £ 0.00004 units. Rejection (R) was calculated by Eq. (1V.2.4):

]
R(%)=|1-—" 100 Eq. (IV.2.4)
Ct

where C, is the concentration of PEG in permeate and C; is the concentration of
PEG in the feed solution.

The smallest molecular weight that is rejected by 90% is taken as the MWCO of
the membrane [Maximous et al., 2010A]. Membranes with higher rejection and

lower MWCO were selected for following studies.
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IV.2.3.6.  Fouling experiments

After obtaining the MWCO and the hydraulic permeability, selected membranes
were subjected to a series of fouling experiments with hydraulic cleaning (rinsing).
Firstly, water flux tests were performed for each selected membrane at 200 kPa at a
constant flow rate of 300 L/h during 30 min. Then, a solution of PEG of 35000 Da
with a concentration of 5 g/L was used as a feed solution in fouling studies. PEG
has been extensively used as a standard macromolecule in different UF
experiments to study fouling models and hydrophilicity properties [Kim et al.,
2009]. The permeate flux during PEG ultrafiltration J; (L/m*-h) was measured by
weighing permeate versus time at 200 kPa for 2 h. After filtration of PEG solution,
fouled membranes were washed with deionized water for 30 min, measuring the
water flux of the tested membranes. These experiments were repeated three times.
In order to evaluate the fouling-resistant ability of the prepared membranes,

normalized flux ratio (NFR) was calculated by the following expression.

3
NFR(%) = [sz}loo Eq. (IV.2.5)
fl

where Jp, is the flux of the membranes after the fouling process (2 h) and Jy, is the
flux of the membranes obtained at the beginning of each fouling cycle. Generally,

higher NFR values (next to 1) indicate better antifouling property of the membrane.

IV.2.3.7.  Surface hydrophilicity

Water contact angle on membrane surfaces was measured using an optical
instrument (Dataphysics OCA20, Germany) for predicting hydrophilicity. Before
water contact angle measurements, membrane samples were dried and stored in a
vacuum desiccator during 24 h. Three microlitres of water were dropped on the

dried flat membrane surface from a microsyringe with a stainless steel needle at
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room-temperature conditions. Deionized water was used as the probe liquid in all
the measurements. Contact angle values were averaged from ten random locations
for each membrane. If membranes are hydrophilic, the angle stays lower than 90 °©
[Ananth et al., 2012].

In addition, two parameters were studied to determine the degree of
hydrophobicity of a membrane: equilibrium water content (EWC) and membrane
porosity (¢). Both parameters play an important role on permeation and separation
[Chakrabarty et al., 2008]. After the membrane was equilibrated in water, the
volume occupied by water and the volume of the membrane in wet state were
determined. Membranes were mopped with a tissue paper to remove the water
layer retained on the membrane surface, obtaining the wet membrane samples.
These samples were weighed in wet state. After that, wet samples were dried by
putting in a vacuum oven for 24 h at 50 °C and then they were weighed in dry state.
Membrane porosity was defined as the volume of the pores divided by the total

volume of the membrane. Membrane porosity was obtained using the following

equation,
Wy -Wp)
AN
0, — .
(%) Wy _WD)+WD 100 Eq. (IV.2.6)
PW Pp

where Wy, is the weight of wet membranes (g), Wp is the weight of dry membranes
(), pw is the density of pure water at operating conditions (g/cm®), and pp is the

density of the polymer (g/cm®) [Yuliwati et al., 2011]. EWC was estimated by

EWC (%) = W-loo Eq. (IV.2.7)
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Values of membrane porosity and EWC were averaged from five different
samples of the same prepared membrane to minimize the error of the weighing

measurements.

IV.2.3.8.  Average pore radius

Membrane pore size is a useful parameter to evaluate the membrane
performance. Membrane average pore radius (ry) is regarded as an estimation of
true pore size and it represents the average pore size along the membrane thickness
(). This parameter was determined by water filtration velocity method under
constant transmembrane pressure (300 kPa) and it could be calculated by the
Guerout-Elford-Ferry equation [Wu et al., 2008; Yuliwati et al., 2011],

= (29-175¢)@1¢Qu) Eq. (IV.2.8)

\ &Ap-AP

where 4 is the water viscosity (Pa s), Qy is the water flow (m*/s) and AP is the

transmembrane pressure (MPa).

IV.2.3.9.  Morphological studies

A multimode atomic force microscopy (VEECO Instruments (USA)) was also
used to characterize the surface of all membranes. All AFM images were taken in
ambient air in tapping mode and were obtained over different areas of each
membrane sample. The tapping mode is ideal for the study of relatively soft
samples such as grafted polymers [Yoshida and Cohen, 2003]. Roughness values
were obtained from 5 pm x 5 um samples and considering the average of five areas
of 1 um x 1 um. The average roughness (S,) and the root mean square roughness

(S,) are expressed as follows [Li et al., 2014]:
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N
i=0
1Y 2
Sq = WZ\zi ~Zayg Eq. (IV.2.10)

N
where Z,q4 is the average of the Z values within the given area, Z; is the current Z

value measured and N is the number of points within the given area.

The cross-sectional morphologies of the prepared membranes were observed by
scanning electron microscopy (SEM). For this purpose, membranes were frozen in
liquid nitrogen, and then broken and sputtered with a thin conductive layer of
carbon, prior to SEM analysis. During SEM observation, energy dispersive X-ray
spectroscopy (EDX) analysis was performed to reveal the real composition of a
certain part of the membrane. In this research, both analyses were carried out with
a scanning electron microscope and its adjunct EDX analyser (JEOL JSM6300
scanning microscope, Japan). Each reported element composition value was

expressed by the average of three measurements for each sample.

IV.2.4. Results and discussion

IV.2.4.1.  Hydraulic characterization

UF membranes were prepared using different polymers and additives. Tabla
IV.2 shows the effect of different polymer concentrations as well as the
incorporation of different PEG/AI,O; concentrations on the membrane hydraulic
permeability and the membrane resistance. The hydraulic permeability of
membranes prepared with 20 wt% polymer concentration was lower than 15 wt%,

because an increase in polymer concentration in the casting solution leads to a
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more thermodynamically stable membrane with denser structure and less
macrovoids [Maximous et al., 2009]. As a consequence, hydraulic permeability
declines but membrane resistance increases. [Lohokare et al.,, 2011] had
investigated the optimization of membrane preparation parameters on membrane
morphology and separation performance (including the effect of polymer
concentration and additive). These researchers showed that an increase in polymer
concentration at constant solvent ratio produced higher solution viscosities and
selectivity but generally lower membrane pore size. The aforementioned authors
demonstrated that there was an optimal composition (20.5 wt% PAN
concentration) up to which these effects had been achieved. A further increase in
polymer concentration caused an increase in membrane pore size because a very

high viscosity resulted in a delayed gelation.

As shown in Tabla IV.2, addition of Al,O; caused an increase in hydraulic
permeability and a decrease in membrane resistance. Generally, incorporation of
additives in the casting solution increases the water permeation rate. Water flux of
the modified membranes should be higher than water flux of the unmodified
membranes due to the improvement of membrane hydrophilicity [Yan et al., 2005;
Sinha and Purkait, 2013]. But this increase depends on the nature of the additive as
well as the homogeneity of its dispersion in the base polymer. For PElI membranes,
incorporation of additives in the polymer matrix caused a significant increase in
hydraulic permeability in contrast to PES and PSU membranes; especially in
membranes with low polymer concentration. In this case, hydraulic permeability
showed higher differences between unmodified and modified membranes. This

phenomenon could be due to the hydrophilicity nature of PEI.
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Tabla 1V.2. Membrane composition and hydraulic characteristics for all prepared
polymeric membranes.

Membrane Composition of casting Hydraulic Membrane

solution permeability resistance

(Wt%) (Lm?h*kPa?) 10 m?

P DMA Al,O; PEG

PES1 15 85 4.998 8.060
PES2 15 84.5 0.5 --- 7.828 5.146
PES3 15 825 0.5 2.0 9.422 4.275
PES4 15 80 0.5 4.5 9.601 4.196
PES5 20 80 2.352 17.017
PES6 20 795 0.5 2.612 15.422
PES7 20 775 0.5 2.0 4.210 9.567
PES8 20 75 0.5 4.5 5.146 7.828
PS1 15 85 11.828 3.406
PS2 15 845 0.5 14.696 2.741
PS3 15 80 0.5 4.5 15.408 2.614
PS4 20 80 4.658 8.648
PS5 20 795 0.5 5.102 7.895
PS6 20 75 0.5 4.5 5.742 7.015
PEI1 15 85 10.591 3.803
PEI2 15 84.5 0.5 --- 28.011 1.438
PEI3 15 80 0.5 4.5 32.001 1.259
PEI4 20 80 10.410 3.870
PEI5 20 795 0.5 11.770 3.422
PEI6 20 75 0.5 4.5 16.194 2.487

P, polymer; Membrane area = 100 cm”; Temperature = 25 °C; Coagulation Bath
Temperature (CBT) = 18 °C.

According to [Maximous et al., 2009], membrane permeability increased as the

nanoparticles concentration in the casting solution increased. During the phase-

inversion process, these authors demonstrated that penetration velocity of water

into nascent membrane increased with Al,Oz; concentration due to the higher

affinity of Al,O; for water than base polymer (PES in their research). In addition,

the interaction between polymer and solvent molecules decreased due to the

hindrance of nanoparticles, which causes an easier diffusion of these solvent
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molecules from polymer matrix. Therefore, porosity and pore size of modified
membranes with Al,O; were slightly higher than those of unmodified membranes
[Kim et al., 2001; Maximous et al.,, 2009]. However, higher contents of
nanoparticles could negatively affect the membrane permeability due to
agglomerations of the inorganic nano-sized Al,O; particles on the membrane
matrix during the membrane preparation, decreasing their dispersion in the
polymeric membrane. These agglomerated nanoparticles may clog some pores
causing a decline in the water flux [Maximous et al., 2010B]. These
agglomerations may be caused by attractive VVan der Waals forces, which could
give rise to defects and heterogeneities in membrane morphology [Arsuaga et al.,
2013]. Hydraulic permeability also increased with the addition of PEG/AI,O;
principally due to the pore forming character of the PEG 400 [Shieh et al., 2001;
Kim and Lee, 1998]. As an example, for membranes prepared using 20 wt% PES,
hydraulic permeability increased from 2.352 L/m*-h kPa to 5.146 L/m*h kPa.
Consequently, the combined addition of PEG/AI,O; resulted in a high PWF, and

hence in an increase in hydraulic permeability and a low membrane resistance.

IV.2.4.2.  Molecular weight cut-off determination

To determine the MWCO of the prepared membranes, different molecular
weights of PEG (10000, 20000 and 35000 Da) were used as feed solutions.
Fig.IV.2 presents the MWCO of the prepared membranes in absence and presence
of PEG and Al,Os. The trend observed by the different cut-off curves is similar to
those obtained in the study of PEGs retention and MWCO determination by several
other authors [Platt et al., 2002; Idris et al., 2007]. At the same conditions, all the
membranes prepared had a MWCO about 20000 and 35000 Da, except all the PEI
membranes and PSU membrane modified by Al,O;. These membranes showed a
higher MWCO than 35000 Da because solute rejection was lower than 90 %. For
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such membranes, the modification with nanoparticles increased the porosity and
MWCO as occurred with other additives such as TiO, and PVP studied by other
authors [Sivakumar et al., 2006; Razmjou et al., 2011]. In addition, no significantly
difference existed between unmodified membranes and membranes prepared with
PEG/AI,O; as additive in PEG rejection. This phenomenon can be explained if the
separately effect of each additive is studied. When PEG concentration increased,
macrovoids formation and membrane porosity increased and therefore, high PWF
values and lower PEG rejection were obtained [Idris et al., 2007; Saljoughi et al.,
2010]. However, increase in Al,O3 content could reduce membrane MWCO due to
the aggregation phenomenon of Al,Os; nanoparticles explained before (see Section
IV.2.4.1). Thus, modification with Al,O; resulted in high values of solute rejection
(see Fig.1V.2) compared to the other membranes tested, therefore it is clearly

shown that the PES membranes showed better performance when Al,Os is added.

Regarding the polymer concentration, the comparison among all the membranes
with PEG of 35000 Da as feed solution showed that there was a slightly
improvement in solute rejection when the polymer concentration was 20 wit%
compared to membranes of 15 wt% of polymer concentration. As the polymer
concentration increased, the number of polymer molecules increased in the
membrane surface and then, the pore size and MWCO decreased. However,
prepared membranes showed a similar performance when PEG of 10000 and
20000 Da were used as feed. Therefore, PES membranes were selected for fouling

experiments, morphological and hydrophilicity studies.
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Fig.1V.2. Experimental solute rejection as a function of PEG molecular weight for different
prepared polymeric membranes, where dotted line represents the MWCO.

IV.2.4.3.  Fouling experiments

Fouling experiments were performed to investigate the antifouling properties of
the PES membranes modified with additives in comparison to PES membranes
without nanoparticles of PEG or Al,Os. Firstly, PWF was measured during 30 min
and then, three cycles of fouling/rinsing experiments were carried out for a total

filtration time of 450 min. Each fouling experiment was performed with PEG (of
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35000 Da) solution with a concentration of 5 g/L during 2 h, while each rinsing

experiment was performed with deionized water during 30 min.

Fig.1V.3 shows the results obtained for membranes with high PES concentration
(20 wt% PES). After all the fouling/rinsing experiments, PES7 exhibited the
highest flux recoveries with a final flux value of 488.03 L/m* h (85.12 % of the
initial value), whereas water flux value of the unmodified PES membrane (PES5)
declined to 306.71 L/m? h (77.67 % of the initial value). This behaviour could be
caused by the introduction of the hydrophilic PEG/AI,O3 nanoparticles in the active
layer, which made solute fouling less severe. However, PES8 showed the highest
flux decline, presenting a final water flux of 224.71 L/m? h (59.53 % of the initial
value). This flux decline may be due to the excessive PEG 400 content in the
membrane, which formed a membrane porous structure because of the
intensification of thermodynamic instability of the cast film [Saljoughi et al.,
2010]. As [Liu et al., 2003] demonstrated, PEG is a great polymeric additive to
enhance the polymer dope viscosity and pore interconnectivity, which leads to
enhance membrane hydrophilicity; although this improvement occurs when PEG is

added in appropriate amounts.

Furthermore, the permeate flux of PES6 and PES7 slightly increased with
operation time during the second and the third period of PEG ultrafiltration. Such
phenomenon was opposite to the traditional results for fouling ultrafiltration. These
results could be caused by the inherent interactions between foulant (PEG of 35000
Da) and Al,O3 nanoparticles presented in the membrane top layer [Maximous et
al., 2010A]. [Shi et al., 2008] obtained a similar behaviour for tertiary amine-
modified PES membranes using BSA (1 g/L) as feed solution.
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Fig.1V.3. Permeate flux versus filtration time for PES membranes with a polymer
concentration of 20 wt%, with and without additive during one PWF test and three PEG
fouling/rinsing cycles (25 °C, 200 kPa, 2.08 m s™).

Fig.IV.4 shows the evolution of the parameter normalized flux ratio (NFR) with
filtration time (2 h), where fouling degree of the original membrane and modified
membranes can be compared. PES7 presented the highest NFR value (85.88 %),
which indicates lower total flux loss and thus, less foulant adsorption or deposition
on the surface and pore walls of the membrane [Kimmerle and Strathmann, 1990].
Consequently, the combined effect of PEG/AI,O; resulted in a higher resistance
towards fouling and reduced the hydrophobic interaction between foulants and
membrane surface [Maximous et al., 2010A]. Nevertheless, PES8 showed a
significant decline in the permeate flux to about 60 % of the initial flux, because
the excessive PEG 400 caused an increase in porosity, pore size and macrovoids

formation [Ma et al., 2011]. Therefore, PES7 exhibited better antifouling properties
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in the dynamic fouling process than the unmodified membrane (PESS5) and
PES/AI,O; membrane (PES6).
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Fig.1V.4. Normalized flux ratio (NFR) in PEG ultrafiltration of PES membranes with a
polymer concentration of 20 wt%, with and without additive (25 °C, 200 kPa, 2.08 ms™).

Fig.1V.5 shows the results obtained for membranes with low PES concentration
(15 wt% PES). The flux decline was the highest for PES4 with a value of 571.80
L/m?-h (64 % of the initial value), which corroborated the negative effect of the
excessive PEG 400 content in the membrane. After all the fouling/rinsing
experiments, flux values of the unmodified PES membrane (PES1) declined to
212.75 L/m?-h (77 % of the initial value). Similar flux reduction was observed for
PES2 (up to 489.82 L/m?-h, 75 % of the initial value) and PES3 (909.22 L/m*-h, 77
% of the initial value), which could be attributed to the similar MWCO of these

membranes.
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Fig.1V.5. Permeate flux versus filtration time for PES membranes with a polymer
concentration of 15 wt%, with and without additive during one PWF test and three PEG
fouling/rinsing cycles (25 °C, 200 kPa, 2.08 m s™).

However, the hydrophilic effect of PEG/AI,O; is clearly shown in Fig.IV.6. At
low PES concentration, PES1 presented the lowest flux values, which declined to
about 64.18 % of the initial flux in 2 h. During the same filtration time, PES/AI,O;
membrane (PES2) exhibited higher resistance towards fouling with a flux decline
to about 80.14 % of the initial flux. Similar behaviour was observed for PES3
membrane (membrane with low PEG 400 content) with a flux decline to about
79.56 % of the initial flux value.

Therefore, these results showed that the incorporation of PEG/AI,Os
nanoparticles in PES membranes improved their antifouling properties, obtaining a

low decline of their normalized flux and a high rinsing efficiency [Li et al., 2008].
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But, it should be noted that the PEG/AI,O; addition in PES membranes could
negatively affect their antifouling properties when PEG 400 content was higher
than 2 wt%.

+ PES1
&
& PES2

09 APES3

o 4 a +PES4

08 . ° 0 4 4 R S {

06

NFR (%)

04

03

02

0.1

0

0 20 40 60 . . 80 100 120 140
Time (min)

Fig.1V.6. Normalized flux ratio (NFR) in PEG ultrafiltration of PES membranes with a
polymer concentration of 15 wt%, with and without additive (25 °C, 200 kPa, 2.08 m s™).

IV.2.4.4.  Porosity, EWC and average pore radius

Membrane porosity and EWC are two important parameters for membrane
characterization to determine indirectly the degree of hydrophilicity or
hydrophobicity of a membrane. Both parameters are related to PWF and then, to
hydraulic permeability [Chakrabarty et al., 2008]. Several authors demonstrated
their application in the characterization of different asymmetric polymeric
membranes, in which pores on the membrane surface as well as cavities in the
porous sublayer are responsible for accommodating water molecules in the
membrane [Chakrabarty et al., 2008; Yuliwati et al., 2011; Sinha and Purkait,
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2013]. Average pore radius (ry) was also applied in studies in which asymmetric
membrane porosity was evaluated [Yuliwati et al., 2011]. Results are presented in
Tabla IV.3.

Tabla 1V.3. Properties of all the prepared flat-sheet membranes in terms of membrane
porosity (g), equilibrium water content (EWC) and average pore radius (rp,).

Membrane € EWC M

(%) (%) (nm)
PES1 71.75 70.44 21.04
PES2 75.41 75.20 20.53
PES3 78.76 79.77 21.92
PES4 83.07 83.52 25.57
PES5 69.11 68.52 14.32
PES6 73.82 71.69 12.21
PES7 81.17 81.27 17.54
PES8 86.55 86.25 17.85

Firstly, all the prepared membranes showed a good porosity with values
between 69 to 87 %, which could be due to the low polymer concentration in the
casting solution and the low membrane thickness over the nonwoven support. It is
observed that porosity, EWC, and average pore radius of all the membranes
enhanced with addition of PEG 400 content. [Feng et al., 2006] demonstrated that
macromolecules distribution must be influenced as a result of the addition of PEG
and other researchers confirmed the forming pore character of the PEG [Ma et al.,
2011; Jayalakshmi et al., 2012]. Also, [Saljoughi et al., 2010] demonstrated that
the presence of PEG in membrane composition facilities macrovoid formation in
the membrane sublayer as well as increases the thickness of the prepared
membranes. However, the porosity and EWC values slightly increased with an
increase in Al,Os content according to [Arsuaga et al., 2013], even though average
pore radius was barely affected by adding Al,O; [Yan et al., 2006]. Therefore, the
values of membrane porosity and EWC increased when additive concentration was

higher due to the increment of the number of pores in the membrane surface and/or
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the pore size of the existing pores. Also, it can be observed that an increase of
polymer concentration in the casting solution led to a membrane with low porosity
and pore size in comparison with lower polymer concentrations [Lalia et al., 2013].

Tabla 1V.4. Water contact angles measured by sessile drop method and roughness
parameters for PES membranes unmodified and modified with different PEG/AI,O4

mixtures.
Membrane Contact Surface roughness
Angle (nm)
(0) Sa Sq
PES1 75.9+1.1 3.09 3.93
PES2 69.6+2.8 3.42 4.64
PES3 56.9+2.4 5.54 7.04
PES4 58.2+2.6 5.46 6.96
PES5 72.9+1.5 2.75 3.52
PES6 65.3+2.0 2.98 3.76
PES7 57.2+2.7 3.60 4.63
PES8 57.6+2.9 3.27 4.37

IV.2.4.5. Contact angle measurement

Water contact angle is also an important parameter in measuring of the surface
hydrophilicity. The contact angle measurements were done for membranes with the
best behaviour in terms of rejection, membrane porosity and EWC. These
membranes were membranes based on PES. Contact angle measurement is very
important to evaluate the hydrophilicity of modified membranes because the
hydrophobic nature of PES causes an excessive fouling tendency [Rahimpour et
al., 2009]. Tabla V.4 shows the results obtained for all the PES membranes with
and without additives. PES membranes without an additive (PES1 and PES4) had
similar contact angle than those obtained for non-porous PES film (about 76 °) by
other researchers [Susanto and Ulbricht, 2007]. These researchers demonstrated
that the value of the contact angle is influenced by membrane material as well as

by membrane surface porosity. This could be the reason of the fluctuation in the
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contact angle results for the same material. As clearly seen in Tabla 1V.4,
membranes prepared with hydrophilic additive showed lower contact angle than
the unmodified membranes. This could be explained because modified membranes
had higher surface porosity (see Tabla IV.3). Thus, as the membrane contact angle
decreased, membrane surface hydrophilicity increased [Yan et al., 2005; Yuliwati
et al., 2011]. An increase in Al,O; concentration caused a decrease in the contact
angle [Yan et al., 2006; Lalia et al., 2013], due to its higher affinity for water than
base polymer. The same trend was observed for a high PEG 400 content. Due to
the hydrophilic nature of PEG, the PEG segments in the base polymer during the
immersion precipitation process can diffuse preferentially on the membrane
surface, causing an improvement of wettability on the membrane surface.
Therefore, contact angle is closely related with surface energy [Cho et al., 2011].
The incorporation of both additives caused a higher decrease in the contact angle
than the addition of Al,Os, indicating that the PES membranes with PEG/AI,O; as
additive (PES3, PES4, PES7 and PES8) were the most hydrophilic membrane.
These results demonstrated that the membrane hydrophilicity increased with the

combination of both additives.

IV.2.4.6.  Energy dispersive X-ray (EDX) analysis

EDX analysis was performed to obtain the element composition of membrane
surface. The results in the top layer are shown in Tabla IV.5. EDX analysis
demonstrated the presence of C, O, S for all the membranes, including Al for all
the modified membranes. As [Ma et al., 2009] demonstrated, oxygen was present
in all the selected regions of the membranes, even in the unmodified membrane.
Therefore, the identification of all possible chemical states of oxygen is difficult.
Al element was incorporated and distributed homogeneously through the top layer

after the coating process as Al,Os. The presence of Al was somewhat higher in PES
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membranes modified only with Al,O; (PES2 and PES5) than in PES membranes
with PEG/AI,O; as additive (PES3, PES4, PES5 and PES6), because macrovoids
formation caused by the addition of PEG reoriented the Al,O; nanoparticles in the
membrane, diminishing its presence. However, there was no a great difference
between the values obtained by EDX analysis for Al,O; in all the modified
membranes. Furthermore, it can be found that the content of sulphur on the surface
of the unmodified membrane was higher than membranes with additive, because its

presence decreased by the incorporation of higher amounts of additives.

Tabla IVV.5. EDX results for PES membranes modified with different additives.
Sample Element
CK SK OK Al K
wt% at% wt% at% wt% at% wt% at%
PES1 2358 29.88 552 262 7090 6750 0.00 0.00
PES2 23.20 2952 548 261 7063 6747 0.69 0.39
PES3 2329 29.61 541 257 7069 6747 0.62 0.35
PES4 2355 29.86 5.11 243 7083 6743 051 0.28
PES5 23.20 2952 6.00 2.86 7080 67.62 0.00 0.00
PES6 23.29 29.61 553 263 7059 6743 059 0.33
PES7 2359 2990 498 236 7089 6744 054 0.30
PES8 2431 3059 406 191 7118 67.24 045 0.26

IV.2.4.7.  Morphological studies

AFM analyses were performed to investigate the surface morphology at a
nanoscopic scale and quantify the surface roughness of a membrane. Tabla 1V.4
indicates the roughness values of the different membrane surfaces in terms of the
average roughness (S,) and the root mean square roughness (Sy). AFM results
showed that S, value of PES1 was 3.09 nm. When PES concentration in the
membrane increased (PES5), membrane surface became slightly smoother,
achieving a roughness value of 2.75 nm. This phenomenon may be due to the

decrease in pore size caused by the increment in the number of polymer molecules
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in the membrane surface. As [Rahimpour et al., 2009] demonstrated, a direct
correlation between surface roughness and membrane wettability exists when the
base polymer of the membrane surface is identical. Consequently, membrane with
higher hydrophilicity has lower surface roughness and vice-versa.

Comparing the values obtained at the same PES concentration, the surface
roughness of PES/AI,O; membranes was scarcely higher than the unmodified PES
membranes. So, Al,O3 content did not significantly affect the roughness of the PES
membrane and thus, their mean pore size and membrane porosity had similar
values (see Section 1V.2.4.4). The small improvement of membrane roughness may
be attributed to the surface enrichment of Al,O; nanoparticles. Generally, high
surface roughness allows more adhesion of the foulants on the membrane surface
[Daraei et al., 2013]. However, this typical behaviour changes when additives with
hydrophilic nature are incorporated in the polymer structure. As Al,Os
nanoparticles were porous and ceramic, the increase in roughness caused by the
accumulation of hydrophilic Al,O; nanoparticles on the membrane surface
significantly improved the membrane surface hydrophilicity, which reduced the

interaction between foulants and membrane surface [Yan et al., 2006].

In addition, S, improved with increasing the PEG content into the casting
solution, which was remarkable for membranes with a low PES concentration. This
indicated that the PEG chains tended to aggregate on the porous membrane surface,
which endows the PES membrane with a more porous and relatively rougher
surface. These results are in good agreement with those obtained by [Idris et al.,
2007]. At 20 wt% PES concentration, these authors demonstrated that the addition
of PEG of different molecular weight barely affected the roughness parameter.

However, the surface roughness slightly increased when PEG 400 was added.
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Thus, these results showed that higher surface roughness caused by the presence
of hydrophilic additives in the membrane was related to higher porosity as well as
lower water contact angle of the membrane, which led to an improvement in
hydrophilicity and thus, in the antifouling properties [Yan et al., 2006; Ananth et
al., 2012]. Therefore, these results confirmed the enhancement in hydrophilicity of
the membrane surface and pore walls with the introduction of PEG/AI,O3

nanoparticles.

Microscopic study through SEM analysis was carried out to have qualitative
information about surface and cross-sectional morphology of all the prepared
membranes. This technigue is suitable for microscopic observations of the
membrane morphology. The effect of the presence of different additives is shown
in Fig.IV.7. The unmodified membrane had an asymmetric structure consisting of a
dense thin top layer, a porous finger-like substructure, and nonwoven support (see
Fig.IV.7 (A and D)). The formation of this typical structure and its inherent
phenomena had been explained by previous researchers [Smolders et al., 1992;
Boom et al., 1992; Wienk et al., 1996]. As it can be seen in Fig.IV.7 (B and E),
PES/AI,O; membrane had a similar structure to that of the unmodified membranes.
However, the incorporation of Al,O; caused the formation of nano-sized pores,
which were uniformly dispersed along the entire membrane. The sublayer changed
to a denser sponge-like structure, making a more hydrophilic membrane by the
suppression in formation of macrovoids and the enhancement in formation of
micropores without changing the asymmetric nature of these membranes [Yan et
al., 2005; Tran et al., 2012]. As it can be observed, in turn, there were some Al,O;
nanoparticles along the membrane structure, close to the formed nanopores above
mentioned. Also, some agglomerations of Al,O; nanoparticles can be seen in this

membrane. These agglomerations could cause the blockage of some pores along
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the membrane structure and could lead to a low value of average pore radius
[Yuliwati et al., 2011].

Fig.1V.7. SEM images of the cross-section morphology~of prepared membranes. From the
top to the bottom panel: unmodified PES (A and D), PES modified with Al,O; (B and E),
and PES membrane modified with PEG/AI,O3 (C and F), respectively.

Finally, the presence of such nanoparticles in the membrane structure and
formed agglomerations can be also observed in Fig.IV.7 (C and F). The addition of
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PEG transformed the finger-like cavities in the substructure into a macrovoids
structure due to the rapid formation of the membrane (known as instantaneous
demixing) in the coagulation bath, which increases the membrane thickness and
enhances the macrovoid formation in the sublayer [Saljoughi et al., 2010].
Therefore, the membrane pore size as well as the membrane hydrophilicity
increased with this new formed substructure and then, the hydraulic permeability
also increased and the solute rejection and the fouling resistance decreased
[Saljoughi et al., 2010; Wongchitphimon et al., 2011].

IV.2.5. Conclusions

The characteristics and performance of three different polymeric membranes
(PES, PSU and PEI) prepared with two hydrophilic nano-sized additives (PEG and
Al,O3) have been investigated. All the prepared membranes were synthesized by
phase-inversion process, showing similar MWCO (30000 Da). When polymer
concentration decreased, hydraulic permeability increased and then, membrane
resistance decreased. The same trend was caused by the incorporation of additives
in the casting solution. In terms of solute rejection, when the polymer concentration
increased, pore size decreased as well as the MWCO. PES membranes presented
the best solute rejection among the membranes prepared, where PES membranes
prepared with Al,O3 as additive showed the highest solute rejection using different

molecular weights of PEG.

The incorporation of PEG/AI,O; resulted in a more hydrophilic membrane,
showing better results in terms of contact angle, surface roughness, membrane
porosity and EWC. However, the combined addition of PEG/AI,O; enhanced
membrane hydrophilicity with the formation of macrovoids, which negatively

affected to antifouling properties when PEG 400 content was higher than 2 wt%.
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Furthermore, the average pore radius of membranes increased with the presence of
PEG, whereas this parameter was barely affected by adding Al,O3;. According to
fouling tests, incorporation of PEG/AI,Os resulted in a more hydrophilic membrane
with a higher normalized flux ratio, reducing the hydrophobic interaction between
the membrane surface and foulants. These results indicated that the addition of
PEG/AI,O; improved the antifouling properties of PES membranes when PEG 400
is added in appropriate amounts, modifying the membrane morphology to a

sponge-like substructure.
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IV.3. Comparativa entre nanoparticulas metalicas
hidroéfilas e hidréfobas en los fenomenos de separacion
de fase durante la formacion de membranas

asimétricas de poliétersulfona.

Originalmente  titulado:  “Comparison  between
hydrophilic and hydrophobic metal nanoparticles on the  aiiors i ANE
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phase separation phenomena during formation of 2o o
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asymmetric polyethersulphone membranes”, articulo '::EE:
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Membrane Science”.

1V.3.1. Abstract

Inorganic nanoparticles have been applied as additive in membrane synthesis
for improving different properties from the base polymer such as hydrophilicity,
fouling resistance or permselectivity. To investigate the changes caused by the
presence of the inorganic nanoparticles in the formation of the membrane structure,
two different metallic compounds with opposite hydrophilicity were used as
additives: hydrophilic zinc oxide (ZnO) and hydrophobic tungsten disulphide
(WS,). For this purpose, the effect of these metal nanoparticles at ultra-low
concentrations (0.05 and 0.25 wt% metal nanoparticles/polymer ratio) in the
preparation of flat-sheet membranes based on polyethersulphone (PES) by
immersion-precipitation method was investigated. N-methyl-2-pyrrolidone (NMP)

was used as solvent. The influence of both metal nanoparticles on the
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microscopic observations, contact angle measurements, and filtration experiments.
Although the system became thermodynamically unstable when the metal
nanoparticles were added, the demixing process during the membrane formation
was slightly delayed, suppressing the macrovoid formation (remarkably using
WS,). Regardless the nature of the metal nanoparticles, results showed an overall
improvement in membrane hydrophilicity and permselectivity by adding metal
nanoparticles compared to the control PES membrane, demonstrating that the

behaviour of both metal nanoparticles at ultra-low concentrations was very similar.

1V.3.2. Introduction

Non-solvent induced phase separation method (NIPS) is the most widely used
technique to prepare membranes with different morphologies and properties
varying from microfiltration to pervaporation and gas separation [Boom et al.,
1994]. This process is governed by the thermodynamic and diffusional properties
of the different components present in the system, which is usually composed of a
polymer, a solvent and a non-solvent. Thermodynamic properties are usually
studied by the ternary phase diagram formed by the previous components, where
the construction of the cloud point curve can be used to obtain the binodal curve of
liquid-liquid phase separation, which determines the membrane structure. In this
way, the composition at which the polymer solution (basically formed by at least
one polymer dissolved in at least one solvent) is no longer thermodynamically
stable can be determined [Mulder, 2003]. However, besides thermodynamics, the
kinetics factors (such as diffusion rate) also play an important role in the
morphology development. When the polymer solution (or dope solution) is
immersed in a non-solvent bath (or coagulation bath), polymer is solidified through
the exchange between the solvent and non-solvent [Guillen et al., 2011]. In their

studies, Reuvers et al. predicted two types of demixing in a membrane forming-
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system using the Flory-Huggins theory with binary data on thermodynamics and on
the diffusional behaviour of the components present in the system: delayed and
instantaneous demixing [Reuvers et al., 1987A; Reuvers et al., 1987B]. Different
authors demonstrated that the formation of porous substructures with open and
large channel-like cavities (called macrovoids) is related to the mechanism of
instantaneous demixing [Lau et al., 1991; Smolders et al., 1992; Di Luccio et al.,
2000]. In the same way, slow precipitation rates (delayed demixing) produce
sponge-like structures [Guillen et al., 2011; Rezaei et al., 2015]. For these reasons,
the choice of solvent/non-solvent system (related to their miscibility), the
composition of polymer solution, the composition of the coagulation bath and the
casting conditions are key factors during membrane preparation process [Wang and
Lai, 2013].

The comprehension of the different processes taking place in the ternary system
is essential to understand the membrane formation mechanism. The presence of
additives in the polymer/solvent/non-solvent system (forming a quaternary or
pseudo-ternary system) could be very important to control the membrane
morphology and to improve some characteristics of the nascent membrane such as
mechanical, thermal, magnetic, hydrophilic and even antifouling properties. The
incorporation of additives in the casting solution (blending modification) or in the
coagulation bath has been studied in a micro or nanoscale by many researchers
[\Vatanpour et al., 2012B; Ahmad et al., 2013; Zhao et al., 2013].

Nanotechnology involves the creation, modification and use of both materials
and systems at a size scale lower than 100 nm [Zarbin et al., 2010]. The aim of this
technology is to be developed in a wide range of purposes, regardless of the

research field. Examples of some applications of nanotechnology are: to treat the
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oxidative states and to prevent scarring after glaucoma surgery in ophthalmology
[Zarbin et al., 2010], as nanocarriers to treat cancer or malaria [Santos-Magalh&es
and Furtado Mosqueira, 2010], to improve lithium battery systems [Costa et al.,
2014], in food structure research [Chellaram et al., 2014], and in membrane
separation processes. In the last case, the nanotechnology applied to membrane
synthesis has recently caught the attention of many researchers in order to combine
the unique properties of the nanoscale structures (such as catalytic activity and
antimicrobial) with the morphology and polymer properties to prepare mixed
matrix membranes (MMMs), which can be defined as inorganic and organic
nanofillers dispersed at a nanometer level in a polymer matrix [Kiadeni et al.,
2015]. These membranes may also be referred to as “hybrid inorganic-organic
nanocomposite membranes”. MMMs make use of the benefits of the transport
properties of both inorganic and organic materials in the polymer matrix that
provide higher strength, permselectivity and antifouling characteristics compared
to bare polymeric membranes. Some examples are polymeric membranes modified
with zeolite [Hosseini et al., 2014], zero-valent metals [Basri et al., 2012], carbon
nanotubes [Khan et al., 2013], metal oxide nanoparticles [Maximous et al., 2010C;
Ng. et al., 2013], and fullerenes [Chung et al., 2003].

Normally, the studies about membrane modification using metal nanoparticles
as additives are focused on their hydrophilic or hydrophobic character rather than
the synergism caused by their own presence in the matrix structure and on the
membrane surface, regardless of their hydrophobicity. No papers have reported the
effect of ultra-low concentrations of metal nanoparticles with different nature and
hydrophobicity in the membrane morphology. For this reason, in order to explore
the changes caused by the presence of the inorganic nanoparticles even at ultra-low
concentrations in the formation of the membrane structure, the novelty of the

present work is to investigate the effect of two inorganic compounds with different
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physical and chemical characteristics and opposite hydrophobicity in the formation
of membranes made of polyethersulphone (PES) by phase inversion method (NIPS
in this case): a well-known hydrophilic metal oxide (zinc oxide, ZnO) and a
hydrophobic transition metal chalcogenide (tungsten disulphide, WS,). Both metal
nanoparticles are widely used as additives in both research and commercial
applications due to their unique structure and functional properties, which are
different from those of the bulk forms. Similar to other metal oxides in nanoparticle
form (such as TiO,), nano-sized ZnO show excellent antibacterial, antifungal and
anticorrosion features, including promising catalytic activity, high surface area,
photosensitivity, chemical stability, hydrophilicity, and low cost compared to TiO..
For these reasons, ZnO nanoparticles have been used by other researchers as
additive in blending modification of polymer membranes for improving
hydrophilic and antifouling properties [Balta et al., 2012; Leo et al, 2012; Hong
and He, 2014]. As transition metal chalcogenide (such as MoS;), nano-sized WS; is
insoluble in common solvents and practically inert and has some interesting
electronic and optical properties. Due to their hydrophobic character, WS2
nanoparticles can be used as additives to increase the hydrophobicity of polymer
films (such as polytetrafluoroethylene) and as a photocatalyst, especially when
these nanoparticles are coupled to TiO, and SiO, for organic matter degradation
[Raichman et al., 1998; Hou et al., 2012, James et al., 2013; Therese et al., 2005].

In this work, morphology, surface properties and composition of each
membrane were analysed using Scanning Electron Microscope (SEM), Atomic
Force Microscopy (AFM), Energy Dispersive X-ray spectroscopy (EDX), Fourier
Transform IR spectroscopy with Attenuated Total Reflectance (ATR-FTIR),
membrane porosity, pore size, and water contact angle measurements. Also, the

influence of both compounds on the permeation properties was studied by water

182



Fabricacion de membranas de ultrafiltracién por inversion de fase

permeation, molecular weight cut-off (MWCO) determination and humic acid

rejection.

IV.3.3. Experimental

IvV.3.3.1. Materials

Polyethersulphone (PES, Veradel P 3100, My, = 35000 Da, supplied by Solvay
Advanced Polymer, Belgium) was employed as base polymer and N-methyl-2-
pyrrolidone (NMP, purity of 99.5 %, purchased from Sigma Aldrich, Germany)
was selected as solvent and used without further purification. The non-woven
support was commercial grade Viledon FO 2471 from Freudenberg (Germany).
WS, and ZnO were used as additives in nanoparticle form, where the former was
supplied by MK nano, MK Impex Corp. (Canada) and the latter was purchased
from Sigma Aldrich (Germany) with a particle size lower than 50 nm. Polyethylene
glycols (PEGs) of different molecular weights (from 6000 to 20000 Da) were
selected for MWCO characterisation. Humic Acid (HA) was used as feed solution
to during fouling experiments because this compound is one of the main well-
known foulant and also the main component for natural organic matter (NOM) in
surface waters, causing different adverse effects such as the growth of microbial
population, unpleasant odours, changes in colour, and the formation of different
dangerous by-products for human health (trihalomethanes or haloacetic acids)
[Costa and de Pinho, 2005; Dehkordi et al., 2015; Sathish Kumar et al., 2015].
Both solutes (PEG and HA) were also purchased from Sigma Aldrich (Germany).
All reagents were employed as received without further purification. Deionised

water was used throughout this study.
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IV.3.3.2.  Membrane preparation

Membranes were prepared by using non-solvent induced phase separation
method (NIPS). Firstly, different additive concentrations (i.e. 0.05 and 0.25 wt%
metal nanoparticles/PES ratio) were fully dispersed in NMP for 3 h by vigorous
mechanical stirring (600 rpm) at room temperature (20 °C). Subsequently, a
predetermined amount of PES (20 wt%) was gradually added with continuous
stirring at the same conditions for at least 48 h until the polymer was completely
dissolved. The polymer concentration used in this study was selected according to
previous studies about preparation and modification of polymeric membranes
[Ahmad et al., 2013, Lalia et al., 2013], whereas these additive concentrations were
selected to examine the effect of ultra-low concentrations of metal nanoparticles on

the membrane morphology and performance.

After obtaining a homogeneous solution, the air bubbles that might be trapped
in the polymer solution were removed by vacuum pump (40 °C for 15 min).
Polymer solutions were then cast onto nonwoven supports by using a film
applicator (K4340 Automatic Film Applicator, Elcometer) with a 200 um casting
knife at 20 °C and constant relative humidity (~ 20 %), followed by immediate
immersion in a non-solvent coagulation bath (distilled water at 20 °C) for
precipitation. This procedure (the control of both temperature and relative humidity
and also the immediate immersion) was implemented to prevent a preceding dry
phase-inversion in the atmosphere. After 1 h, the resulting membranes were
washed with deionised water to remove the remaining solvent and finally stored in
ultrapure water for further testing. For each composition, three polymer solutions

were prepared; obtaining three membranes for each polymer solution.
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IV.3.3.3. Ternary phase diagram for polymer/solvent/non-solvent

system

Ternary phase diagram for PES/NMP/water system was constructed by titration
method to obtain the clouds points [Darvishmanesh et al., 2011]. For this purpose,
5 g of a homogeneous PES/NMP solution prepared with 20 wt% PES was
introduced in a sealed container with a magnetic stirrer. Subsequently, a known
guantity of water/solvent solution was added dropwise while the PES/NMP
solution is thoroughly stirred. When this solution became turbid and persisted
during a few minutes (~ 10-15 min), the cloud point was reached. Solvent was then
added to dilute the solution and make it clear again. After each change in the
composition of the PES/NMP solution, the container weight was recorded to obtain

each fraction of the different compounds used.

The same procedure was applied for plotting the ternary phase diagrams for
PES + metal nanoparticlessNMP/water systems. The main difference was the
presence of different concentrations of additives (0.05 and 0.25 wt% metal
nanoparticles/PES ratio) during the preparation of PES/NMP solution in the first
stage of this procedure. These solutions were prepared as it was described before
(Section 2.2).

IV.3.3.4.  Morphological characterisation

All the synthesised membranes were characterised in terms of water contact
angle, membrane porosity, plane and thickness shrinkage ratio, FTIR-ATR, SEM,
EDX, and AFM techniques. For this purpose, three samples of each membrane

were used for testing.

185



CAPITULO IV

A contact angle measuring system DSA10 MK2 (Kriss, Germany) was used for
determining the water contact angle of each membrane surface. A water droplet (2
ml) was placed on a dry flat homogeneous membrane sample and the contact angle
between the droplet and membrane was measured. The average contact angle for
ultrapure water was determined in a series of 10 measurements for each membrane

sample.

Membrane porosity (g¢) of each membrane was determined by wet-dry
weighting method, where wet samples were weighed after mopping superficial
water and after that, these samples were dried by putting them in a vacuum oven
for 24 h at 50 °C and then they were weighed in a dry state. Therefore, € was
calculated using the following equation [Luo et al., 2002; Vikingsoon et al., 2015]:

(Wy -Wp)

o) — AW .
£(%) = (¥ ~Wip) Wi 100 Eq. (IV.3.1)

PN Pp

where Wy and Wp are the weights of membrane in swollen and dry states,
respectively. pw denotes the density of pure water at operating conditions (g/cm?)
and p, represents the density of the polymer (g/cm®). The overall porosity value

was obtained as the average for five different samples of each membrane.

In the same way, shrinkage ratios of all the synthesised membranes were
determined using the length (a), width (b) and thickness (h) of each sample
considering the theoretical dimensions values before and after the phase inversion
process. The theoretical membrane thickness was 380 um (200 pm from casting
knife and 180 um from non-woven support) and the sample dimensions were 1 x 1

cm. The shrinkage ratio was calculated using the following expressions:
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a b
absrinkage (%6) = (1— after after }100 Eq. (IV.3.2)
atheoretical Ptheoretical
0 hafter
hshrinkage (%) =|1—-—————— 100 Eq. (IV.3.3)
htheoretical

where absprinkage 1S the plane shrinkage ratio (%) and hghrinkage 1S the thickness
shrinkage ratio.

ATR-FTIR spectra of the synthesised membranes were recorded on a Perkin-
Elmer Spectrum 100 spectrometer equipped with an ATR accessory in the range
from 4000 to 650 cm™. Membrane samples were dried at the same conditions (by

using a vacuum oven at 50 °C) before the FTIR-ATR analyses.

Cross-sections of the synthesised membranes were observed by scanning
electron microscopy (SEM). SEM images were made with a JEOL JSM6300
(Japan) instrument equipped with an adjunct EDX spectrometer in high vacuum
condition at an accelerating voltage of 20 keV. Prior to SEM analysis, cross-
sections were prepared by fracturing dry membrane samples in liquid nitrogen.
These samples were sputtered with a thin conductive layer (< 10 nm) of
gold/palladium. In addition, EDX analysis was used to investigate the real
composition on the membrane surface. Each reported element composition value

was expressed by the average of three measurements for each sample.

The surface AFM images were visualised using a multimode AFM (VEECO
Instruments, United States) by a tapping mode. The surface AFM images were
obtained in different square areas of each membrane sample based on a scan size of

5 um x 5 pm. The surface roughness parameters were determined in terms of
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average roughness (S,) and the root mean square of the Z data (S,) by averaging the
values measured over a scan area of 1 pum x 1 pum in ten different areas selected
arbitrarily for each membrane sample. Both parameters were calculated by the
following expression, considering 512 data points as N, parameter:

N
Sy = lezi —za\,g\ Eq. (1V.3.4)
Pi=0
1 2
Sq = WZ\Zi ~Zavg Eq. (IV.3.5)
Np i

where Z; is the current Z value measured, while Z, is the average of the Z values

within the given area and N, is the number of points within the given area.

IV.3.3.,5.  Filtration experiments

The permeation properties of all the prepared membranes were characterised in
terms of water permeability (membrane intrinsic resistance), MWCO determination
and HA rejection studies using dead-end filtration experiments. For this purpose,
three samples of each membrane were used for testing the permselective properties.
Firstly, all the membranes were compacted at room temperature and 4 bar in dead-
end mode with a Sterlitech HP 4750 stirred cell, with a similar experimental setup
as that is shown in [Rohani et al., 2011]. The effective membrane area in the cell
was 14.6 cm? and its volume capacity was 300 ml. After the compaction procedure,
water permeability experiments were carried out with ultrapure water at different
operating pressures ranging from 1 to 4 bar at 25 °C. The ultrapure water flux (Jw,

L/m?-h) was measured using the gravimetric method and was determined by:

\Y

Jw
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where V is the volume of permeate water (m%), A, is the effective area of the
membrane (m?) and t is the permeation time (h). The slope of the linear regression
of Jyw on 4P was determined as the water permeability (Py), which was calculated
using the following expression:

_Jw

= Eq. (IV.3.7
AP a. ( )

PH

According to Darcy’s law, the membrane intrinsic resistance (Ry,) was obtained
by Eq. (1V.3.8):

Ry = Eq. (IV.3.8)

Pore size and MWCO determination of the different synthesised membranes
were characterised by solute rejection via ultrafiltration experiments. Aqueous
solutions of PEG (1000 ppm) with different molecular weights from 6000 to 20000
Da were individually prepared using ultrapure water and used as feed solutions in
the above-mentioned filtration setup. The PEG concentration was selected
according to previous studies about MWCO determination [Idris et al., 2007;
Garcia-lvars et al., 2014]. After compacting each membrane at 4 bar, experiments
were carried out at different AP ranging from 1 to 4 bar. The effect of the
concentration polarisation phenomenon was minimised by using a Teflon coated
magnetic stirring bar on the top of the membrane during MWCO determination and
fouling experiments [Balta et al., 2012]. Regression factors obtained for
calibrations within the experimental concentration range were above 0.99. PEG
rejections were measured by the solute concentration using a Hach Lange 1L550
TOC-TN analyser, and were calculated by Eqg. (1V.3.9):
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2]
R(%)=|1-_" 100 Eq. (1V.3.9)
Ct

where C, is the solute concentration in the permeate stream and C; is the solute
concentration in the feed solution.

The solute radius can be obtained from its diffusivity in a solution by using the
Stokes-Einstein equation. Details of these calculations were reported by [Singh et
al., 1998]. If it is assumed that the diffusing solute could be a sphere moving in a
continuous fluid of solvent, the diffusivity Dag can be expressed as:

kT
Dag =
6-rnr

Eq. (IV.3.10)

where k is Boltzmann’s constant, T is the temperature, # is the solvent viscosity,
and r is the hydrodynamic radius or Stokes-Einstein radius. This is known as the
Stokes-Einstein equation and is a good approximation for large solutes greater than
0.5 nm [Baker, 2004]. The hydrodynamic radius can be defined as the radius of a

hypothetical sphere that diffuses at the same rate as the particle under study.

In the same way, the diffusivity can be determined using the following

equation:

25100kT

Dpg = Eq. (IV.3.11)

1
n-(M w[n])é

where /7] is the intrinsic polymer viscosity and M,, is the molecular weight of the

solute. If both expressions are combined, the next equation is obtained:

1
r(cm) = 2.1221078.(M W[n])é Eq. (IV.3.12)
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The intrinsic viscosity of PEG is related to its own molecular weight and it can
be calculated using the following equation [Meireles et al., 1995]:

[7] = 491074 (M) %672 Eq. (1IV.3.13)

By substituting Eq. (IV.3.13) in Eq. (IV.3.12), Stokes-Einstein radii of PEG
molecules can be calculated based on their molecular weights.

r(cm) =16.7310719.m,,9-%%7 Eq. (IV.3.14)

where r was the Stokes-Einstein radius of PEG in cm, and M,, is the average
molecular weight of PEG in g/mol. Therefore, the average pore size can be
predicted by the r calculated from the MWCO of the membrane that was
determined from the Stokes-Einstein radius of the solute which gives 90 %
separation applying this equation. This relationship was extensively used by other

researchers [Mosqueda-Jimenez et al., 2004; Idris et al., 2007].

After obtaining the MWCO and the water permeation experiments, each
synthesised membrane was firstly subjected to a compaction test with ultrapure
water at 2 bar during 30 min. Then, HA solution (500 ppm, pH = 7) was prepared
in ultrapure water by adding 1 mM NaOH (Merck, Germany) solution using a pH
meter (Orion pH meter model 420A). This solution was filtered at 2 bar for 1.5 h
and the permeate flux during HA filtration J; (L/m?-h) was measured by weighing
the collected permeates. In order to evaluate the antifouling ability of the
membranes tested, normalised flux ratio (NFR) was determined by:

J
NFR(%) = {sz}loo Eq. (IV.3.15)
f1
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where Jy and Ji, are the permeate fluxes at the beginning and after the fouling
filtration, respectively.

Finally, HA rejection for each membrane was calculated by obtaining the HA
concentration in the permeate stream using a Shimadzu UV-1601 double beam
spectrophotometer (Japan) and applying the Eq. (IV.3.9).

1V.3.4. Results and Discussion

IV.3.4.1.  Morphological study

In order to visualise the effect of the metal nanoparticles in the membrane
structure, SEM analysis of the different synthesised membranes was carried out to
study the surface and especially cross-sectional morphology in a qualitative way.
Fig.1V.8 presents the SEM images of the cross-sections obtained for each
synthesised PES membrane prepared with and without metal nanoparticles in its
polymer structure. It can be seen that control PES membrane have an asymmetric
structure consisting of a dense thin skin layer on a porous thick open channel-like
sublayer with the presence of macrovoids inside the channel-like pores and near to
the bottom of the membrane and a skin layer with a dense nodular like structure,
which agrees with the typical structure obtained for membranes formed by
immersion-precipitation phase inversion method [Shaban et al., 2015]. In general,
phase-inversion method is dominated by the exchange rate or affinity between the
solvent in the casting solution and the non-solvent in the coagulation bath. The
presence of macrovoids indicates that there is a good miscibility between NMP (as
solvent) and water (as non-solvent), which allows the penetration of the water into
the casting solution (instantaneous demixing) and generates a porous structure
[Smolders et al., 1992; Barzin and Sadatnia, 2008].
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Even at ultra-low concentrations, the incorporation of metal nanoparticles had
influence in both thermodynamic and kinetic properties of the PES/NMP/water
system, resulting in interesting modifications in the inner membrane structure: the
open channel-like structure with macrovoids turn into a longer and narrower
finger-like structure with partial or total suppression of macrovoids. Their effect
was more significant in the kinetics than in the thermodynamics, which led to a
delayed demixing in membrane formation and then, the formation of a long finger-
like structure with macrovoids free. These changes could be explained by the
following reasons: metal nanoparticles increased the thermodynamic instability of
the polymer solution when reacted with water, which could cause a rapid phase
demixing and then, the macrovoid formation [Vatanpour et al., 2012B]. However,
metal nanoparticles have higher affinity for water compared to PES material
(especially metal oxides such as Zn0O), resulting in a longer time for the exchange
between the non-solvent in the coagulation bath and the solvent in the polymer
casting film before gelation and vitrification. Therefore, longer exchange between
solvent and non-solvent led to form larger finger-like pores when the casting
solution was immersed in the coagulation bath [Rahimpour et al., 2008]. Also,
these metal nanoparticles had strong interactions with PES/NMP, which was
reflected in a significant increase in viscosity (data not shown) and was confirmed
by other authors, who worked with incorporating nano-ZnO in PES structures
[Shen et al.,, 2012; Zhao et al., 2015]. These effects caused a delay in the
precipitation of the polymer (a decrease in the diffusion rate of water into the
polymer film) and then, the existing macrovoids in the synthesized membranes
were partially suppressed due to the delayed liquid-liquid demixing [Vatanpour et
al., 2012B; Lalia et al., 2013; Sile-Yuksel et al., 2014; Lin et al., 2015].
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Fig.1V.8. SEM images of the cross-sections of the synthesised membranes at different
concentrations of metal nanoparticles (0, 0.05 and 0.25 wt% metal nanoparticle/PES).

Electran Image 1

For all these reasons, both types of nanoparticles have the same effect in the
membrane structure. However, the suppression of macrovoids in the presence of
hydrophilic ZnO nanoparticles was lower in comparison with PES membranes with
hydrophobic WS, nanoparticles. The higher affinity of nano-sized ZnO for water
molecules (compared to hydrophobic WS, nanoparticles) suppressed the diffusion
of solvent through the polymer solution due to the competitive mass transfer

between ZnO and solvent, which favoured the formation of a sponge-like structure
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in the sublayer and as a consequence, the presence of small macrovoids [Lin et al.,
2015].

These results were corroborated with the cloud point measurements for
PES/NMP/water (represented as PES membrane) and (PES + metal
nanoparticles)/NMP/water systems obtained by the visual titration method and
presented in Fig.IV.9. It can be observed that the values obtained for
PES/NMP/water system were consistent with the literature [Liu et al., 1991; Barzin
and Sadatnia 2008; Xu and Qiu, 2014]. If each system formed by base polymer and
metal nanoparticles is considered as a pseudo single component during the initial
stages of the liquid-liquid phase separation, this quaternary system can be
represented as a pseudo ternary diagram and in this way, it could be possible the
study of the presence of different metal nanoparticle concentrations on the control
system formed by polymer/solvent/non-solvent. Irrespective of the hydrophobicity
of both metal nanoparticles, the changes in the phase border curves (binodal
curves) is observed in the miscibility gap, where the critical point was moved far
from the polymer-solvent axis in comparison with the system without nanoparticles
and therefore, the homogeneous region was enlarged and more water was needed
for the precipitation of PES in these (PES + metal nanoparticles)/NMP/water
systems. Thus, the presence of metal nanoparticles could absorb more water
molecules and then, the system presented larger tolerance to non-solvent.
Furthermore, the shift of the binodal curves in PES/metal nanoparticles membranes
in the cloud point measurements indicated the membrane development by a more
delayed liquid-liquid demixing in comparison with the PES/NMP/water system,
resulting in large finger-like structures without the presence of macrovoids (as it
was shown in Fig.1V.8) [Sadrzadeh and Bhattacharjee, 2013].
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Fig.1V.9. Ternary phase diagram of PES with and without metal nanoparticles using NMP
as solvent constructed based on cloud point measurements by titration method at 20 °C.

In addition, some nanoparticles trapped inside the porous sublayer can be seen
in the SEM images of the synthesised membranes, especially in membranes with
high concentrations of nanoparticles (marked with red arrows) due to the low
dispersion of the entrapped nanoparticles at these conditions and their
agglomeration in the matrix structure (see Fig.IV.8). The agglomeration of
nanoparticles plays a large role in improving effectively the membrane properties.
The presence of agglomerations can be principally caused by the high surface
energy of the metal nanoparticles, which tend to agglomerate for diminishing their
surface energy to reach a more stable state. For this reason, these agglomerations
lead to a bad distribution of metal nanoparticles along both polymer structure and
surface, negatively altering membrane flux and antifouling properties by changing
parameters such as surface roughness and hydrophilicity [Razmjou et al., 2011;
Zhao et al., 2015; Mobarakabad et al., 2015].
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Simultaneously to SEM technique, EDX analysis was performed to corroborate
the presence of the different metal nanoparticles on the surface structure (the active
layer). The compositions of metal nanoparticles were collected for five different
samples and the average values are summarised in Tabla IV.6. The results
demonstrated the presence of C,O and S for all the membranes (from the PES
material) and the existence of metal nanoparticles in their corresponding
membranes. When the WS, concentration increased in the casting solution, the
presence of W and S elements in the surface structure also increased. In the case of
ZnO/PES membranes, the same trend was observed where the content of Zn and O
elements increased. Therefore, even if the values obtained were very small, the
content of metal nanoparticles in each sample increased with its increment in the

casting solution.

Tabla IV.6. EDX results for each synthesised membrane with and without metal
nanoparticles by phase inversion method.

Element
Membrane C S O W Zn
wit% wt% wit% wit% wt%
PES 2686+093 257+051 7057+0.67 0.00+0.00 0.00+0.00
0.05 wt% WS,/PES  26.12+0.49 3.74+051 70.10+091 0.04+0.01 0.00+0.00
0.25 wt% WS,/PES  24.28+1.02 554+1.27 7009+161 0.09+0.02 0.00+0.00
0.05wWt% ZnO/PES 2565+0.99 290+141 7143+£046 0.00+£0.00 0.02+0.01
0.25wWt% ZnO/PES 2556+0.96 291+087 7147095 0.00+£0.00 0.06+0.02

In order to confirm the presence of these species on the membrane surface,
ATR-FTIR analyses were performed for all the synthesised membranes. The ATR-
FTIR spectra of the control PES membrane and all the (PES + metal nanoparticle)
membranes are shown in Fig.IV.10. In this operating range of wavelengths, the
spectra related to WS,/PES membranes exhibited a similar ATR-FTIR spectrum to
those obtained for PES membranes, except the 1151 cm™ peak which was shifted
to 1148 cm™ and also, its intensity was slightly increased. These changes could be

attributed to the presence of sulphur-containing groups and are in accordance with
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those obtained by other researchers [Hou et al., 2008]. In the case of PES
membranes with ZnO nanoparticles, two new absorption bands appeared at 1660
cm™ and at 3100-3600 cm™ respectively, which could be assigned to O-H groups of
adsorbed water by hydrophilic nano-sized ZnO [Zhang et al., 2014; Parvizian et
al., 2014; Farzana and Meenakshi, 2014].

—— PES membrane

——0.05 wt% WS2/PES membrane
0.25 wt% WS2/PES membrane

------ 0.05 wt% ZnO/PES membrane
0.25 wt% ZnO/PES membrane

Absorbance

o

500 /.000 1500 2000 2500 3000 3500 4000

Wavelength (cm)

Fig.1V.10. ATR-FTIR spectra of all the membrane surfaces for different compositions of
metal nanoparticles.

Fig.IV.11 provides the three-dimensional AFM images for all the synthesised
membranes, both with and without metal nanoparticles. The brightest area presents
the highest points of the sample surface and the dark regions illustrate valleys or
sample pores. From the AFM images, it can be seen that bare PES membrane
showed a smoother surface than (PES + metal nanoparticle) membranes. The
presence of nanoparticles caused a surface with larger peaks and therefore,

membrane roughness was increased.
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Fig.1VV.11. Surface 3D AFM images of unmodified PES membrane and PES membranes
modified with different concentrations of metal nanoparticles.

These results were numerically confirmed with the calculated roughness values
for each membrane surface presented in Tabla IV.7. Although the roughness values

were very similar in all the membranes and there were no significant differences
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among them, metal nanoparticles tend to protrude at PES membrane surface during
immersion-precipitation method even in ultra-low concentrations and increased the
roughness values. This behaviour was observed by other researchers in previous
studies [Sile-Yuksel et al., 2014]. In the same way, the presence of agglomerations
could be observed in PES membranes with high concentration of metal
nanoparticles, especially in 0.25 wt% ZnO/PES membranes. These agglomerations
are represented in the AFM image as broad hills on the membrane surface, which
led to an uneven distribution of nanoparticles on the surface structure. This could
negatively affect the permselective properties of the membrane [Razmjou et al.,
2011].

Tabla IV.7. Membrane resistance (Rn,) and roughness parameters (S, and Sg) for each
synthesised membrane.

Membrane R Sa Sq

(10 m™ (nm) (nm)
PES 4.162 + 0.107 39x£01 5.0£0.2
0.05 wt% WS,/PES 3.372 £0.106 44+01 57x0.3
0.25 wt% WS,/PES 2.630 £ 0.083 54%0.2 6.8+04
0.05 wt% ZnO/PES 2.456 £ 0.094 43x0.1 56+£0.2
0.25 wt% ZnO/PES 1.413 £ 0.056 47+0.2 58x+0.2

Water contact angle measurements are the most commonly used parameter to
describe the hydrophilic character of a membrane. Fig.IV.12 shows the water
contact angle measurements for the different membranes prepared. The control
membrane was the least hydrophilic, as it had a water contact angle of 77.1 £ 1.96
°, which was the highest value obtained for water contact angle measurements
among all the membranes tested. This value shows the semi-hydrophobic nature of
PES and is in accordance with the studies of other researchers [Susanto and
Ulbricht, 2011; Balta et al., 2012; Garcia-lvars et al., 2014A]. As can be observed
in this figure, an increasing metal nanoparticles concentration caused a decline in

the contact angle values of the different membranes, indicating an increase in the
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surface hydrophilicity due to the high affinity of nanoparticles for water compared
to PES material. In the same way, the structural changes caused by adding metal
nanoparticles may also have some influence in the contact angle results, which led
to an increase in surface pore density and pore size (as will be explained in porosity
and MWCO section). All these effects could cause an increase in water absorption
and permeation. In addition to all these effects and due to its hydrophobic
character, the improvement of the hydrophilicity in PES membranes with ultra-low
WS, concentrations (0.05 wt% WS,/PES ratio) could also be related the presence
of small amounts of WO; in these WS, nanoparticles [Therese et al., 2005; Lin et
al., 2013]. However, their predominant hydrophobic character appears when their
concentration increased (0.25 wt% WS,/PES ratio), which led to a slight increase
in the contact angle values (70.1 + 2.47 °) next to those obtained for the bare PES
membrane. The lowest contact angle values were obtained for ZnO/PES
membranes, which nano-sized ZnO presented higher hydrophilic character than
WS, nanoparticles. These results were consistent with the high surface area of
nano-ZnO and therefore, its ability to absorb hydrophilic hydroxyl groups because
a larger fraction of water could pass through the membrane structure [Shen et al.,
2012]. Shen et al. demonstrated that the presence of ZnO nanoparticles on the PES
surface and in its matrix structure generated two effects: an increase in the
hydrophilicity and also, an increase in the viscosity, as it was observed during the
preparation of the polymer solutions [Shen et al., 2012]. When the ZnO
concentration increased in the membrane (from 0.05 to 0.25 wt% ZnO/PES ratio),
contact angle did not change significantly which indicates that the presence of
ultra-low concentrations of ZnO can notably improve the hydrophilicity of a
membrane, as it has been confirmed in other studies [Balta et al., 2012; Jafarzadeh
et al., 2015].
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Fig.1V.12. Water contact angle (WCA) values measured for PES control membrane and
PES/metal nanoparticles membranes at different metal nanoparticles/PES ratios.
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Fig.1V.13. Plane and thickness shrinkage ratios in PES membranes with different metal
nanoparticle content.
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Fig.1V.13 shows both plane and thickness shrinkage ratios obtained after the
preparation of PES membranes with different metal nanoparticle content. During
the phase separation, exchange of solvent and non-solvent takes place between the
polymer solution film and the coagulation bath in which shrinkage occurs [Aerts et
al., 2006; Bikel et al., 2010]. The polymer solution film shrinks in both the
direction parallel (plane shrinkage ratio) and perpendicular (thickness shrinkage
ratio) to the support. It can be observed in Fig.l1V.13 that the plane shrinkage ratio
is in a smaller scale than the thickness shrinkage ratio for all the synthesised
membranes. These results are in accordance with the studies carried out by Finken,
who demonstrated that a membrane cast on a backing material (non-woven
support) could only shrink in thickness because lateral shrinkage is hindered by the
strong bonding between membrane and support [Finken, 1983]. In the same way,
lateral shrinkage (plane shrinkage ratio) decreased when the content of metal
nanoparticle increased in the polymer solution, which could be caused by the
change in viscosity of these solutions. This phenomenon opposes high resistance
against lateral shrinkage because the interactions between the nonwoven support
and the polymer solution with metal nanoparticles are strengthened [Aerts et al.,
2006]. However, thickness shrinkage increased with higher concentration of metal
nanoparticle in PES solutions, especially in PES/ZnO membranes, which indicated
that the mechanisms of both shrinkages (lateral and thickness shrinkage) have the
same origin but their effects on the final dimensions of the membrane are different.
Thickness shrinkage is the combination of the retraction of the polymer film during
the casting process (before immersion) on the nonwoven support and the shrinkage
caused by the precipitation of the polymer (during immersion) [Aerts et al., 2006].
It can be observed that thickness shrinkage increased with the addition of metal
nanoparticle due to the higher affinity of these nanoparticles for water molecules
and their hindrance effect during the phase inversion process, which could cause

interfacial stresses between polymer and nanoparticles and then, an increase in
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membrane porosity due to the formation of interfacial pores by the shrinkage of
organic phase during the demixing process [Sotto et al., 2011]. The effect of
thickness shrinkage on the membrane structure associated to the agglomeration of
metal nanoparticles could induce the presence of macrovoids, which can be
prevented by the addition of metal nanoparticles at ultra-low concentrations (see
Fig.1V.8).

Fig.IV.14 shows the change in the porosity before and after the presence of
metal nanoparticles in the PES matrix structure of all the synthesised membranes.
The incorporation of different types and concentrations of metal nanoparticles
resulted in a slight increase in the overall porosity of the membrane [Ma et al.,
2012], which could also be observed in SEM images because the number of fingers
increased along the sublayer structure and also near to the surface. The difference
between membranes with and without metal nanoparticles was remarkable after
adding ultra-low contents of metal nanoparticles, where the overall porosity
increased from 51 £ 0.5 % for the bare PES membranes to 56.2 + 0.5 % for 0.05
wt% ZnO/PES membranes. At high ZnO concentration, porosity increased up to
60.5 + 0.6 %. Similar trends but lower increases were observed when WS,
nanoparticles were added, obtaining an overall porosity of about 55 % for both
WS,/PES membranes. These results could be related to the higher values of surface
roughness in membranes with metal nanoparticles and the decrease in their water
contact angle results. Higher surface roughness caused higher porosity on the
membrane surface and, combined with the lower contact angle values obtained,
caused an improvement in hydrophilicity [Ananth et al., 2012]. This improvement
further confirmed the hydrophilicity of the membrane surface and pore walls with

the introduction of nano-sized metal, especially with ZnO nanoparticles.
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IV.3.4.2.  Filtration experiments

The effect of metal nanoparticles in the water permeability is shown in
Fig.1V.14. In general, with increasing the concentration of metal nanoparticles, the
water permeability increased. A strong correlation between the results obtained for
both the membrane porosity and the water permeability was observed, which
followed the same trend after incorporating the metal nanoparticles. When metal
nanoparticles were added, a more porous membrane was formed and its skin layer

could be reduced.

This effect caused a decline in the intrinsic membrane resistance (see Tabla
IV.7) and then, the increase of the water permeability. Thus, an increase in the
membrane porosity is directly related to the increase in water permeability [Ananth
et al.,, 2012; Lin et al, 2013]. This phenomenon was remarkably reflected in
membranes with ZnO nanoparticles in their composition (where the maximum
permeability for water was observed at high ZnO concentration, 285.01
L/m?-h-bar), which can also be explained by the alteration of the membrane
structure and the improvement in the affinity of the modified polymeric matrix for
water molecules caused by high hydrophilic character of these nanoparticles [Balta
et al., 2012; Ananth et al., 2012]. Furthermore, this increase in water permeability
can be also related to the decrease in lateral shrinkage (plane shrinkage ratio)
principally due to the presence of inorganic particles in the membrane structure as

was reported by [Aerts et al., 2006].
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Fig.1V.14. Correlation between water permeability and porosity of the synthesised

membranes.

MWCO measurements are widely used to determine the pore size of the
membrane and this parameter can be defined as the molecular weight of the solute
that has a rejection value of 90 %. The PEG separation curves used for measuring
the MWCO of each membrane are depicted in Fig.IV.15. At the same conditions,
all the synthesised membranes had a MWCO between 15000 and 23000 Da (a
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solute radius between 3.67 and 4.50 nm, respectively), where the control PES
membrane presented the lowest MWCO obtained. The incorporation of WS,
nanoparticles in PES membranes had a small effect in the pore size, which
increased up to 18000 Da (3.92 nm) at low concentrations and 20000 Da (4.16 hm)
at high concentrations. However, the effect of nano-sized ZnO in pore size was
higher, increasing this parameter up to 20000 Da (4.16 nm) at low concentrations
and 23000 Da (4.50 nm) at high concentrations.
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Fig.1V.15. MWCO measurement of membranes with and without metal nanoparticles in
their structure using different PEG solutions at a concentration of 1 g/L.
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Thus, even at ultra-low concentrations, a smaller increase in the content of
metal nanoparticles slightly increased the pore size of the membrane. Although the
addition of metal nanoparticles at ultra-low concentrations could cause the
suppression of macrovoids inside the membrane structure, the smaller increase in
the overall porosity, pore density (as it was observed in SEM images) and surface
roughness had a predominant role on the membrane performance, which led to an
increase in pore size in the same range. This strong relationship was also observed
by other researchers [Idris et al., 2007].

The rejection values of HA solutions with each synthesised membrane are
shown in Fig.IV.16.
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Fig.IV.16. Rejection performances at different metal nanoparticles concentrations using
HA solutions at a concentration of 500 mg/L.
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The rejection coefficients for the modified membranes are higher than that
obtained for the control PES membrane, which implied an enhancement in HA
rejection due to the incorporation of metal nanoparticles into the membrane
structure and on its surface. This improvement could be better observed in PES
membranes with ultra-low contents of metal nanoparticles, due to the better
dispersion of the metal nanoparticles at these conditions in comparison with the

worse dispersion and formed agglomerations at high content of hanoparticles.

Fig.IV.17 shows the normalised flux ratio (NFR) as a function of time during
the constant pressure (2 bar) filtration of HA solutions through each synthesised
membrane. The WS,/PES membrane with the highest WS, content exhibited the
highest flux decline (~ 37 % of NFR), which was very similar to the control PES
membrane (~ 40 % of NFR). At high WS, concentration, the hydrophobic
character of the combination WS,/PES (as it was depicted in Fig.I\V.12) played a
dominant role in the membrane permselectivity and made the membrane more
susceptible to fouling. Nevertheless, the PES membrane with the lowest ZnO
content exhibited the lowest flux decline (~ 50 % of NFR) followed by the 0.05
wt% WS,/PES membrane (~ 48 % of NFR). These results are an indicator that the
potential application of ultra-low contents of nanoparticles (irrespective to their
nature) to improve the membrane performance and its antifouling properties,
because the presence of metal nanoparticles at ultra-low concentrations reduced the
hydrophobic interactions between the PES membrane and the foulant HA [Balta et
la.,, 2012; Lin et al., 2013; Mobarakabad et al., 2015]. This is in accordance with
the water contact angle results described above. It is well known that the
improvement of the membrane surface hydrophilicity inhibits the existing
interactions between solute (organic matter) and membrane surface, which avoids
the undesired fouling phenomena [Lin et al., 2013; Li et al., 2015]. However, the

effect of high concentrations of metal nanoparticles in membrane performance
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higher flux decline and a less selective membrane compared to membranes with

ultralow content of metal nanoparticles.
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Fig.1V.17. Normalised flux ratio (NFR) of PES membranes with and without metal
nanoparticles using HA solutions at a concentration of 500 mg/L. T = 25 °C and AP = 2 bar.

IV.3.5. Conclusions

In order to determine the influence on the structure formation, intrinsic
characteristics and permselective properties of a MMM prepared by NIPS method,
the incorporation of nanoparticles at ultra-low concentrations in the polymer
casting solution was studied. For this purpose, two metal nanoparticles of opposite
hydrophobicity and characteristics (hydrophilic ZnO and hydrophobic WS,) at two
different (0.05 and 0.25 wt%
Irrespective of the hydrophobicity of both metal

concentrations were compared metal
nanoparticle/PES ratio).
nanoparticles, modified membranes showed a structural change from a channel-like
structure with the presence of macrovoids to a finger-like structure with the partial

or total suppression of the macrovoids (the former in the case of ZnO/PES
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membranes and the latter in the case of WS,/PES membranes), where this delay in
the liquid-liquid demixing was confirmed by SEM analysis and cloud point
measurements. At high concentrations of metal nanoparticles, the presence of
agglomerations in the sublayer structure was observed. ATR-FTIR, EDX and AFM
results demonstrated the presence of both species in the surface of the different
synthesised membranes, increasing the surface roughness as well as the overall
porosity of the membrane. Even at ultra-low concentrations, this last parameter
(overall porosity) presented a strong relationship with the pore size and water
permeability in both control and modified membranes, especially for ZnO/PES
membranes where the increment was more significant. Contact angle results
corroborated the improvement in the membrane hydrophilicity using both metal
nanoparticles at low concentrations, which can be explained by the higher affinity
of both inorganic compounds for water in comparison with the base PES material,
especially for hydrophilic ZnO nanoparticles. The possible presence of WOj; on the
nano-sized WS, can provide more hydrophilic character to these nanoparticles.
Furthermore, the addition of ultra-low concentrations of metal nanoparticles in the
membrane structure significantly improved both HA rejection and antifouling
properties, which confirms the improvement of the membrane hydrophilicity.
Therefore, regardless of their hydrophilicity, the presence of metal nanoparticles at
ultra-low concentrations can cause similar structural changes when they were

added in a polymeric matrix structure.
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V.1. Introduccion.

En este capitulo se estudiara el proceso de modificacidn superficial inducida por
radiacion ultravioleta de membranas poliméricas hechas esencialmente de PES.
Dicha técnica es una de las mas utilizadas y econdmicas para la modificacion de
membranas ya fabricadas e incluso del polimero en estado puro previo a ser
disuelto en un disolvente orgénico durante la elaboracion de la misma. Dicha

técnica ha sido explicada extensamente en el Capitulo I11.

Primeramente, se evaluard la modificacion superficial de membranas de PES
fabricadas en el laboratorio en presencia de diferentes disoluciones de PEG/AIL,O3 y
su efecto en la morfologia, permeselectividad y resistencia al ensuciamiento de las
distintas membranas obtenidas. Para ello, se hara uso de las técnicas analiticas y
metodologias descritas en el Capitulo I11, determinando la concentracion éptima de
aditivos para obtener membranas con buenas propiedades permeselectivas y alta

resistencia al ensuciamiento.

Posteriormente, se realizard el mismo estudio con membranas comerciales de
PES fabricadas por inversion de fase (adquiridas de la firma comercial Synder
Filtration, Vacaville, California, EEUU).

Finalmente, se analizara el rendimiento de membranas comerciales modificadas
superficialmente mediante radiacion ultravioleta en la separacion de salmueras
procedentes del procesado y envasado de aceitunas de mesa con el fin de reducir su
carga contaminante y, a su vez, obtener la mayor concentracion de polifenoles

posible, que son productos de alto valor afiadido para diversas industrias.
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V.2. Desarrollo de membranas de poliétersulfona de
ultrafiltracion resistentes al ensuciamiento via foto-
injerto superficial inducido por radiacion ultravioleta
con nanoparticulas de polietilenglicol y 6xido de

aluminio.

Originalmente titulado: “Development of fouling-

resistant polyethersulfone ultrafiltration membranes via

f OV orotecrat o ety Separation
surface photografting  with  polyethylene BPurification
glycol/aluminum oxide nanoparticles”, publicado en la Technology

revista Separation and Purification Technology 135
(2014) 88-99.

V.2.1. Abstract

Polyethersulfone ultrafiltration membranes prepared via immersion
precipitation with similar pore size were modified using UV irradiation with two
nano-sized hydrophilic compounds of a different nature (an organic compound and
a metal oxide). Effects of PEG/AI,O; nanoparticles on membrane structure and the
resulting performance were compared to determine the material with the best
antifouling properties. Membranes were characterized by hydrophilicity (water
contact angle, porosity, equilibrium water content and average pore radius), surface
microscopic techniques (ATR-FTIR, SEM, EDX and AFM) and cross-flow
ultrafiltration experiments (hydraulic permeability, membrane resistance and
antifouling measurements). Membrane antifouling properties were analysed by

several fouling/rinsing cycles using feed solutions of PEG of 35000 g/mol with a
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concentration of 5 g/L. Water contact angle measurements, ATR-FTIR spectra,
SEM images and EDX analysis indicated the presence of PEG/AI,O; nanoparticles
on the membrane surface. All UV-grafted membranes had higher hydraulic
permeability than the unmodified membrane. Furthermore, polyethersulfone
membranes photografted with 2.0 wt% PEG and 0.5 wt% Al,O; displayed superior
antifouling properties and desirable performance compared to all membranes
tested. Therefore, this study proved that UV photografting of PEG/AI,O; onto
membrane surfaces is an appropriate technique for modifying polyethersulfone

membranes to minimize membrane fouling.

V.2.2. Introduction

Nowadays, ultrafiltration (UF) is a well-established membrane technology to
separate water and microsolutes from macromolecules and colloids. UF
membranes are used in a huge variety of applications, particularly in water
production, chemicals processing, food processing, biotechnology, and wastewater
treatment. These membranes are usually made from polymeric materials, though

ceramic membranes are also available [Baker, 2004].

However, the contamination of a membrane, known as membrane fouling, is
one of the most serious and inevitable problems in the UF membrane performance.
Fouling depends on feed characteristics, operating parameters and membrane
surface properties such as porosity, pore size, morphology, and hydrophilicity
[Mosqueda-Jimenez et al., 2004]. This phenomenon remarkably reduces membrane
performance due to the adsorption and deposition of solutes or particles onto the
membrane surface or within its pores and hence, leads to an increase in hydraulic

resistance during the filtration time. A higher hydraulic resistance is manifested as
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a decline in membrane permeation flux, which increases operating costs due to the
need for frequent cleaning and maintenance, even replacement of the membrane
[Khulbe et al., 2010]. In this way, many researchers have paid close attention to the
study of the problems associated with membrane fouling. These studies focus on
different areas such as fouling characterization and mechanism [Nataraj et al.,
2008], fouling modelling [Corbaton-Baguena et al., 2014], and fouling
minimization. For this last purpose, several researchers have modified membrane
characteristics to obtain a new material with better antifouling properties than the
unmodified material. These unmodified materials are often high-performance UF
membranes, which are made from polysulfone (PS) or polyethersulfone (PES) and
are strongly fouled due to their low hydrophilic surface properties [Lalia et al.,
2013]. As a consequence, the improvement in membrane hydrophilicity is a good
way to increase the fouling-resistant capability [Zhao et al., 2010]. Membrane
surface plays a determining role in permeation and separation properties because
interactions between membrane and foulants take place mainly at the surface, while
the porous sublayer provides the mechanical strength to the whole membrane

structure.

Among the different existing techniques used in surface modification,
photografting stands out as one interesting method to modify polymer membrane
surfaces. In this technique, membranes are irradiated in the presence of monomer
or any other additive in vapour or solution state. The irradiation source could be
UV irradiation, X-ray irradiation, low temperature plasma, electron beam, etc
[Zhao et al., 2013]. However, UV irradiation is a very useful technique due to its
relatively low investment cost, low temperature, simple and rapid operation, and
versatility. Moreover, modification via UV photografting produces a selective top-
layer on the membrane surface due to a strong chemical bond to the substrate,

which makes the membrane more mechanically stable under high operating
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pressure and preserves the mechanical properties of the base polymer [Zhong et al.,
2012].

This work deals with the modification of UF membranes made of PES by UV
photografting. As PS, PES can easily generate free radicals when is irradiated by
UV light, because of its inherent photosensitivity [Xueli et al., 2013]. A recently
method to enhance the membrane antifouling properties is using metal oxide
nanoparticles on membrane structure and surface [Arsuaga et al., 2013]. Among
these metal oxide nanoparticles, nano-sized Al,O; in gamma phase (y-Al,O3)
stands out due to their chemical inertness, availability, surface enrichment of
reactive functional hydroxyl groups, mechanical strength and resistance to

oxidation and corrosion [Karim et al., 2011].

The novelty of this work is the UV-modification of PES membranes by
combining polyethylene glycol (PEG) of 400 g/mol and aluminium oxide (Al,O3)
nanoparticles to improve antifouling properties. The aim is the introduction of both
compounds in the surface structure of PES phase-inversion ultrafiltration
membranes to minimize fouling. The surface properties and performance of all
membranes were evaluated by Attenuated Total Reflectance Fourier Transform
Infrared Spectroscopy (ATR-FTIR), Scanning Electron Microscopy (SEM),
Energy Dispersive X-ray (EDX), Atomic Force Microscopy (AFM), membrane

porosity, contact angle, hydraulic permeability, and fouling analysis.
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V.2.3. Experimental

V.2.3.1. Materials

Polyethersulfone (PES, Ultrason E 6020 P, My, = 51000 g/mol) was donated by
BASF Co. (Germany). Nonwoven support was commercial grade Viledon FO 2431
from Freudenberg (Germany). N,N-Dimethylacetamide (DMA) was used as
solvent in the phase-inversion method. Aluminium oxide (Al,O3) nanoparticles in
gamma phase with primary particle size of 13 nm and a surface area of 100 m?/g
(Sigma Aldrich, Germany) were used as the metal oxide. Polyethylene glycol of
400 g/mol (PEG 400) was provided by Sigma Aldrich (Germany), and was used as
a water-soluble organic compound in UV-modification. Other researchers
demonstrated that covalent bonding and grafting of PEG to other molecules may
enhance their properties rendering them non-immunogenic, water soluble and
protein rejecting. Das and Grupta investigated the degradation of PEG of different
molecular weights using UV irradiation, showing that PEG is degraded at higher
exposure time (2-7 h) than those used in this study (10 min, see in Chapter
V.2.3.3). Also, they demonstrated that PEGs with low molecular weight suffer
lesser mass loss during UV irradiation than PEGs with high molecular weight. In
addition, the hydrophilic nature of PEG 400 is such that water-hydrogen bonds
with the polymer chain can inhibit protein absorption [Das and Gupta, 2005].
Therefore, PEG 400 can be a good choice as an organic compound in UV surface
modification. PEG 400 and Al,O; were selected to investigate the effects of the
organic/inorganic nature on the membrane performance. Other types of
polyethylene glycol (PEG 20000, and PEG 35000 from Sigma Aldrich, Germany;
and PEG 10000 from Merck, Spain; the number indicates the different molar mass
in g/mol) were also used as a part of the feed solution in membrane

characterization. Deionized water was used throughout this study.
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V.2.3.2. Membrane preparation

Phase-inversion method by immersion precipitation was applied for preparing
asymmetric PES membranes. In this study, a homogeneous polymer solution with a
composition of PES/DMA (20/80 wt%) was prepared under constant mechanical
stirring at room temperature for at least 48 h. After that time, the polymer solution
was then cast onto nonwoven supports by using a film applicator with a 75 pm
casting knife, followed by immediate immersion in a coagulation bath of deionized
water at room temperature to not allow a preceding dry phase-inversion in the
atmosphere [Barth et al., 2000] and to remove the remaining solvent from the
membrane structure. Once the coagulation process was finished, PES membranes
were stored in deionized water until use. Prepared membranes with an approximate
molecular weight cut-off of 30000 g/mol (30580 + 2170 g/mol) were selected as
base membranes for UV-modification. According to previous studies [Puro et al.,
2010], MWCO of these membranes was obtained by sieving curves measured with
PEG of different molecular weight in which solute rejection values were presented
versus solute molecular weight. Thus, the smallest molecular weight at which 90%

of rejection was obtained corresponded to membrane MWCO.

V.2.3.3. Surface modification

PES membranes were modified using the UV photografting equipment
schematically represented in Fig.V.1. An UV lamp of 6 W (Vilber Lourmat,
France) is placed at the center of the ceil, providing uniform UV illumination (A >
300 nm) over an area of up to 100 cm” PES membrane samples were immersed in
grafting solutions (well-dispersed PEG/AI,O; nanoparticles in aqueous solution)
and they were covered with a glass UV filter. After 5 min since the first contact
between the membrane and grafting solutions, samples were subjected to UV

irradiation for 10 min. In all experiments, reaction time was controlled by fixing
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the irradiation duration, the distance between the membrane surface and the UV
lamp, and the relative humidity of the environment (40 %). Thereafter, UV-grafted
membranes were taken out and immediately rinsed with excess water to remove
any unreacted compound and non-grafted chains from the membrane surface and
pores. The washing process was sequentially done at room temperature for 30 min,
at 50 + 2 °C for 2 h, and again at room temperature for 30 min. After washing, all
the photografted membranes were stored in deionized water until use. The degree
of modification or “degree of modification” (DM) can be gravimetrically
determined as the weight increase per membrane surface area as described by the
following expression:

o = (Mm=mo) Eq. (V.2.1)

A
where my is the initial membrane sample weight, m, is the membrane weight after

grafting modification, and A is the outer surface area of the membrane used.

2
4
1
F— I— |
5

Fig.V.1. Scheme of the UV-grafting equipment: 1, container; 2, mechanical fan; 3, UV
lamp; 4, glass UV filter; 5, stainless steel support; 6, membrane; 7, additive solution.
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All the membrane samples used for DM determination were not used for flux
and fouling experiments because these measurements were destructive testing for

the sample structure.

V.2.3.4. ATR-FTIR analysis

Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR)
was used to evaluate the chemical structure of the different membranes tested.
ATR-FTIR spectra were measured on a Thermo Nicolet® Nexus spectrometer
using a ZnSe crystal with a nominal incident angle of 45 °. For each measurement,
128 scans were performed for the range of 600-4000 cm™, with a resolution of 4

1

cm™. Membrane samples were dried in a vacuum oven overnight at room

temperature before analysis.

V.2.3.5. Membrane porosity (¢) and equilibrium water content
(EWC)

Membrane porosity (¢) and equilibrium water content (EWC) were studied to
determine the degree of hydrophilicity or hydrophobicity of the membranes. After
membranes were equilibrated in water, the volume occupied by water and the
volume of the membranes in wet state were determined. Wet membranes were
dried by putting in a vacuum oven for 24 h at 50 °C and then they were weighed in
dry state. Membrane porosity was obtained using the following equation [Yuliwati
et al., 2011]:

(Wy -Wp)

%) = AN .
(%) Wy ~Wip) _ W 100 Eq. (V.2.2)

el Pp
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where Wy, is the weight of wet membranes (g), Wp is the weight of dry membranes
(9), pw is the density of pure water at operating conditions (g/cm®), and pp 1S the
density of the polymer (g/cm®).

EWC indicates the amount of water molecules that fill the membrane pores and
was estimated by Eq. (V.2.3):

EWC (%) = W"‘(/\&_/\/\’\/‘3-100 Eq. (V.2.3)

These parameters are strongly related to hydraulic permeability and therefore
have an important role on permeation and separation [Chakrabarty et al., 2008].

V.2.3.6. Average pore radius (ry,)

Membrane average pore radius (rp,) represents the average pore size along the
membrane thickness () and is used to estimate the true membrane pore size. This
parameter was determined by water filtration velocity method under constant
transmembrane pressure (300 kPa) and it could be calculated by the Guerout-
Elford-Ferry equation [Wu et al., 2008]:

_ (29-1.75e 8¢ Q)
m —\ &-AqAP Eqg. (V.2.4)

where 7 is the water viscosity (Pa s), Qu is the water flow (m®s) and 4P is the

transmembrane pressure (MPa).
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V.2.3.7. Contact angle measurement

Water contact angle was measured using an optical measurement system
(Dataphysics OCA20, Germany) for predicting hydrophilicity. Three microlitres of
deionized water were dropped on a dried flat membrane surface from a
microsyringe with a stainless steel needle at room temperature conditions. Contact
angle values were averaged from ten random locations for each membrane sample.

If membranes are hydrophilic, the angle stays lower than 90 ° [Ananth et al., 2012].

In order to study the stability of the hydrophilic PEG/AI,O; nanoparticles
incorporated on the membrane surface and its structure in a qualitative way, all
membranes were soaked in water (25 £ 2 °C). During 10 days of incubation time,
WCA measurements were performed for each membrane and the variation of these
measurements was used as the indicator of the photomodification stability. With
this experiment, it can be confirmed if Al,O; nanoparticles were well trapped in the

grafted layer. This test was similar to that reported by [Susanto et al., 2012].

V.2.3.8. Membrane morphology

The cross-sectional morphology was observed by scanning electron microscopy
(SEM). Cross-sections were obtained by breaking the membranes into small pieces.
For this purpose, membrane samples were immersed in liquid nitrogen and all the
samples were sputtered with a thin conductive layer of carbon, prior to SEM
analysis. Energy dispersive X-ray spectroscopy (EDX) analysis was also performed
to reveal the real composition of a certain part of the membrane. Both analyses
were carried out with a scanning electron microscope and its adjunct EDX analyser
(JEOL JSM6300 scanning microscope, Japan). Each reported value was expressed

by the average of three measurements for each sample.
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A multimode atomic force microscopy (VEECO Instruments (USA)) was also
used to obtain the membrane surface roughness. All AFM images were obtained
from 5 pm x 5 um samples over different areas of each membrane. Also, these
images were taken in ambient air in tapping mode, which is ideal for studying
relatively soft samples such as grafted polymers [Yoshida and Cohen, 2003].
Roughness values were obtained as the average of ten different areas of 1 um x 1
um for each membrane sample. The average roughness (S,) and the root mean
square roughness (S,) were calculated by the following expression, considering a
value for the parameter N, (number of data points) of 512 [Corbaton-Baguena et
al., 2014]:

N
Sa =N122i —zavg\ Eq. (V.2.5)
Pi=0
1 2
Sq = 7Z\zi —zavg\ Eq. (V.2.6)
Np iz

where Z,q is the average of the Z values within the given area, Z; is the current Z

value measured and N, is the number of points within the given area.

V.2.3.9. Membrane performance

Membrane performance was studied in terms of hydraulic permeability, solute
rejection and fouling experiments. All experiments were conducted with an UF
experimental setup, which is described in a previous paper [Garcia-lvars et al.,
2014A]. Initially, all membranes were compacted at a transmembrane pressure
(AP) of 100 kPa for 30 min, until the difference between values of the permeate
mass during the filtration time was lower than 2 %. Then, hydraulic permeability
experiments were carried out with deionized water at different transmembrane

pressures (from 100 to 300 kPa), constant cross-flow velocity (2.08 m/s) and 25 °C.
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All deionized water fluxes (Jw) were measured by gravimetric method until the
values remained constant (with a difference lower than 5 % in periods of 6 min). Jy

(L/m?-h) was determined as follows:

v
At

where V is the total volume permeated (m®) during the experimental time

Ny Eq. (V.2.7)

interval t (h) and A, is the effective surface area of the membrane (m?).

Hydraulic permeability (P,) was obtained from the slope of the plot of Jy, and
AP and was calculated by:

‘]W
B - Eq. (V.2.8
AP 6-(V.28)

According to Darcy’s law, membrane intrinsic resistance or membrane

resistance (R,) was obtained using the following expression (Eg. (V.2.9)):

AP
M- dw

Ry = Eq. (V.2.9)

Rejection tests were conducted in the same above-mentioned UF setup using 1
g/L PEG solutions individually prepared with different molecular weights from
10000 to 35000 g/mol. The compositions of PEG solutions in the permeate stream
(Cp) and in the feed/concentrate streams (Cr) were analysed using a high-precision
Atago Refractometer (Atago RX-5000) at 20 °C within an accuracy of + 0.00004
units. Rejection (R) was estimated by Eq. (V.2.10):

C
R(%) = (1— Cp}-loo Eq. (V.2.10)
f
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After hydraulic permeability and solute rejection tests, dynamic permeation
experiments via cross-flow ultrafiltration were performed using PEG of 35000
g/mol with a concentration of 5 g/L as a model foulant solution. PEG has been
extensively used as a standard foulant in different UF experiments to study fouling
behaviour and surface hydrophilic properties [Kim et al., 2009]. Each PES
membrane was firstly subjected to a compaction test with deionized water at 200
kPa and constant cross-flow velocity (2.08 m/s) during 30 min and then, three
cycles of fouling experiments with hydraulic cleaning (rinsing) were carried out for
each membrane. Each filtration cycle included two steps: PEG solution filtration at
200 kPa for 2 h and rinsing with deionized water for 30 min. These experiments
were repeated three times. The permeate flux during PEG ultrafiltration J; (L/m?-h)
and water flux during rinsing Jy (L/m?-h) were measured by gravimetric method.
In order to evaluate the membrane fouling-resistant capability, normalized flux

ratio (NFR) was expressed as follows:

3
NFR(%) = (sz}loo Eq. (V.2.11)
f1

where Ji; and Jp, are the membrane fluxes at the beginning and after the fouling
process, respectively. Generally, higher NFR values (next to 1) indicate better

antifouling property of the membrane.

V.2.4. Results and Discussion

V.24.1. Surface chemistry analysis by ATR-FTIR

In order to improve the hydrophilicity and the separation performance of PES
membranes, UV-modification of PES membranes with four different PEG/AI,O;
concentrations were studied. Tabla V.1 shows the different PEG/AI,O4

compositions in the additive solution for each membrane studied. ATR-FTIR was
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employed to provide information about the chemical structure of all membranes.
Fig.V.2 presents the ATR-FTIR spectra of the modified PES membranes with
varying PEG/AI,O; contents. Additionally to all the membranes tested, two new
samples were prepared to compare all the possible absorption peaks and bands
appeared during ATR-FTIR spectra (UV-irradiated PES membrane without
additives (PES/UV) and UV-grafted PES/PEG membrane without Al,O;
(PES/PEG)). It is also important to note that the PES/UV membrane was not
included in the experimental design because the UV irradiation in the absence of
monomer/additive solution degraded PES material and made this membrane

unsuitable for the next tests.
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Fig.V.2. ATR-FTIR spectra of PES membrane surfaces for different PEG/AI,O3 content.
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Tabla V.1. Degree of modification (DM), water contact angle (WCA), membrane porosity (¢), equilibrium water content (EWC),
average pore radius (r,,) and surface roughness of unmodified PES membrane (PESO) and membranes photomodified with different
PEG/AI,O4 concentration.

Membrane Additive DM WCA € EWC rm S, Sq
composition (ng/cm?) ©) (%) (%) (nm) (nm) (nm)
(Wt%0o)
AlL,O; PEG
PESO 729+15 691+03 685+04 143x02 34+£04 44+04
PES1 050 -- 287.8x164 59.8x20 715x03 709x05 95+x04 36zx0.6 4707
PES2 100 -- 3785+£10.7 499+21 720+x04 71405 9403 84x17 11623
PES3 050 200 494.1x40.2 539x19 735x03 729x06 102x04 39zx0.6 51+£0.8
PES4 050 450 553.1x266 519x16 746x05 740x06 106x06 7.3x1.8 96+24
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All the membranes showed typical spectrum of PES material, aromatic bands at
1577 cm™ and 1487 cm™ from the benzene ring stretching and C-C bond stretching,
respectively. Also, the absorption peak at 1242 cm™ was assigned to the aromatic
ether (C-O-C) stretching. The absorption band appeared at 1012 cm™ could be
attributed to the symmetric O=S=0 stretching vibrations of sulfonated groups
[Belfer et al., 2000]. In the same way, 1323 cm™/1298 cm™ doublet and 1151 cm™
peak were assigned to the asymmetric and symmetric stretching of the aromatic

sulfone chromophore, respectively [Hua et al., 2008].

Comparing the photomodified membranes with the unmodified membrane, a
new absorption band appeared at 1647 cm™, which could be attributed to the
carboxyl group (O-C=0) in asymmetrical stretching and appeared when PES was
UV-grafted [Belfer et al., 2000; Rahimpour, 2011]. Also, new absorption peaks
appeared (in a very low scale, but there are present in ATR-FTIR spectra) at 2920
cm™ and 2852 cm™, which could be assigned to the asymmetric and symmetric
stretching vibration of —CH,. However, the low values of the intensity of these
peaks made them barely perceptible in the ATR-FTIR spectra depicted in Fig.V.2.
There was no evidence that all these peaks (1647, 2852 and 2920 cm™) existed onto
the unmodified PES membrane surface, so their appearance was related to the UV
grafting process. These peaks had higher intensity when the presence of PEG on
the membrane increased. The evidence of Al,O; on the membrane surface was
presented below. Two small peaks at 798 cm™ and 1072 cm™ were identified with
the stretching vibration and the symmetric bending modes of Al-O-Al bonds,
respectively. Likewise, the band observed at 623 cm™ could be attributed to Al-O
vibrations [Ahmed and Abdel-Messih, 2011; Akkaya Arier and Tepehan, 2014].
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Finally, the small and characteristic broad band around 3300-3400 cm™ could
be attributed to the stretching of the hydroxyl group (O-H). However, there was no
hydroxyl band in PES structure. Compared with the ATR-FTIR spectrum of
PES/PEG samples, the presence of PEG chains with hydroxyl groups in the
polymeric membrane structure may cause the appearance of this band. Moreover,
the intensity of such band was slightly stronger when PEG content increased.
Therefore, these peaks indicated the presence of PEG/AI,O; on the membrane

surface and then, a successful photomodification of the PES membranes.

V.2.4.2. Degree of modification

The effect of UV irradiation in the presence of different PEG/AI,O3
concentrations on PES membranes was analyzed using the degree of modification
(DM), and the results are presented in Tabla V.1. For PES3 and PES4 membranes,
the DM results included both PEG and Al,O; nanoparticles contribution. DM
increased with Al,O; content, while the increasing rate of DM was considerably
higher when PEG/AI,O; was added due to the UV-induced grafting of hydrophilic
PEG chains onto the PES membrane surface. In this process, hydrophilic y-Al,O;
nanoparticles were entrapped on the surface structure, modifying the weight of
polymer grafted on the membrane surface. This influence between the PEG content
and the DM was also studied by other researchers [Yune et al., 2011]. The
maximum value of DM (553.14 pg/cm?) was obtained at a concentration of 4.5
wt% PEG and 0.5 wt% Al,O3 (PES4). With an increase in additives concentration
during the UV irradiation, surface free radical had more chance to contact with
PEG/AI,O; and a higher DM was achieved. However, UV photografting on the
surface structure was prevented due to the insufficient room for new polymer
chains at high PEG concentration. Thus, the increasing rate of DM was slow at
high PEG concentration [Yu et al., 2009].
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V.2.4.3. Contact angle

Water contact angle (WCA) is an important parameter used to evaluate the
surface hydrophilicity of a membrane. A high WCA value represents a hydrophobic
surface, whereas a small WCA value implies a hydrophilic surface. Tabla V.1
summarizes the WCA results obtained for UF membranes before and after UV
photografting. As expected, all the photomodified membranes had lower contact
angles than the unmodified PES membrane (PESO), which possesses a hydrophobic
surface [Susanto and Ulbricht, 2007]. So, PESO exhibited the highest WCA (72.9 £
1.5 9), whereas 1 wt% Al,O; photomodified PES membrane (PES2) presented the
lowest WCA (49.9 + 2.1 °). These results indicated that the membrane became more
hydrophilic with the presence of Al,O; nanoparticles in its surface, due to their
higher affinity for water than PES material [Garcia-Ivars et al., 2014A]. While
PEG incorporation on the membrane surface slightly entailed changes in the
hydrophilic properties [Chinpa et al., 2010], the WCA values obtained for PES
membranes photomodified with PEG/AI,O3; were higher than PES2. Therefore, the
main responsible for the improvement of membrane surface hydrophilicity with
increasing PEG/AI,O; content is the high affinity for water from y-Al,O3
nanoparticles and to a lesser extent the presence of hydrophilic functional groups
from PEG 400.

Also, it was found that WCA showed a dependence on the values of DM. At the
same Al,O3 concentration, when PEG was added, WCA decreased (from 59.8 to
53.9 and 51.9 °) as well as DM value increased (from 287.8 to 494.1 and 553.1 °).
Strong dependence between WCA and DM can be seen when Al,O3 concentration
increased. An intrinsic relationship between both parameters (DM and WCA) was
obtained by [Zhao et al. 2010], who studied the changes in the hydrophilicity of

polypropylene  (PP)  membrane  surfaces after  UV-induced  graft
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polymerization using two  oppositely  charged monomers, [2-
(methacryloyloxy)ethyl]trimethylammonium  chloride  and  3-sulfopropyl
methacrylate potassium salt. When membrane surfaces were entirely grafted with
one monomer, authors obtained higher WCA than the WCA presented by the
combination of both monomers.

Fig.V.3 shows the results obtained for this stabilization test. WCA values of all
modified membranes were higher with increasing the incubation time in water.
After the incubation time, all modified membranes presented lower WCA values
than those obtained for the unmodified membrane, which was an indication of the
presence of Al,O; nanoparticles on the surface structure and that they were

stabilized and well secured.
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Fig.V.3. Stability examination of different photomodification additive solutions
investigated by measuring the water contact angle as a function of incubating time.
Membranes were soaked in water at 25 °C.

Comparing the modified membranes among themselves, PES membranes
photomodified only with Al,O3 nanoparticles (PES1 and PES2) presented a higher
increase in WCA values than PES membranes photomodified with PEG/AI,O4
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(PES3 and PES4) during the incubation time. Therefore, Al,O; nanoparticles could
leach out from the membrane matrix after certain time, but the presence of PEG
prevented the leaching of Al,O; nanoparticles, causing a lower increase in WCA
values during the incubation time and thus, a lower loss of Al,O3 nanoparticles.

V.2.4.4. Membrane porosity, equilibrium water content and average

pore radius

Membrane porosity (¢) and Equilibrium water content (EWC) can be used for
membrane characterization to determine the hydrophilicity of a membrane and
their results are presented in Tabla V.1. Firstly, all the membranes showed good
porosity and EWC with values between 68 and 75 %. It can be observed that the
EWC percentage slightly increased after the photomodification process. EWC of
the unmodified membrane was 68.52 %, but it increased up to 71.44 % when the
presence of Al,O; on the membrane surface increased up to 1 wt%. Furthermore,
the presence of PEG/AI,O; resulted in a more hydrophilic surface, increasing from
68.52 to 74.04 % when the PEG content was 4.5 wt%. Therefore, the results
showed that the UV photomodification with PEG/AI,O; increased the hydrophilic
character of PES membranes. Membrane porosity presented the same trend.
Similar behaviour was observed by [Pulat and Babayigit, 2001], whose research
demonstrated that the EWC increased with the grafting of acrylamide (AAm) and

itaconic acid (I1A) in polyurethane (PU) membranes by swelling measurements.

Regarding the results shown in Tabla V.1, the unmodified membrane had a
relatively larger mean pore size. However, the average pore size of the PES
membrane decreased when hydrophilic Al,Os; nanoparticles were grafted by UV

irradiation onto the membrane surface. Therefore, UV grafting reduced pore size
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[Emin et al., 2014]. However, the results for PES membranes with PEG/AI,O; are
very interesting and noteworthy. At low PEG concentration, an increase in PEG
content caused a decrease in ry,, hence a smaller pore size was obtained compared
to the unmodified PES membrane. However, when higher PEG concentrations
were added onto the membrane surface, more open pores were formed (rp
increased). These results are in agreement with the pore size studies performed by
[Abu Seman et al., 2012] with acrylic acid in nanofiltration PES membranes. At
low monomer concentration, some molecules penetrated into the membrane pores
during the immersion process and then were photografted by UV light. During the
UV irradiation, these molecules indirectly narrowed the membrane pores. At higher
monomer concentration, a more compact membrane matrix could be developed,

what minimized the amount of grafted additive and its penetration inside the pores.

V.2.4.5. Scanning electron microscopy (SEM)

Microscopic study through SEM analysis was used to have qualitative
information about the influence of the photomodification on the membrane
structure. The cross-section morphology of the membranes was observed using
SEM and these images are presented in Fig.V.4. The unmodified membrane
(PESO0) exhibited typical asymmetric structure consisting of a compact top layer
and a porous finger-like substructure. The formation of this structure by phase-
inversion method and its inherent phenomena had been explained by previous
researchers [Wienk et al., 1996]. Also, this membrane had a smoother and more
homogeneous surface and apparently a larger porosity than all photomodified
membranes. Compared with unmodified PES, both pore narrowing and pore
blocking were observed as consequences of the UV photografted surface [Susanto
and Ulbricht, 2007].
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30um ' Electron Image 1

30um ' Electron Image 1

30um ' Electron Image 1

Fig.V.4. Cross-section SEM images of the unmodified PES membrane (PESO0), PES
membranes photografted with Al,O; (PES1 and PES?2), and PES membranes photografted
with PEG/AI,O; (PES3 and PES4).

These effects were more pronounced for UV-modification using only Al,Os.
PES membranes photomodified with Al,O; (PES1 and PES2) presented an
irregular and smaller finger-like structure with little agglomerations of Al,Os
nanoparticles entrapped in the pore channels because UV grafting can occur a
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certain depth into the membrane structure, not only in the outer membrane surface.
[Saha et al., 2009] demonstrated that photomodification will not completely be
limited to the outer membrane surface because both additives and UV irradiation
could penetrate into the membrane pores. For higher Al,O; concentration in the
UV-grafted membrane (PES2), modification resulted in a rougher structure.
PEG/AI,O; photomodified membranes (PES3 and PES4) and PESO had very
similar morphologies [Yuan et al., 2013], except that a larger finger-like structure
was observed below the skin layer of the PES/PEG/AI,O; membranes.
Furthermore, there was no evidence of Al,O; agglomerations in pore channels near
the membrane surface, which may be due to the fact that PEG reoriented the Al,O;
nanoparticles on the membrane surface during UV photografting. Therefore, the
heterogeneous appearance of PEG/AI,O; UV-grafted surfaces is another proof of

the modification.

V.2.4.6. Energy dispersive X-ray spectroscopy (EDX)

Simultaneously to SEM technique, EDX analysis was performed to investigate
the distribution of Al,O; nanoparticles as well as the effect of the
photomodification on membrane surfaces. This technique is useful to corroborate
the results obtained by ATR-FTIR spectroscopy. Tabla V.2 shows the EDX results
of unmodified and photomodified membranes. EDX results demonstrated the
presence of C, O, S for all the membranes, including Al element for all the
photomodified membranes, which gave evidence of the efficiency of UV
photografting using Al,O3; nanoparticles. When PES membranes with Al,O;
nanoparticles were UV irradiated, the presence of Al element in the surface
structure increased. This increment was higher when Al,O3 content in the grafting
solution was increased. Therefore, Al,Os; nanoparticles were uniformly distributed

on the whole membrane surface; however, some particles formed larger
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agglomerations. On the other hand, the presence of Al element decreased when
PEG was added in the grafting solution, because Al,O; nanoparticles were
entrapped on the nascent surface structure during the UV-induced polymerization
between PEG and PES. So, the presence of C element increased (present in the
structure of PEG and PES) and the presence of S element and Al element (only
present in PES structure and in Al O3 structure, respectively) decreased. There is

not much difference between the results obtained for PES3 and PESA4.

Tabla V.2. EDX results for PES membranes photomodified with different PEG/AI,O3
concentration.

Sample Element

CK SK OK Al K

wit% at% wit% at% wi% at% wt% at%
PESO 2320 2952 6.00 286 70.80 67.62 0.00 0.00
PES1 25.00 3122 332 156 7162 67.18 0.06 0.03
PES2 2346 29.73 552 266 70.89 6754 0.14 0.08
PES3 26.05 3220 182 085 7212 6694 0.01 0.01
PES4 2587 3204 204 096 7203 6694 0.06 0.03

V.24.7. Atomic force microscopy (AFM)

AFM analyses were performed to investigate the surface morphology at a
nanoscopic scale and quantify the surface roughness of a membrane. Fig.V.5
provides the three-dimensional AFM images of the PES membranes before and
after modification for a scale of 1 um x 1 um. The brightest area presents the
highest points of the membrane surface and the dark regions illustrate valleys or
membrane pores. It can be seen that the unmodified membrane showed a flatter
surface than photomodified membranes. Tabla V.1 indicates the calculated
roughness of the membrane surfaces. AFM results showed that the membrane
surface had a higher roughness after UV photomodification [Saha et al., 2009].
Compared with WCA results, an improvement in hydrophilicity suggested that the
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surface roughness of UV-grafted membranes would be greater compared to
unmodified PES membrane [Rahimpour, 2011].

30.0am PESO

6.0 nm.

0.0 am

0.0 um 02um 0.4 um

0.0 um 02um

Fig.V.5. Surface 3D AFM images of bare PES membrane (a) and PES membranes
photografted: (b) with 0.5 wt% Al,O3, (c) with 1.0 wt% Al,QOs, (d) with 2.0 wt% PEG and
0.5 wt% Al,Os, and (e) with 4.5 wt% PEG and 0.5 wt% Al,Os.

The average roughness of the membranes (S;) slightly increased from 3.43 nm
to 3.87 nm when Al,O; was grafted. When Al,O3; content was 1.0 wt% (PES2), S,
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dramatically increased to 8.43 nm, which was the highest value of S, observed in
all the membranes tested. This phenomenon may be due to the fact that PES is a
photosensitive polymer material to UV light [Kaeselev et al., 2001]. When PES
membranes were irradiated (A = 300 nm) in the presence of Al,Os, their own
polymer chains could be cleaved and then, their surface structure was weakened. In
this moment, Al,O; nanoparticles could be deposited onto the membrane surface,
in which these nanoparticles were entrapped onto the surface polymer chains
(PES). The weakening of the PES surface structure could be avoided at longer
wavelength UV light (A > 350 nm) [Li et al., 2014].

In the same way, S, barely increased from 3.43 nm to 3.59 nm when PEG
content was 2.0 wt%. However, at high PEG concentration (4.5 wt%), the value of
S, increased to 7.29 nm. Therefore, the surface roughness increased when the PEG
concentration increased. In this case, UV irradiation activated the PES membrane
surface, which formed polymer chains with the PEG reacted and entrapped Al,O;
nanoparticles in the nascent surface structure. This UV-induced polymerization

made the membrane surface rougher.

V.2.4.8. Ultrafiltration performances

The effect of UV photografting on the performance of the PES membranes was
investigated by using pure water and PEG filtration. Tabla V.3 shows the effect of
the different PEG/AI,O; grafting solutions on the membrane hydraulic permeability

and the membrane intrinsic resistance.
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Tabla V.3. Hydraulic permeability, membrane intrinsic resistance and solute rejection for
PEG of 10000, 20000 and 35000 g/mol for all the membranes tested (Membrane area = 100
cm?; Temperature = 25 °C).

Membrane  Hydraulic Membrane Rpeg 35 Rpec 20 Reec 10
permeability resistance -10™* (%) (%) (%)
(L/m?-h-kPa) (m™)

PESO 2.352 1.702 904+0.7 743+06 705%15
PES1 2.571 1.567 916+05 756+15 715+0.8
PES2 2.666 1.511 99.0+1.1 833%1.7 76407
PES3 3.145 1.279 93.7+£06 795+17 762+11
PES4 3.575 1.127 96.5+14 7791209 744+12

Hydraulic permeability of the unmodified PES membrane was slightly
increased by UV photografting using hydrophilic compounds onto the PES
membrane surface. When Al,O; content in the grafting solution was higher,
hydraulic permeability increased due to the hydrophilic nature of the Al,O;
nanoparticles as well as the homogeneity of its presence in the membrane surface
structure [Garcia-lvars et al., 2014A]. This increment was also attributed to the
higher DM and membrane surface roughness and pore structure. The increase in
hydraulic permeability was higher when hydrophilic PEG 400 was present in the
grafting solution. Even though photografting generally reduces pore size,
enhancement in hydraulic permeability may be explained by the introduction of
polar groups and the formation of larger pores, due to the high affinity of water
molecules to the hydrophilic PEG chains onto the membrane [Yuan et al., 2013].
For UV-irradiated PES membranes with 2.0 wt% PEG and 0.5 wt% Al,O;,
hydraulic permeability increased from 2.352 to 3.145 L/m*-h-kPa. However, the
highest hydraulic permeability (3.575 L/m?-h-kPa) was observed by UV-irradiated
PES membranes with 4.5 wt% PEG and 0.5 wt% Al,O3, most probably as a result
of larger pore sizes and pore density [Hua et al., 2008]. Consequently, the
combined addition of PEG/AI,O; resulted in a high hydraulic permeability and a

low membrane resistance.
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Solute rejection test were performed using 1 g/L PEG solutions with different
molecular weights (10000, 20000 and 35000 g/mol). PEG rejections for
membranes before and after modification were presented in Tabla V.3. All the
modified membranes had higher rejection for PEG solutions than the unmodified
PES membrane. At the same Al,O; concentration (PES1, PES3 and PES4), higher
PEG 400 concentration caused an increase in PEG rejection, indicating an
improvement in organic solute rejection when PEG/AI,O; nanoparticles were
added. The highest PEG rejections were obtained at the highest Al,O;
concentration tested (PES2). Such increment in solute rejection was an indication
of smaller surface pore sizes in the photomodified membrane, which was
confirmed by the average pore radius (r,) results in Section V.2.4.4. Therefore,
these results indicate that the organic solute rejection of PES membranes enhanced
once PEG/AI,O; nanoparticles were grafted by UV irradiation on the membrane

surface.

In order to evaluate the antifouling properties of the UV photomodified
membranes, a compaction test with deionized water and then, three cycles of
fouling/rinsing ultrafiltration were carried out. Results for PES membranes
photografted with Al,O3 are shown in Fig.V.6. During membrane compaction with
deionized water, initial fluxes for PES membranes photografted with Al,O; (PES1
and PES2) were higher than that of unmodified PES membrane (PESO). Moreover,
photomodified membranes with Al,O; nanoparticles were more affected by the
compaction process than the unmodified one (losing about 5 % of initial water flux
more than PESO during the compaction time). After all the fouling/rinsing
experiments, total flux losses of all photomodified membranes with Al,O; were
slightly lower in comparison with the unmodified PES membrane. PES membrane
with 1 wt% Al,O; (PES2) exhibited the highest flux recovery with a final flux
value of 528.49 L/m?-h (75 % of the initial value). This phenomenon indicates that
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membranes photografted with Al,O; had lower solute affinity, which could be
caused by an improvement in PES membrane hydrophilicity by introducing
hydrophilic Al,O; nanoparticles, which could restrain the solute adsorption and
deposition on the membrane surface [Zhu et al., 2014].
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Fig.V.6. Permeate flux versus filtration time for PES membranes with and without Al,O5
nanoparticles during membrane compaction with deionized water and three PEG
fouling/rinsing cycles (25 °C, 200 kPa).

Fig.V.7 presented the results for PES membranes photografted with PEG/AI,Os.
As it was seen for membranes photomodified with Al,O; during the membrane
compaction, the initial fluxes for PES membranes photografted with PEG/AI,O;
were higher than the initial fluxes of PESO. However, these membranes presented
lower flux loss during membrane compaction (losing about 9 % of the initial water
flux value) than PES membranes photografted with Al,Os (losing about 12 % of
the initial flux value). Moreover, all photografted PES membranes showed a higher

flux recovery in comparison with PESO, especially UV-grafted PES membrane
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using 2 wt% PEG and 0.5 wt% Al,O; (PES3) with a final flux value of 387.85
L/m?-h (82 % of the initial value). When the membrane surface and pore walls
became more hydrophilic, membrane fouling was retarded due to a higher
hydrophilicity caused by the combined effect of the PEG/AI,O; nanoparticles on
the grafted surface structure. Both additives had high affinity to polar components
as water which led to a higher permeability for pure water and then, a high
rejection to hydrophobic compounds such as proteins and macromolecules [Peyravi
etal., 2012].

800 -
—=—PESO
—O—PES3
700 - PES4
600 -
500 %)”\
1_ |
£400 |
:"5 ¢ > (G @r@
< ' |
300 - [_
200 - (L%
100
0 T T T T T T T T T 1
0 50 100 150 200 250 300 350 400 450 500

Time (min)
Fig.V.7. Permeate flux versus filtration time for PES membranes with and without
PEG/AI,O3 nanoparticles during membrane compaction with deionized water and three
PEG fouling/rinsing cycles (25 °C, 200 kPa).

Finally, normalized flux ratio (NFR) was used to analyze the fouling degree of
all the membranes prepared. The evolution of the parameter normalized flux ratio
(NFR) with filtration time (2 h) was shown in Fig.VV.8. It was observed that all the

photomodified membranes exhibited less fouling tendency (higher NFR values)
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compared to the unmodified membrane (PESO), which is an indicator of the
success in the alteration in membrane surface properties. PES3 showed the highest
NFR values (81 %), suffering the lowest total flux loss during ultrafiltration in

comparison with the other membranes tested.
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Fig.V.8. Normalized flux ratio (NFR) in PEG ultrafiltration of different PES membranes
with and without PEG/AI,O5 nanoparticles (25 °C, 200 kPa).

Differences between the membrane performance of PES3 and PES4 could be
related to the high PEG content in PES4. Previous studies about the surface graft
modification of PES ultrafiltration membranes suggested that there is a certain
monomer/additive concentration (PEG in our case) at which the maximum fouling
resistance could be achieved, and further addition of this monomer was extraneous
[Yune et al., 2011]. Thus, an increase in PEG content up to a certain value caused
an increase in DM values but not an improvement in its permselective properties.

As a consequence, PES membranes photomodified with PEG/AI,O3 nanoparticles
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(= 2 wt% PEG) reduced the hydrophobic interaction between PES membrane
surface and foulants and therefore, the antifouling properties of PES membranes
were improved by photochemical grafting of PEG monomer and Al,O3

nanoparticles.

V.2.5. Conclusions

Hydrophilized PES membranes were prepared via immersion precipitation and
modified by UV irradiation in the presence of two different hydrophilic compounds
(a metal oxide and a water-soluble monomer) to enhance the fouling-resistant
capability of the membrane surface. The effect of PEG of 400 g/mol and Al,O; at
various concentrations on the morphology, performance and membrane structure

were elucidated. The following conclusions have been derived from this study:

(1) PES membrane hydrophilicity was significantly increased by UV
photografting with PEG/AI,Oz nanoparticles.

(2) The incorporation of the hydrophilic compounds on PES membranes
during the UV grafting process was confirmed by ATR-FTIR, SEM, EDX
and AFM analyses, in which chemical and morphological changes on

membrane surface before and after modification were observed.

(3) Degree of modification, membrane porosity and EWC increased with
higher PEG/AI,O5 concentration.

(4) Pore size and water contact angle of the PES membranes decreased with
UV photografting, implying an improvement of membrane surface
hydrophilicity. Also, stabilization test by water contact angle
measurements demonstrated that PEG could suppress the leaching of Al,Os

nanoparticles.
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(5) Hydraulic permeability of all the modified membranes increased after the

photomodification process.

(6) PEG permeation and rejection of PES membranes improved with UV
photografting and therefore, their antifouling properties and flux recovery.
The best results were obtained for PES membranes photografted with 2
wt% PEG/0.5 wt% Al,O3 nanoparticles.
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V.3. Fotomodificacion superficial de membranas
planas de poliétersulfona con mejoras en su resistencia
al ensuciamiento mediante la variacion del tiempo de

irradiacion UV y el pH de la disolucién aditiva.

Originalmente titulado: “Surface photomodification of

flat-sheet PES membranes with improved antifouling gﬁfmffﬁbma
properties by varying UV irradiation time and additive JOURNAL

solution pH”, articulo en segunda revisién en la revista i ]

“Chemical Engineering Journal”.

V.3.1. Abstract

Different polyethersulfone ultrafiltration membranes modified using UV
irradiation in the presence of additives with different nature: hydrophilic
aluminium oxide (Al,O3) nanoparticles and organic polyethylene glycol (PEG).
The influence of the additive concentration, the irradiation time and the pH of the
additive solution on several membrane characteristics related to its antifouling
properties were investigated. These properties were analysed by means of
hydrophilicity measurements (water contact angle, degree of modification, water
permeability, porosity, and pore size), surface microscopic techniques (ATR-FTIR,
SEM and AFM) and cross-flow filtration experiments using industrial wastewaters
(residual brines from table olive processing wastewaters). Results showed that all
the PES membranes modified with different PEG/AI,O3; concentrations improved

the hydrophilicity of the membrane, except for membranes modified at pH 7. In
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addition, superior antifouling properties were provided by PES membranes
modified with nano-sized Al,O; at a concentration of 0.5 %, low irradiation time
(10 min) and acidic pH values (about pH 3). Therefore, surface membrane
modification via UV irradiation with hydrophilic compounds is an appropriate

technique to improve membrane performance applied in certain industrial fields.

V.3.2. Introduction

Polyethersulfone (PES), a high temperature amorphous thermoplastic polymer,
has been widely used in manufacturing asymmetric membranes due to its
mechanical, thermal and chemical resistances [Rahimpour et al., 2008; Yu et al.,
2013]. Nevertheless, this polymer is fouled during agqueous filtration due to its low
hydrophilic character. Over the past few years, many researchers have investigated
different approaches to modify PES asymmetric membrane surfaces in order to
minimise the fouling phenomena (both organic and inorganic) and their effects in
the membrane performance during the filtration process [Razmjou et al., 2011;
Peyravi et al., 2012; Sile-Yuksei et al., 2014].

Membrane fouling is one of the most serious, complex and inevitable problems
during membrane separation processes, especially in ultrafiltration process. These
phenomena consist of the adsorption and deposition of different solutes (such as
particles, colloids, macromolecules, salts, and proteins) on the surface or inside the
pores of a membrane. The main effect of these phenomena is a dramatic and long-
term permeate flux decline along all the membrane separation processes due to a
reduction of pore dimensions caused by the solute sorption on the membrane pore

walls and the formation of a cake and/or gel layer on the membrane surface
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[Mulder, 2003]. As a consequence, productivity and selectivity are negatively
affected and therefore, membrane lifetime is reduced [Yu et al., 2013].

Generally, surface governs the permselective properties of a membrane, which
indicates that the surface properties (such as hydrophobic/hydrophilic properties,
zeta potential, surface roughness, porosity, pore size and distribution) are crucial in
membrane lifetime due to the fact that the separation process and interactions
between solute macromolecules and membrane materials occur on the surface
[Kochkodan et al., 2015]. For this purpose, the development of modification
techniques is focused on improving the surface characteristics to minimise the
undesired interactions described previously and to obtain high selectivity and
permeability without modifying the mechanical properties of the pretreated
membranes. All of these works have been published in several patents, articles,
reviews, and books applied to different areas such as wastewater treatment,
biomedical applications, drinking water production, removal of pharmaceuticals
from wastewaters, and recovery of high-added-value products [Nady et al., 2011,
Mollahosseini et al., 2012; Ahmad et al., 2013; Zhao et al., 2013].

Recent studies are focused on developing antifouling PES membranes by
modifying the surface using different methods such as interfacial polymerisation,
coating a protective layer and UV-induced modification. Interfacial polymerisation
is the most common method for commercial fabrication of thin-film composite
(TFC) membranes, which consist of an amorphous, dense and ultra-thin layer on a
microporous PES membrane. The polymerisation reaction occurs at interfacial
boundary of two immiscible solutions, usually a water soluble monomer and an
organic soluble monomer, whereas a thin selective layer is deposited on the

membrane surface using coating techniques without any chemical reaction.
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Therefore, a porous MF/UF membrane could be used for preparing NF membranes
by using any of both methods [Zhao et al., 2013]. UV-induced modification stands
out among all the surface modification techniques developed to improve PES
surface properties for many applications due to its simplicity, usefulness,
versatility, and low cost, which make its use very widespread. Other researchers
have demonstrated that all polyarylsulfone materials are intrinsically photosensitive
at a wavelength higher than 254 nm [Norrman et al., 2004; Qiu et al., 2005; Nady
et al., 2011]. Its main advantage is the ability to modify different properties on the
PES surface by introducing functional groups from the selected monomer (or
monomers) or by entrapping inorganic nanoparticles without affecting the bulk
properties [Nady et al., 2011; Ng et al., 2013A]. This method can be divided into
UV-grafting process using monomers and UV-induced modification using

nanoparticles.

In this work, nano-sized alumina (Al,O3) is used as an additive to introduce
hydrophilic inorganic nanoparticles on the membrane surface without modifying
the PES matrix of the membrane. Inorganic nanoparticles have unique
physicochemical properties compared to the characteristics from the bulk materials
that form membranes. For this reason, nanoparticles are of high interest in
membrane synthesis to control membrane fouling and to obtain desired structures
and functionalities [Balta et al., 2012; Dong et al., 2015]. Many types of
nanoparticles have been studied to enhance the permselective properties of a
membrane, such as carbon nanotubes (CNT), zirconia (ZrO,), silica (SiO,), silver
(Ag), titanium oxide (TiO,), zinc oxide (ZnO), and even alumina (Al,Os) [Ng et
al., 2013B; Celik et al., 2011; Zheng et al., 2011; Shen et al., 2011, Koseoglu-Imer
et al., 2013; Rahimpour et al., 2008; Balta et al., 2012, Garcia-lvars et al., 2014A].
However, there are few studies about the use of nanoparticles to modify

membranes by UV-induced modification. [Rahimpour et al., 2008] investigated the
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influence of TiO, nanoparticles on the separation performance of PES membranes,
where UV-irradiated PES/TiO, membranes presented higher flux and antifouling
properties compared to those membranes made by phase-inversion method. The
best results were obtained by UV-irradiated membranes formed by TiO, deposited
on PES membranes. Same authors studied the effect of TiO, nanoparticles added
on the polyvinylfluoride/sulfonated polyethersulfone (PVVDF/SPES) membrane via
UV-irradiation, where the presence of nanoparticles improved its antifouling

properties and also, its antibacterial property [Rahimpour et al., 2012].

This research aimed to investigate the influence of nanoparticles on the
performance of the commercial PES membranes in order to improve their
hydrophilicity, permeability and selectivity. The novelties of this work are to
introduce Al,O; nanoparticles via UV irradiation because all the studies about this
method use TiO, nanoparticles and also to study the pH of the additive solution.
The effect of these nanoparticles in terms of morphology, permeability properties
and membrane hydrophilicity was studied. Morphology and composition of each
membrane were analysed by porosity, attenuated total reflection Fourier transform
infrared spectroscopy (ATR-FTIR), scanning electron microscopy (SEM), and
atomic force microscopy (AFM). Membrane hydrophilicity was determined using
water contact angle measurements. Finally, membrane performances were tested
by water permeation, molecular weight cut-off (MWCQ) determination using
different molecular weights of PEG, and fouling studies using table olive

processing wastewaters (TOPW).
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V.3.3. Experimental

V.3.3.1. Materials

Flat-sheet PES ultrafiltration membranes with a MWCO of 30000 Da were
purchased from Synder Filtration (USA). Aluminium oxide nanoparticles in
gamma phase with primary particle size of 13 nm and a surface area of 100 m%(g,
and polyethylene glycol of 400 Da were used as additives during UV modification.
Both chemicals were selected to study the effects of different organic/inorganic
additives on the membrane performance and were supplied by Sigma Aldrich
(Germany). Deionised water was used throughout this study unless otherwise
indicated.

V.3.3.2. Membrane modification

Commercial membranes were modified by UV light irradiation in the presence
of additive solutions with different compositions. Surface modification equipment
was described elsewhere [Garcia-Ivars et al., 2014B]. Membranes were placed in a
Petri dish and dipped in additive solutions formed by well-dispersed PEG/AI,Os
nanoparticles in aqueous media. After 5 min, membrane samples were illuminated
by UV light (A = 300 nm) for several irradiation times (10, 20 and 30 min,
respectively) with an intensity of 30 mW/cm?. All the modification process was
also controlled by fixing the relative humidity of the environment (40 %).
Thereafter, membranes were taken out and rinsed with tap water to remove the
unreacted compounds, and then were immediately washed with deionised water
twice at room temperature for 30 min and in between them, one wash at 50(x 2) °C
for 2 h. Finally, all the modified membranes were stored in deionised water for at
least 1 day until use. This modification process is similar to that used in other

studies about membrane modification [Garcia-lvars et al., 2014B].
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V.3.3.3. Membrane characterisation

e ATR-FTIR

The chemical structures of the different modified membranes were confirmed
by ATR-FTIR spectroscopic technique. ATR-FTIR spectra were recorded on a
Thermo Nicolet® Nexus spectrometer equipped with an HATR accessory
consisting of a flat plate ZnSe crystal at a nominal incident angle of 45 °, and a
gripper device to achieve a better contact between the HATR crystal and the
sample. For each measurement, 128 scans were performed for an operating range
from 600 to 4000 cm™ with a resolution of 4 cm™. Membranes were dried in a

vacuum oven overnight at room temperature before analysis.

e SEM
A scanning microscope (JEOL JSM6300, Japan) was employed for studying the
cross-sectional morphology of all the modified membranes. For this purpose, SEM
work was performed at an accelerating voltage of 20 keV in high vacuum
conditions. Membranes were cut into small pieces and immersed in liquid nitrogen.
Then, the frozen membrane samples were fractured and kept in air for drying.
Dried samples were carbon sputtered to make them conductive, prior to SEM

analyses.

e AFM
Surface roughness of all modified membranes were further visualised by a
tapping mode AFM (VEECO Instruments, United States). Images were obtained
over different square areas of each membrane sample based on a scan area of
around 5 pm x 5 pm. Roughness values were determined by averaging the values
measured over 1 um x 1 um in ten different locations chosen arbitrarily for each

membrane sample. The average roughness (S,) represents the mean value of the
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surface height relative to the calculated center plane, for which the volumes
enclosed by the image above and below the plane are the same. It was calculated
by the following expression, in which the number of points (N,) considered was
512 data points:

N
p
1
S, :*Z\Zi —za\,g\ Eq. (V.3.1)
Np £
1=0
where Z; is the current Z value measured, while Z, is the average of the Z values

within the given area.

e Water contact angle
An OCA20 contact angle system (Dataphysics, Germany) was used for
determining the water contact angle of each dried membrane surface. Contact angle
measurements were performed by the sessile drop technique [Hu et al., 2006]. 3 pL
of ultrapure water were dropped on each dried membrane sample from a
microsyringe with a stainless steel needle at room-temperature conditions. Average

of ten random locations was taken for each sample.

e Degree of modification

The degree of modification (DM) of PEG/AI,O; nanoparticles on all membranes
was gravimetrically determined by the following formula:
om = (M.~ Mo) Eq. (V.3.2)

A

where myg is the weight of the initial membrane sample, m; is the weight of the
modified membrane, and A is the active surface area of the membrane used. Each
DM value was an average of at least three parallel experiments and all the samples

used for DM determination were not used for flux and fouling experiments.
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o Membrane porosity
The overall porosity (¢) of membranes was determined by wet-dry weighting
method and it was calculated as the volume of the pores divided by the total

volume of the porous membrane [Luo et al., 2002; He et al., 2014]:

(W -Wp)
e W
Ww -Wp) , Wp
PW Pp

Eq. (V.3.3)

where W)y is the weight of the wet membrane (g), Wp is the weight of the dry
membrane (g), pw is the density of pure water at operating conditions (g/cm®), and

pp IS the density of the polymer (glem?).

V.3.3.4. Membrane performance

e \Water permeation

Water permeation properties of the modified membranes were tested using a
standard cross-flow UF setup, which is described in an earlier paper [Garcia-Ivars
et al., 2014A]. Firstly, all the membranes were compacted for at least 30 min, 3
bar, 25 °C and a cross-flow velocity of 2.08 m/s. The water flux was generally
stable after 30 min, when the difference between values of the permeate mass
during the filtration time was lower than 2 %. After the compaction procedure,
water permeability experiments were carried out with deionised water at different
transmembrane pressures (AP) ranging from 1 to 3 bar at a constant flow rate of
300 L/h and 25 °C. The deionised water flux (Jw, L/m?-h) was measured using the

gravimetric method and was determined by:

Jw = —— Eq. (V.3.4
W= A q.(vV.3.4)
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where V was the volume of permeate water (m®), A,, was the effective surface area
of the membrane (m?) and t was the permeation time (h). So, water permeability
(Pw) was obtained from the slope of the plot of Jy and AP and was calculated by

JW
P Eqg. (V.3.5
H P q ( )

According to Darcy’s law, the intrinsic resistance of the membrane (Ry,) was

calculated using the following equation (Eg. (V.3.6)):

Eq. (V.3.6)

o PEG rejection

PEG rejection tests were performed using the same above-mentioned UF
system at a constant cross-flow velocity (2.08 m/s), 25 °C and AP ranging from 0.5
to 4 bar. PEG solutions (molecular weight from 10000 to 35000 Da) with a
concentration of 1 g/L were prepared individually using deionised water and were
used as the feed solution. PEG concentrations were analysed using a high-precision
Atago Refractometer (Atago RX-5000) at 20 °C within an accuracy of £ 0.00004
units. The PEG rejection percentage (Rpe) was calculated by the following

expression:

C
R peg (%) = [1 - C':J-loo Eq. (V.3.7)

where C, is the PEG concentration in the permeate stream and C; is the PEG

concentration in the feed solution.

The surface pore radius r,, was calculated based on the next equation [Cheng et
al., 2015]:
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(M) =16.731012.M,,0-%%7 Eq. (V.3.8)

where Mw is the PEG molecular weight (Da).

Tabla V.4. Physicochemical characteristics of the wastewater used.

Parameters Mean value
pH 475 + 0.10
Electrical conductivity (mS/cm) 80.7 + 20
Turbidity (NTU) 4278 + 4.0
COD (g of O,/L) 725 + 0.26
Dry matter (g/L) 266 + 0.16
Total phenolic compounds (mg of tyrosol/L) 5911 + 20

o Fouling study

In order to compare the biofouling on the unmodified and photo-modified
membranes, residual brines from table olive processing were used as feed solution
and their main physicochemical characteristics are summarised in Tabla V.4. The
acidity of this effluent and both high salt and organic concentration are the most
important properties of this wastewater (TOPW). Each membrane was initially
compacted with deionised water in the above-mentioned UF experimental setup for
30 min at 2 bar and constant cross-flow velocity (2.08 m/s). After that, a fouling
step was performed to check the antifouling properties of all the membranes at 2
bar for 2 h. The permeate flux J; (L/m?-h) was measured by gravimetric method.
Normalised flux ratio (NFR) was defined as the ratio between the membrane flux at
the beginning and at the end of the fouling process (J;; and J,, respectively), and it

was determined as follows:

3
NFR(%) = [sz}loo Eq. (V.3.9)
fl

This parameter was used to evaluate the fouling-resistant capability of all the
membranes tested and higher NFR values (next to 1) indicate better antifouling

property of a membrane.
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Tabla V.5. Irradiation time, composition and pH of the different additive solutions used
during the modification of PES membranes using UV irradiation.

Membrane  Additive composition additive Irradiation time
(Wt%) solution pH (min)
Al,O; PEG

PESO
PES1-10 05 4.5-5.0 10
PES1-20 0.5 45-5.0 20
PES1-30 0.5 4.5-5.0 30
PES1-pH3 0.5 3.0 10
PES1-pH7 0.5 7.0 10
PES1-pH10 0.5 10.0 10
PES2-10 0.5 2.0 6.0 10
PES2-20 0.5 2.0 6.0 20
PES2-30 0.5 2.0 6.0 30
PES3 0.5 4.5 6.0 10
PES4 1.0 4.5-5.0 10

V.3.4. Results and Discussion

V.3.4.1. Membrane modification

Twelve different membranes were photomodified with different additive
concentrations, UV irradiation times, and pHs of the additive solution (or additive
solution pHs). The characteristics for each flat-sheet PES membrane tested are
presented in Tabla V.5. When the membrane surface was irradiated by UV light (A
~ 300 nm), free radicals were generated in several sites on the surface and on the
pore walls, because PES material is intrinsically photosensitive. These free radicals
reacted with PEG present in the additive solution and Al,Oz; nanoparticles were
deposited and physically entrapped on the nascent surface structure due to the

polymerisation reactions between PES and PEG compounds.
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e ATR-FTIR analysis

In order to confirm the success of the modification process and provide
information about the surface chemistry of each membrane before and after
modification was analysed using ATR-FTIR analysis. Fig.V.9 depicts the ATR-
FTIR spectra of the photomodified PES membrane surfaces with different
compositions, irradiation times and additive solution pHs. The effects of the
additive composition and the irradiation time on the modified membrane were
shown in Fig.V.9(a), where new absorption peaks appeared in ATR-FTIR spectra
of the photomodified membranes in comparison with those obtained for the control
PES membrane. Firstly, the characteristic broad band appeared at 3300-3400 cm™
increased its intensity when both additives (PEG and Al,Os) were incorporated on
the membrane surface, due to the presence of both hydrated Al,Oz and O-H groups
from grafted PEG chains [Abednejad et al., 2014; Yunos et al., 2014]. A new
absorption peak was observed at 1645 cm™, which could be assigned to the
carboxyl group in asymmetric stretching and it appeared when PES material is
irradiated using UV light [Belfer et al., 2000]. Three small absorption peaks also
appeared at 623, 795 and 1080 cm™ could be attributed to the stretching vibrations
and symmetric bending modes of Al-O-Al bonds, which evidenced the presence of
Al,O3 nanoparticles on the membrane surface. In the same way, the ether group
from PEG appeared at the same wavelength of this last absorption peak, which
indicates that the analytical peak at 1080 cm™ in PES/PEG/AI,O; membranes could
be assigned to the sum of the presence of ether group and the Al-O-Al bond
contributions [Romero-Vargas Castrillon et al., 2014; Garcia-lvars et al., 2015].

All these absorption peaks confirmed the success of the modification process.

The influence of the irradiation time on the modification process is depicted in
Fig.V.9(a), where longer irradiation times caused a slight increase in the intensity

of the absorption bands related to the presence of both additives. Thus, no
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significant differences were observed in ATR-FTIR spectra when the irradiation

time varied.
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Fig.V.9. ATR-FTIR spectra of all the membrane surfaces for different (a) irradiation time
and (b) additive solution pHs.
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Fig.V.9(b) shows the effect of different pHs of the additive solution during the
modification process. Similar ATR-FTIR spectra were obtained at acidic and basic
pHs. Compared to these ATR-FTIR spectra, lower intensities in all the absorption
peaks related to the presence of additives were much lower when the pH of the
additive solution was 7, principally due to the fact that the Al,O; nanoparticles
were in the point of zero charge at these conditions, which favoured the formation
of nanoparticle agglomerations and inherently caused a heterogeneous distribution
of these nanoparticles on the surface. This behaviour will be explained in detail in
AFM results.

e SEM analysis

The effect of different concentrations of PEG/AI,O; nanoparticles, additive
solution pHs and UV irradiation times on the membrane morphology can be
observed using SEM and AFM analyses. Fig.V.10 presents the SEM images of the
cross-sections obtained for each photomodified PES membrane and the unmodified
control membrane. All the membranes have the typical structure of a flat-sheet
membrane made by phase-inversion method: an asymmetric structure consisting of
a dense thin skin layer, a porous thick open finger-like sublayer and the nonwoven
support [Mulder, 2003]. According to the SEM images of PES2-10 and PES2-30,
an increasing in UV irradiation times resulted in more reaction time and then, the
skin layer is denser compared to the control PES membrane (PESO0). These results
are in accordance with those obtained by [Mansourpanah and Momeni Habili,
2013], which demonstrated that longer UV irradiation times led to enhance the
polymerisation degree and then, to obtain a denser thin layer. It can also be
observed that the asymmetric structure was weakened, which suffered deterioration
after being exposed to high irradiation times (PES2-30), obtaining irregular pore
channels. This could be caused by the formation of too many aggregated radicals

on the membrane surface. The same deterioration was seen in PES1-30 (SEM
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image not shown) and it has been confirmed by other researchers [Rahimpour et
al., 2008]. The degradation of PES surface structure could be avoided at longer UV
wavelength (A > 350 nm). As regards the influence of the additive solution pH, no
significant differences were observed for all the photomodified membranes at
different pH values. In the case of different concentrations (PES2-10 and PES3),
there was no evidence of significant differences between the cross-section

morphologies for both membranes.

e AFM analysis

Fig.V.11 provides the three-dimensional AFM images for all the membranes
tested, with and without photomodification. The dark areas represent the surface
pores of a membrane sample and the brightest regions are its highest points. From
AFM images, it can be observed that the unmodified PES membrane had a very
homogeneous smooth surface. All the photomodified membranes presented
rougher surfaces than the unmodified PES surface, except those membranes that
were modified at acidic pH using Al,Os; nanoparticles and those membranes
photomodified with PEG/AI,O; at low irradiation times. These results could be
confirmed with the surface roughness, which was expressed in terms of mean
roughness parameter (S) and was shown in Tabla V.6. This parameter barely
increased from 1.1 to 1.2 nm when Al,O; was added. At pHs 3 and 10, S, slightly
changed (1.9 and 2.6 nm, respectively). However, when the pH in the additive
solution was 7, rougher surface was obtained (5.7 nm). This behaviour could be
explained by the uneven dispersion of these nanoparticles in the additive solution
and also, on the surface after the modification process due to the agglomerations of

Al,O5 nanoparticles formed at these conditions.
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Fig.V.10. SEM images of the cross-sections of the synthesised membranes with different
PEG/AI,O; concentrations (PES2-10 and PES3), additive solution pHs (PES1-pH3, PES1-
pH7, PES1-pH10, and PES1-10) and irradiation time (PES2-10 and PES2-30).
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Fig.V.11. Surface 3D AFM images of unmodified PES membrane (PES0) and PES
membranes modified with different PEG/AI,O3; concentrations (PES1-10, PES2-10, PES3,
and PES4), additive solution pHs (PES1-pH3, PES1-pH7, PES1-pH10, and PES1-10) and

irradiation time (PES 1-10, PES1-30, PES2-10, and PES2-30).
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As other researchers reported, the zero-point-of-charge of Al,O3 is about pH 7,
in which Al,O; nanoparticles have neutral or zwitterionic charge and thus, the
maximum electrostatic attraction occurs among them [Chen, 2008]. [Yoo et al.,
2007] also demonstrated that Al,Oz/water mixtures could suppress the Van der
Waals interaction and therefore, could hinder the formation of agglomerations or
clusters at basic pH. They also observed an increase in the number of

agglomerations at pH 7.

Tabla V.6. Degree of modification (DM), intrinsic membrane resistance (R,,), surface
roughness (S,), molecular weight cut-off (MWCO) and pore size (r,,) of unmodified PES
membrane and all the photomodified membranes studied.

Membrane DM Rm S, MWCO rm
(pg/em’)  (20%m?)  (nm) (Da)  (nm)

PESO ~-- 2.797 1.1+0.1 30000 52
PES1-10 411+ 20 5.024 1.2+0.2 26800 4.9
PES1-20 523 £52 6.239 21+08 25200 4.7
PES1-30 599 + 44 7.520 3.2+0.7 24800 4.7

PES1-pH3 454 + 27 5.761 1.9+03 26000 4.8
PES1-pH7 288 + 28 3.112 5.7+0.6 26000 4.8
PES1-pH10 403 = 30 11.828 26+04 20000 4.2
PES2-10 528 + 33 3.620 1.0+0.3 29000 5.1
PES2-20 659 + 60 7.035 1.1+0.1 27000 4.9
PES2-30 708 £ 58 8.091 19+0.2 25600 4.8
PES3 663 + 52 3.427 14+01 22500 4.4
PES4 536 + 44 4.932 22+04 21200 4.3

At longer irradiation times, rougher surfaces were achieved. This could be
related to the higher incorporation of additive on the surface, the photosensitivity
of the PES and its higher degradation explained in SEM results. Higher presence of
additives on the surface can also be observed at high additive concentration, which

made the surface rougher during the reactions generated by UV irradiation.
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e Water contact angle measurements
Water contact angle is the most common parameter to evaluate the hydrophilic-
hydrophobic properties of a membrane surface. Fig.V.12 shows the effect of the
additive concentration on the water contact angle measurements. The unmodified
PES membranes exhibited the highest water droplet contact angle of all the
membranes tested, with a value of about 77 °. This value confirmed the semi-
hydrophobic character of this material and is in accordance with the studies of

other researchers [Balta et al., 2012].
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Fig.V.12. Water contact angle values measured for different modified PES membranes at
different additive concentrations.

The results indicated that incorporation of Al,O; nanoparticles could
substantially increase the membrane hydrophilicity (by decreasing the contact
angle), obtaining water contact angle values of about 64 ° at high Al,O;
concentrations. This could be explained by the higher affinity of Al,O; for water
molecules than PES. Additionally, an increase in membrane hydrophilicity could
be related to a rougher surface, which implied a higher presence of Al,O;
nanoparticles on the surface. The same trend was observed when PEG content

increased in the additive solution, but the water contact angle obtained at high PEG
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concentration (~ 61.5 ° was similar to those obtained for high Al,O;
concentrations (~ 64 ©). This means Al,O3; nanoparticles were the main responsible
for the improvement in membrane surface hydrophilicity in PES membranes
photomodified with PEG/AI,O3 nanoparticles.

Fig.V.13 shows the influence of the additive solution pH and irradiation time on
the water contact angle measurements. It can be observed in Fig.V.13(a) a strong
parabolic relationship between pH and water contact angle, achieving its maximum
value at pH 7 (~ 69 °). This may be caused by the formed Al,O; agglomerations
and clusters and their irregular dispersion on the surface at these conditions (as was
explained in AFM section). The best conditions to obtain a hydrophilic membrane
with Al,O; nanoparticles were at acidic pH (~ 63.5 °). The effect of irradiation time
on the water contact angle is depicted in Fig.V.13(b), where longer irradiation
times implied lower contact angle values, especially for PES/Al,O; membranes.
This could be explained by the incorporation of more additive content on the

membrane surface when was exposed for longer irradiation times.

o Degree of modification

Tabla V.6 summarises the results of the degree of modification for each
membrane tested. It can be observed that the degree of modification was higher
with increasing PEG/AI,O; content, especially with the presence of PEG. The
combined effect of both additives during the UV irradiation modified the weight of
the membrane incorporating these additives via graft polymerisation (PEG chains)
and physically entrapment (Al,Oz). The free radicals generated in many sites on the
PES surface by the UV irradiation reacted with the PEG chains from the additive
solution, which could favour the entrapment of hydrophilic Al,O5; nanoparticles on

the surface structure.
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Fig.V.13. Water contact angle values measured for different modified PES membranes at
different (a) additive solution pHs and (b) irradiation time.

The same trend was observed at higher irradiation time. However, the degree of
modification during 30 min of irradiation time was slightly higher than those
obtained for 20 min. This fact could be explained by the surface deterioration and
degradation of PEG after being exposed for longer irradiation times [Das and
Gupta, 2005; Abednejad et al., 2014]. The incorporation of Al,Oz nanoparticles
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through UV-induced surface modification at different additive solution pH gave
very similar values of degree of modification in all membranes, except the low
value obtained for membranes at pH 7. This may be explained by the formed Al,O3
agglomerations at these conditions, which could hinder their entrapment on the

surface structure (as was explained above).

e Membrane porosity

Fig.V.14 shows the change in membrane porosity in terms of additive
concentration. The incorporation of additives onto PES surface structure resulted in
higher values of the overall porosity of the membranes. This increment was
dramatically when PEG concentration increased (from 34 to 54 %), which
demonstrated that the addition of PEG/AI,O; mixtures improved the porosity and
then, the hydrophilic character of PES membranes. These results could be related
to the rougher surfaces obtained for photomodified membranes and the decrease in
their water contact angle values. Furthermore, this parameter is intimately related
to the equilibrium water content [Chakrabarty et al., 2008]. [Pulat and Babayigit,
2001] demonstrated a strong straightforward relationship between equilibrium
water content (and therefore, porosity) and the degree of modification by swelling
measurements. For these reasons, overall membrane porosity and degree of
modification are also related. However, the presence of high Al,O; content barely

affected the overall porosity of the PES/Al,O3 membranes.

Fig.V.15 provides the results obtained for different additive solution pHs and
irradiation times. In the first case, all the porosity values were similar to each other,
regardless of the pH of the additive medium (Fig.V.15(a)). The lowest value
obtained for membrane porosity was that obtained for PES membranes

photomodified at pH 7 (~ 38 %), which corresponded to PES membranes with the
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highest contact angle value obtained. With increasing the irradiation time, higher
values of membrane porosity could be achieved, especially when the additive
incorporated onto the PES membrane was PEG/Al,O; mixtures due to the
hydrophilic character of the combination of both compounds (see Fig.V.15(b)).

58 - r 250
|| @Water permeability

54 -{| mPorosity

B

| - 200 2

a) <

50 e
1 3
SYTE 1503
> 4 =
,642* ] 71005
= g
38 5
50 S

34 0 =

w
o
o

0 05 1
Al,O3 concentration (Yowt)

58 - r 300
|| @'Water permeability
54 -|| m Porosity (] L 250 _'E
1 b) <
50 - ¢
- 200 £
S 46 - . )
> L =
.§ 150 -5?3
£ 42 4 £
a - 100 &
38 5
(4]
34 - - F50 =
30 0
0 2 45

PEG concentration (%owt)
Fig.V.14. Correlation between water permeability and porosity of the membranes with
different additives concentration: (a) PES/Al,O; membranes and (b) PES/PEG/AI,O3
membranes.
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Fig.V.15. Correlation between water permeability and porosity of the membranes at

different (a) additive solution pHs and (b) irradiation times.

e Water permeation
The effect of additive concentration on water permeability is depicted in
Fig.V.14. When additive was added on the surface, the water permeability
decreased principally because both grafting and UV-induced modification reduced
the pore size and thus water permeability decreased [Emin et al., 2014]. These
results may be attributed to the higher degree of modification obtained at high

additive concentrations, and also could be confirmed with the PEG rejection
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experiments, which calculated results are presented in Tabla V.6. The reduction in
pore size after UV-induced surface modification was clearly observed, especially at
high additive concentration (from 5.2 to 4.3 nm for PES/Al,O; membranes, and
from 5.2 to 4.4 nm for PES/PEG/AI,O; membranes). There was also a change in
water permeability for PES membranes after surface modification at different
additive solution pH. These results are shown in Fig.V.15(a). At acidic pH,
PES/Al,O; membranes presented similar values. But, when pH was 7, water
permeability increased up to similar values (~ 129 L/m?-h-bar) to those obtained
for unmodified PES membranes (~ 147 L/m?-h-bar). This effect could be caused by
the heterogeneous dispersion of Al,O; nanoparticles on the surface structure and
the agglomerations formed at these conditions. This bad dispersion resulted in the
formation of an irregular surface with some parts of high hydrophilicity and
roughness and others degraded by the UV irradiation (as explained in AFM
section). This was also reflected in the lower degree of modification obtained for
this membrane (PES1-pH7). However, water permeability dramatically decreased
at basic pH, where the Al,O; nanoparticles were not well-dispersed onto the
surface in these conditions, obtaining a rougher and hydrophilic surface with lower
pore size (4.2 nm). This could be caused by the presence of Al,O; nanoparticles
deposited inside the surface pores during the modification process, plugging the
pores of the PES membrane [Wei et al., 2006]. Regarding the results obtained for
different irradiation times (Fig.V.15(b)), water permeability decreased at higher
irradiation times due to the greater incorporation of hydrophilic additives onto the
original PES membrane. This effect was similar to those obtained for membranes
with increasing UV irradiation energy during the modification process performed
by other researchers [Goma Bilongo et al., 2010; Emin et al., 2014]. The pore size
was barely affected by the UV irradiation time (see Tabla V.6).
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Finally, normalised flux ratio (NFR) was used to evaluate the fouling degree of
the membranes. The evolution of this parameter with filtration time for PES/AI,O;
membranes was shown in Fig.VV.16. It can be observed that almost all the
photomodified membranes exhibited higher resistance towards fouling (high NFR
values) than the unmodified membrane (~ 52 %), except for PES1-30, PES1-pH7
and PES1-pH10. These results could be related to the high surface roughness
obtained for these membranes, the heterogeneous dispersion of the Al,O3
nanoparticles on the surface structure and even the degradation of PES material and
its properties during the modification process. PES1-pH3 suffered the lowest total
flux loss during the TOPW ultrafiltration and achieved the highest NFR values (~
67 %). The performance of this membrane was followed by PES1-10 (PES/AILO;
membrane modified at pH 5), which indicated that the best modification was
obtained for PES membranes with Al,O; nanoparticles at acidic pH values and an

irradiation time of 10 min.
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Fig.V.16. Normalised flux ratio (NFR) in TOPW ultrafiltration of different photomodified
membranes with different Al,O3 concentrations, additive solution pH and irradiation times
(25°C, 2 bar).
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This conclusion is confirmed by comparing these results with those obtained for
PES/PEG/AI,O3 membranes (shown in Fig.V.17). In this case, all the membranes
photomodified in the presence of PEG/AI,O; nanoparticles showed higher NFR
values than the unmodified membrane, which is an indicator of the successful
alteration of the surface properties. PES2-10 membrane showed the highest
resistance towards fouling among all the PES/PEG/AI,O; membranes. However,
the performances of these membranes were worse than that showed for the

PES/AI,O; membranes above mentioned.
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Fig.V.17. Normalised flux ratio (NFR) in TOPW ultrafiltration of different photomodified
membranes with different PEG/AI,O3 concentrations and irradiation times (25 °C, 2 bar).

Furthermore, longer irradiation times reduced the antifouling properties of the
membranes tested using both additives, showing the worst results for membranes
modified at 30 min of irradiation time. These results can be seen in both Fig.V.16
and Fig.V.17. Finally, the effect of high additive concentrations on the membrane
performance showed that there is a certain additive concentration at which the

maximum fouling resistance could be achieved and further incorporation of this
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additive was counterproductive [Yune et al., 2011]. This effect was observed for
both additives in Fig.V.16 and Fig.V.17, regardless their nature. For all these
reasons, PES membranes modified via UV-irradiation for 10 min in the presence of
Al,O3 nanoparticles (in absence of PEG) at acidic pH values reported better NFR
results and then, better antifouling properties.

V.3.5. Conclusions

In order to obtain a high hydrophilic membrane with good antifouling
properties, PES membranes were modified by UV-induced surface modification in
the presence of different concentrations of two hydrophilic additives: a water-
soluble monomer (PEG) and a metal oxide (Al,O3). The degree of modification
increased with additive concentration. ATR-FTIR spectra, SEM and AFM analyses
confirmed the incorporation of these additives on the PES surface structure. Also,
water contact angle measurements corroborated that the hydrophilicity of
photomodified membranes was improved compared with the unmodified
membrane. Such increment in hydrophilicity, combined with the reduction of the
pore size caused by the modification process, was an indicator of the improvement
of membrane selectivity. Water permeability decreased after modification for all
the membranes tested. Longer irradiation times degraded the polymer material and
negatively affected the incorporation of additives onto the PES surface, especially
for PES/Al,O; membranes. The pH of the additive solution proved to be an
essential parameter to obtain a successful modification using Al,O3; nanoparticles at
different pH values of 7, at which Al,O; nanoparticles formed agglomerations or
clusters at these conditions. Furthermore, PES membranes modified with
PEG/AI,O3 nanoparticles improved their antifouling properties, especially for 0.5
wt% Al,O4/PES membranes exposed to UV irradiation during 10 min at acidic

conditions.
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V.4, Tratamiento de aguas residuales procedentes del
procesado de la aceituna de mesa mediante nuevas
membranas fotomodificadas de ultrafiltracion como
primer paso para la recuperacidon de compuestos

fendlicos.

Originalmente titulado: “Treatment of table olive "

processing wastewaters using novel photomodified

HAZARDOUS
MATERIALS

ultrafiltration membranes as first step for recovering
phenolic compounds”, publicado en la revista Journal of
Hazardous Materials 290 (2015) 51-59.

V.4.1. Abstract

Table olive processing wastewaters (TOPW) have high salt concentration and
total phenolic content (TPC) causing many environmental problems. To reduce
them, ultrafiltration (UF) was applied for treating TOPW. However, NaCl, which is
the main responsible of salinity in TOPW, and phenols are small molecules that
cannot be separated by conventional UF membranes. They have serious problems
caused by fouling, which can be overcome using membrane modification
techniques. For these reasons, photomodification may be an effective technique to
obtain a stream rich in TPC due to the changes in membrane surface properties.
UV-modification in the presence of two hydrophilic compounds (polyethylene
glycol and aluminium oxide) was performed to achieve membranes with high

reductions of organic matter and to keep the TPC as high as possible. Commercial
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polyethersulfone (PES) membranes of 30000 Da were used. Surface modification
was evaluated using ATR-FTIR spectroscopy and membrane performance was
studied by calculating the rejection ratios of colour, chemical oxygen demand
(COD) and TPC. Results demonstrated that UF is a useful pre-treatment to reduce
organic matter from TOPW, obtaining a permeate rich in TPC. PES/AI,O;
membranes displayed superior antifouling properties and rejection values, keeping
high the TPC (> 95 %). Therefore, UF using modified membranes is an appropriate
and sustainable technique for treating TOPW.

V.4.2. Introduction

Obtaining high-added value compounds from food wastewater is based on five
distinct recovery stages so-called “Universal Recovery Processing”, which
progress from a macroscopic pre-treatment, a separation process of macro and
micromolecules, followed by an extraction process and further purification
treatment, and finally, the formation of the target high-added value product. In the
second stage, membrane processes are one of the most widely used techniques to
separate macromolecules from food wastewater, especially ultrafiltration (UF).
Depending on the nature of the feed solution and the target compounds, permeate
or concentrate stream is recovered or rejected. Among the several target
compounds, the most common are pectins, proteins, lactose, and phenolic
compounds [Galanakis, 2012; Galanakis et al., 2013].

Phenolic compounds (PCs) are the most abundant antioxidants in the
Mediterranean diet and they play a crucial role in human health and nutrition due to
their behaviour as preventative agents against several diseases and oxidative stress

[Bouaziz et al., 2008]. As a natural resource to obtain PCs, the olive fruit and the
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study of traditional industrial processes used for producing olive oil as well as for
preparing table olives are acquiring more and more importance over the years,
principally in studies developed in Mediterranean countries (such as Spain,
Tunisia, Turkey, Italy and Greece). Some researchers focused their studies on the
physiological benefits of PCs due to their important biological properties (such as
antioxidant, antimutagenic, anticarciogenic and antiglycemic properties) [Visioli
and Galli, 1998; Benavente-Garcia et al., 2000; Aliakbarian et al., 2012], whereas
other researchers tried to remove them partially or completely to obtain a palatable
final product because PCs can be embittering [Hajimahmoodi et al., 2008;
Pistarino et al., 2013].

Olive mill wastewater (OMW) is the most common source to obtain PCs from
olive oil. These wastewaters arises from the production of olive oil in olive mills
and they are considered one of the most polluting effluents produced by agro-food
industry, where their high concentration of organic matter and nutrients (especially
reduced sugars and PCs) have adverse effects on the environment such as the
inhibition of plant seed germination or the stimulation of microbial respiration
[Paraskeva and Diamadopoulos, 2006; Rahmanian et al., 2014]. Many researchers
have studied OMW treatment using UF membranes in order to obtain a stream rich
in PCs. [Cassano et al., 2011] compared the performance of two UF membranes
made of polyethersulfone (PES) and regenerated cellulose, where those made by
the last material showed good results with a high PCs concentration in the
permeate stream. According to [Yahiaoui et al., 2013], UF membranes are also
useful to satisfactorily remove chemical oxygen demand (COD) from OMW in
both ways, as an isolated process and as a pre-treatment for other processes such as

an electrochemical reactor.
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Generally, UF process cannot separate low-molecular-weight compounds from
water as efficiently as nanofiltration (NF) and reverse osmosis. For this reason,
other authors have investigated the application of combined membrane processes
for treating OMW. In this way, several papers found in the literature [Paraskeva et
al., 2007; Garcia-Castello et al., 2010; Cassano et al., 2011; Cassano et al., 2013]
deal with combining these techniques to achieve COD removal values of about 20-
47 % and total phenolic content (TPC) recovery values of about 45-70 % only in
the UF process and 60-80 % and 90-95 % respectively in the combined process
(UF and NF). Better separations of TPC may be achieved with the incorporation of

reverse osmosis processes [Zagklis et al., 2015].

In our case, we study the residual brines from table olive processing or table
olive processing wastewaters (TOPW), which are less studied than OMW and they
consist of high salt concentrations (sodium chloride and sodium hydroxide), PCs
(which affects some properties of the final marketable product such as taste, colour
and texture [Marsilio et al., 2001], sugars, acids, tannins, pectins, carotenoids, oil
residues and trace amounts of various metals. Due to their high organic content and
high concentrations of salt and PCs, these wastewaters show antimicrobial,
exotoxic and phytotoxic properties [Parinos et al., 2007; Chatzisymeon et al.,
2008]. During their discharge to water, TOPW heavily pollute the urban
wastewaters, streams and rivers to which they join. Therefore, the treatment of this
type of wastewater makes them into an important environmental concern. Among
all the aforementioned compounds present in TOPW, PCs are powerful organic
pollutants and their presence in the environment must be controlled. Thus, it would
be very interesting to remove them from TOPW to obtain high-value products,
especially hydroxytyrosol and tyrosol, which have a high antioxidant activity
[Bouaziz et al., 2008].
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Several technologies based on biological, chemical oxidation and separation
processes have been used for treating TOPW by different research groups.
[Chatzisymeon et al., 2008] applied heterogeneous photocatalytic treatments to an
effluent from TOPW by which they obtained good efficiencies in decolourisation
(> 90 %) and phenols. [Katsoni et al., 2008] used wet-air oxidation process for
treating TOPWSs, obtaining more than 90 % of phenol degradation and
decolourisation. [El-Abbassi et al., 2014] studied the application of UF process on
both OMWs and TOPWSs and they demonstrated that such process can be efficient

in recovering PCs (~ 40 %), mainly in acidic wastewaters.

This paper deals with the study of the effect and performance of different
modified UF membranes that might be used to obtain a stream rich in PCs from
TOPW and a stream poor in these compounds with less dangerousness. The aims
of this work were to separate high-molecular-weight organic compounds from
TOPW with high TPC using UF process as clean technology (with easy and rapid
operation) due to the high-added value of PCs in other industries (such as
cosmetics, pharmaceuticals and chemical processing); and to reduce the fouling
suffered by these membranes and the volume and dangerousness of TOPW
generated. Membranes were modified by ultraviolet (UV) irradiating their surface
in the presence of two additives from different nature: polyethylene glycol (PEG)
of 400 Da and aluminium oxide (Al,O3). The influence of both additives on
membrane performance was investigated in terms of the presence of TPC in the

permeate stream, COD removal, decolourisation and fouling/rinsing experiments.
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V.4.3. Experimental

V.4.3.1. TOPW samples

Table olive processing wastewater (TOPW) samples were donated by
Depuracion de Aguas del Mediterraneo, located in the region of Valencia (Spain).
The samples were pre-filtered using a cartridge filter with a pore size of 60 um
before physicochemical determinations and UF experiments. This pre-filtration
was performed to protect the UF membranes from severe fouling effects.

V.4.3.2. Chemicals

Al,Os (primary size of 13 nm) and PEG (400 Da) were used as additives during
surface modification and both chemicals were supplied by Sigma-Aldrich (Spain).
Folin-Ciocalteau reagent was purchased from Merck (Spain) and sodium carbonate
was supplied by Panreac (Spain). Tyrosol was used as standard to determine the
TPC and was also purchased from Sigma-Aldrich (Spain). Deionised water was

used throughout this study.

V.4.3.3. Membrane

Commercial flat-sheet PES membranes with a nominal molecular weight cut-off
(MWCO) of 30000 Da (Synder Filtration, USA) were used for membrane
modification. Their effective surface area was 100 cm?. As it was proposed by
[Susanto and Ulbricht, 2007], commercial membranes were chosen to minimise the

inconsistency in membrane properties.
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V.4.3.4. Surface modification

An UV illumination system equipped with two UV mercury lamps provided
homogeneous illumination of up to 100 cm? with an intensity of approximately 30
mW/cm?. The employed modification equipment was described elsewhere [Garcia-
Ivars et al., 2014B]. Commercial membranes were dipped in different
concentrations of additive solutions (aqueous solutions with PEG dissolved and
Al,O; nanoparticles well-dispersed) for 5 min and then were UV irradiated under
atmosphere with controlled relative humidity for 10 min. Thereafter, modified
membranes were extensively rinsed with tap water to remove non-reacted
compounds and were sequentially washed with deionised water at room-
temperature for 30 min, at 50 + 2 °C for 2 h and finally again at room-temperature
for 30 min.

V.4.3.5. Fourier transform IR spectroscopy with attenuated total
reflectance (ATR-FTIR) analysis

The chemical structure of the different modified membranes was confirmed by
the ATR-FTIR spectroscopic technique. ATR-FTIR spectra were recorded on a
Thermo Nicolet® Nexus spectrometer. The ATR accessory contained a ZnSe
crystal at a nominal incident angle of 45 °. For each measurement, 128 scans were
performed for an operating range from 600 to 4000 cm™ with a resolution of 4 cm
! Also, this technique may be used for qualitative detection of foulants on the

membrane surface [Thygesen et al., 2014].
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V.4.3.6. Physicochemical characterisation of TOPW samples by

colorimetric analyses

Colorimetric reactions are widely used to characterise wastewater samples by
the UV-visible spectrophotometer method, which is rapid, low-cost and applicable
at laboratory scale [Blainski et al., 2013]. COD was measured using a colorimetric
method recommended by the manufacturer Hach-Lange (Germany). Many TOPWSs
contain chloride concentrations far greater than 15 g CI/L. In these cases, samples
of TOPW should be diluted up to a concentration value of 1.5 g CI/L (the highest
concentration value of CI" recommended by the manufacturer) with ultrapure water
to avoid any possible interference in the results obtained. CI" concentration was
measured by using kit Hach-Lange LCK 311. 2 mL of sample was added to Hach
reflux tubes and mixed properly (using kits LCK 114 and 314). The mixtures were
then refluxed in a Hach Lange COD reflux reactor at 150 °C for 2 h. After cooling
at 20 °C, samples were analysed on a Hach-Lange DR 6000 UV-visible
spectrophotometer. On such equipment, the colour of TOPW was determined by
the difference of absorbances at 440 and 700 nm (As40-A700) [Bouaziz et al., 2008].

TPC was evaluated colorimetrically by the Folin-Ciocalteau method [Singleton
and Rossi, 1965], presenting their results as tyrosol equivalents (mg of tyrosol

equivalents per liter of TOPW).

All physicochemical analyses were carried out at least in triplicate.

305



CAPITULOV

V.4.3.7. Ultrafiltration

UF experiments were carried out at 25 °C in a standard ultrafiltration system
(VF-S11 UF plant, Orelis, France) with 10 L in volume, which was described
elsewhere [Corbaton-Baguena et al., 2014]. All the experiments were performed in
total recirculation mode, except during the rinsing step. Each PES membrane was
initially compacted with deionised water for 30 min at 2 bar and constant cross-
flow velocity (2.08 m/s), recording the pure water flux Jo (L/m*-h) at the end of the
compaction test. After that, a cycle consisting of two different steps was carried out
for each membrane: a TOPW ultrafiltration at 2 bar for 2 h where the permeate flux
J; (L/m?-h) was measured, and a rinsing process with deionised water for 30 min in
which the water flux Jy, (L/m?-h) was recorded again. Both fluxes were measured
by gravimetric method. To investigate the fouling-resistant capability of each

membrane, fouling degree (FD) and flux recovery ratio (FRR) were calculated by:

Jeg—J
FD@)=| 112 100 Eq. (V.4.1)
Jf1
FRR(%) = (‘3\/\/}100 Eq. (V.4.2)
0

where Ji, and Jy, are the permeate flux of the membranes obtained at the beginning

and at the end of the fouling process, respectively.

By using FRR parameter after the rinsing experiments, irreversible flux decline
(caused by fouling and defined as the permeate flux loss that can be recovered by
chemical cleaning or even cannot be recovered) was calculated as the difference
between 100 % (Jw=Jo) and the value of FRR obtained, while reversible flux
decline (caused by reversible adsorption and/or concentration-polarisation and

defined as the permeate flux loss that can be recovered by physical cleaning) was
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determined as the difference between the values of FRR and the relative flux ratio
(RFR), which is defined with the following expression [Galanakis et al., 2010]:

]
RFR(%) = (;2]-100 Eq. (V.4.3)
0

To evaluate the membrane separation efficiency for PCs rejection from the feed

solution, the following expression was used:

C
Rrpc (%) = [1— Cp}loo Eq. (V.4.4)
f

where Rrpc is the rejection rate of TPC, C, is the permeate concentration and Cs is

the feed concentration of PCs.

In the same way, decolourisation and COD removal were determined as

follows:
DC((V)—_ l—ip 100 4
: Eq. (V.4.5
R (0/) = 1—7p 100 4
: Eq. (V.4.6

where DC is the decolourisation rate, OD, is the permeate optical density, ODy is
the feed optical density, Rcop is the rejection rate of COD, COD, and COD:; are the

permeate concentration and the feed concentration of COD, respectively.
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V.4.4. Results and Discussion

V.4.4.1. TOPW samples characterisation

The physicochemical characteristics of TOPW samples are summarised in
Tabla V.7. This effluent is acid, rich in salt concentration (high electrical
conductivity) with a moderate COD and dry matter compared with the wastewater
used by other researchers [Kiai et al., 2014]. As PCs are considered as one of the
most important pollutants, the amount of PCs makes this wastewater even more
toxic. In addition, CI" concentration indicates that TOPW samples must be diluted
30 times to obtain COD values, as is explained in Section V.4.3.6.

Tabla V.7. Physicochemical characteristics of TOPW samples used.

Parameters Mean value
pH 4.75+0.10
Electrical conductivity (mS/cm) 80.7 £ 2.0
Turbidity (NTU) 427.8+4.0
Colour 0.38 £0.05
COD (g of Oy/L) 7.25+0.26
Cl'(g/L) 41.12 +1.94
Dry matter (g/L) 2.66 +0.16
Total phenolic compounds (mg of tyrosol/L) 591.1+£2.0
V.4.42. Membrane modification

Tabla V.8 presents the composition and characteristics for control PES
membrane and all the modified membranes with different additives concentration,
where water contact angle was measured by sessile-drop method [Garcia-lvars et
al., 2014A] and pore size was calculated using Guerout-Elford-Ferry equation as it
was reported by [Wu et al., 2008]. The modification process used is known as UV-
induced modification, where additives could be attached on the membrane surface.
These materials could be introduced on the surface structure by grafting

(monomer/s), or by physical entrapment (unreacted additives) in the surface
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structure due to the polymerisation of base polymer (PES) induced by UV
irradiation. As PES material is intrinsically photosensitive, when the membrane
surface was irradiated in the presence of a monomer/additive solution, free radicals
were generated in many sites on the membrane surface as well as on the pore walls.
These free radicals reacted with PEG present in the additive solution and Al,O;
nanoparticles were physically entrapped on the nascent surface structure due to the

polymerisation reactions between PES and PEG materials [Zhao et al., 2013].

Tabla V.8. Main characteristics and composition of the control membrane (MKO) and all
the modified membranes (MK1 and MK2).

Membrane  Additive composition Water contact angle Pore size

(wto) €y (nm)”
Al,O; PEG
MKO 774£10 143+05
MK1 05 66.3 + 1.2 11.7+13
MK2 05 2.0 62.4+1.4 13.1+04

® measured by sessile-drop method.

b determined by water filtration method under constant transmembrane pressure (3 bar)
and calculated using Guerout-Elford-Ferry equation, in which pore size is related to
membrane porosity and thickness, water flow through the membrane and water
viscosity at 20 °C.

To observe if the modification process was successfully achieved, it would be
very important to corroborate the presence of Al,O; and PEG on the structure of
the membrane surface. Therefore, ATR-FTIR analyses were performed to
characterise the chemical structures of all the membranes tested and to identify the
main foulants on their membrane surface. TOPW chemical composition depends
on the cultivar, soil nature, climate, olives ripeness and table olive preparation
process [El-Abbassi et al., 2014].
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Fig.V.18. ATR-FTIR spectra of the clean and fouled (a) control membranes (MKO), (b)
UV-modified membranes modified in the presence of Al,O3; (MK1) and (c) UV-modified
membranes in the presence of PEG/AI,O; (MK?2).
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Fig.V.18 shows the effect of fouling on the different membranes tested, where
clean membranes are represented by dotted-lines and fouled membranes are
represented by solid-lines. Firstly, the success of the modification process can be
observed in different new absorption peaks appeared in the ATR-FTIR spectra of
each modified membrane in comparison with those obtained for the control
membrane, which are displayed in Fig.VV.18(a). In this way, a new absorption band
related to the UV irradiation of PES material appeared at 1645 cm™, which could
be assigned to the carboxyl group in asymmetric stretching [Rahimpour, 2011].
The presence of Al,O; on the membrane surface is evidenced by three small
absorption peaks detected at approximately 620, 795 and 1072 cm™ (see
Fig.V.18(b)), which can be identified with different stretching vibrations and
bending modes of AI-O-Al bonds [Ahmed and Abdel-Messih, 2011]. This last
absorption peak coincides with the band related to the ether group in PEG (should
appear at 1080 cm™), which is commonly used to identify the presence of this
compound on membrane surfaces [Romero-Vargas Castrillén et al., 2014]. So, the
analytical peak at 1072 cm™ in modified membranes could be assigned to the sum
of the presence of ether group and the symmetric bending mode of Al-O-Al bond
contributions (see Fig.V.18(c)). In the same way, an increasing intensity of the
absorption band at 3300-3400 cm™ could be related to the incorporation of
hydrated Al,O3; and hydroxyl groups from grafted PEG chains on the membrane
surface [Yunos et al., 2014].

Secondly, ATR-FTIR spectra of clean membranes were compared in pairs to the
spectra of the fouled membranes, as is also shown in Fig.V.18. The absorption
band at 3300-3400 cm™ increased its intensity after fouling in all the membranes
tested. This effect may be due to OH groups of PCs, alcohols and carboxylic
groups and also the hydrogen vibration of amide N-H groups from olive

wastewater samples [Droussi et al., 2009]. As [Susanto et al., 2009] indicated, PCs
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basically consisted of aliphatic and aromatic fraction having a significant
absorption peak at ~ 3400 cm™ (phenol character). A small band can be barely
observed at ~ 2900-2920 cm™, which could be associated to a possible overlap
between two absorption peaks related to the asymmetric (2925 cm™) and
symmetric (2854 cm™) C-H stretching in aliphatic structures, such as fatty acids
and other long-chain structures [El Hajjouji et al., 2007]. A strong band appeared at
1650 cm™ for MKO and increased in MK1 and MK2 at 1641 cm™, which is
characteristic of aromatic C=C vibrations, C=0 stretching vibrations of amide
groups (amide 1), quinines and/or conjugated ketones [El Hajjouji et al., 2008;
Droussi et al., 2009; Leouifoudi et al., 2014]. A slightly increased in intensity was
observed at ~ 1520 cm™ that could be assigned to the C=C stretching in aromatics
as well as the N-H deformation and C=N stretching (amide Il) [El Hajjouji et al.,
2007; Provenzano et al., 2011]. Also, a shoulder around 1200 cm™ could be
identified with C-O stretching of aryl ethers and phenols [Droussi et al., 2009;
Provenzano et al., 2011]. Finally, an absorption peak appeared at 948-950 cm™
could be assigned to the vibrations of polysaccharide-like substances [El Hajjouji
et al., 2008; Droussi et al., 2009].

V.4.4.3. Ultrafiltration

UF experiments were performed to investigate the efficiency of the separation
process for reducing colour and COD and at the same time for obtaining the
highest content of PCs (the lowest Rypc possible) in the permeate stream. In the
same way, performances of the three different membranes (one control membrane
and two photomodified membranes via UV irradiation) were compared among

them.
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Fig.V.19 shows the evolution of fouling degree (FD) during the UF treatment of
TOPW samples at a transmembrane pressure (AP) of 2 bar, a cross-flow velocity of
1.39 m/s and 25 °C for 2 h. As it can be seen, the FD values of the control
membrane (MKO) increased rapidly within the first 20 min and continued to
increase until to reach a value of around 45 %. During an UF process, an initial
flux decay caused by the fast accumulation and concentration of the retained solute
particles within the boundary region of the membrane leads to concentration-
polarisation effect, which causes an additional resistance and a gel layer formation,
thereby negatively affects the permeability and selectivity. After that, fouling
phenomenon causes a gradual and long-term permeate flux decline up to a steady
value, which is obtained due to the equilibrium between the attachment and
detachment of solutes (or foulants) on the membrane surface [Rai et al., 2006;

Ochando-Pulido et al., 2015].
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Fig.V.19. Evolution of the fouling degree parameter (FD) of each membrane in TOPW
ultrafiltration at 2 bar, 1.39 m/s and 25 °C.
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Fouling is a complex phenomenon which may involve the reduction of pore
dimensions by plugging and clogging due to the solute sorption on the membrane
pore walls, cake formation and chemical degradation on the membrane surface [EI-
Abbassi et al., 2011; Ochando-Pulido et al., 2014]. These phenomena are mainly
caused by the irreversible fouling associated to the adsorption and deposition of
suspended solutes (composed of inorganic particles and organic colloids and
macromolecules) or dissolved matter (such as highly soluble salts, sugars, proteins
and PCs) from olive wastewaters (both OMW and TOPW) [Galanakis et al., 2013;
Kiai et al., 2014; Shi et al., 2014]. Therefore, this increment in FD parameter (or
decline in permeate flux) is intimately related to both effects: concentration-
polarisation (reversible fouling) and fouling phenomenon (irreversible fouling).
[Susanto et al., 2009] indicated that the adsorption of PCs may be possible by a
strong interaction between these compounds and PES, because the hydroxyl groups
from the PC could form hydrogen bonding with the oxygen presented in SO, group
in PES material. Also, [Gryta, 2008] demonstrated using wastewaters with a high
salt content in another membrane process (direct contact membrane distillation
process) that this high salinity decreased drastically the permeate flux due to salt
crystallisation and as a consequence the FD increased. However, both modified
membranes exhibited an increase in their FD up to values of around 37-39 %,
where MK1 (membrane modified with 0.5 wt% Al,Os) presented lower values than
MK2 (membrane modified with 2 wt% PEG and 0.5 wt% Al,O5) at first 40 min
and since then, MK2 showed higher resistance to fouling. These behaviours could
be due to the presence of hydrophilic compounds on their surface structure. The
most suitable polymers used in membrane preparation for UF applications are
materials with hydrophobic character (such as PES or polyvinylidene fluoride),
which are susceptible to fouling phenomenon (either through adsorption or
deposition of the retained organic compounds). Several authors have demonstrated

that the incorporation of hydrophilic particles (organic, inorganic or a mixture of
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both natures) on the membrane via surface modification improves the material
hydrophilicity, which leads to a successful reduction of the fouling phenomenon
[Saha et al., 2009; Gu et al., 2013]. This statement is further supported by the water
contact angle values given in Tabla V.8, where lower values of this parameter
indicate higher hydrophilic character of the material studied [Su et al., 2008]. In
this way, the incorporation of PEG and Al,O; nanoparticles (both are hydrophilic
compounds) on the membrane surfaces led to an increase in their hydrophilicity
and then, membranes presented higher resistance to fouling. Although the
differences among the FD values obtained are not so significant, the cost for
membrane surface modification shall be taken into account in order to achieve a

compromise between the modification cost and the FD obtained.
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Fig.V.20. Evolution of the flux recovery ratio (FRR) of each membrane in TOPW
ultrafiltration at 2 bar, 2.08 m/s and 25 °C.

The evolution of the parameter flux recovery ratio (FRR) of each membrane is
presented in Fig.V.20. Rinsing process was performed at a cross-flow velocity of
2.08 m/s, 2 bar and 25 °C during 30 min. After that, control membrane (MKO)

315



CAPITULOV

showed a FRR value of about 41%, which was the lowest value among all
membranes. These results obtained were similar to FRR values in other studies
focused on fractionating PCs from OMW [Galanakis et al., 2010]. This effect
could be attributed to the severe fouling produced by the adsorption of organic
matter from TOPW onto the membrane material (PES) [Zhou et al., 2014]. As it
can be observed in Fig.V.20, both modified membranes presented high FRR values
in comparison with those obtained for MKO. Results indicated that the hydrophobic
interactions between the membrane surface and organic matter were diminished,
which can be removed by rinsing [Kumar and Ulbricht, 2014]. These statements
were corroborated by the reversible (concentration-polarisation) and irreversible
fouling results obtained for each membrane using RFR and FRR parameters, where
irreversible fouling decreased with the incorporation of hydrophilic additives on
the membrane surface (as it is shown in Tabla V.9). Therefore, the antifouling
properties of commercial membranes were further enhanced after the incorporation

of PEG and Al,O3 on surface structure.

Tabla V.9. Analysis of flux decline and fouling phenomenon for TOPW ultrafiltration.

Membrane RFR  Reversible fouling Irreversible fouling
(%) (%) (%)
MKO 194 24.1 56.5
MK1 24.5 28.9 46.6
MK?2 20.8 27.8 51.4

Decolourisation (DC) of TOPW

The pollutant power of TOPW is indicated by the dark colour of the samples.
UF treatment allows the rejection of a great part of organic matter and pigments,
which contribute to the colour of TOPW [EI-Abbassi et al., 2014]. As it is shown
in Fig.V.21 (dark grey bars), dark colour was reduced up to the range of 76-84.1 %,
where the lowest DC value was presented by MKO (~ 76 % of TOPW colour).
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Hence, both modified membranes showed higher reduction of DC than MKO (~ 82-
84 % of TOPW colour). This effect could be due to the hydrophilicity of the
grafted additives, that is, the higher affinity of both additives (Al,O; and PEG) for
water than PES material [Garcia-Ivars et al., 2014B].

In addition, other researchers demonstrated that the highest DC value of TOPW
samples can be achieved at feed pH value between 4 and 5 (in our case, pH value is
4.75, see Tabla V.7), which may be related to the changes in turbidity and
granulometry occurred at these pH values [El-Abbassi et al., 2014].
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Fig.V.21. Evolution of decolourisation (DC) and the rejection ratios of chemical oxygen
demand (COD) and total phenalic content (TPC) of each membrane in TOPW
ultrafiltration at 2 bar, 1.39 m/s and 25 °C.

Removal of COD

Results of COD removal for the different membranes tested are also displayed
in Fig.V.21. As it can be seen (grey bars), MKO and MK2 obtained COD removal
efficiencies of about 35-45 %, which are in accordance with those obtained by [EI-
Abbassi et al., 2014] using TOPW samples at similar feed pH. However, MK1

presented the highest removal value (~ 66 %) whereas MK2 had a lower removal
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value (~ 45 %), which demonstrates the importance of the different nature of
additives grafted on the membrane surface. The inorganic nature and low water
solubility of Al,O; nanoparticles reduced the existing interactions between solute
(organic matter) and the membrane surface due to its high surface energy and then,
its hydrophilic nature [Maximous et al., 2009; Mukherjee and De, 2014].

As other researchers demonstrated, improvement in COD removal is also
related to the modification process, in which pore size of the modified membranes
decreased in comparison with MKO using photo-induced modification techniques
[Rahimpour, 2011; Emin et al., 2014].

Recovery of total phenolic compounds (TPC)

Fig.V.21 summarises rejection values obtained for total PCs (Rypc) during the
UF of TOPW (light grey bars). Although high MWCO of the membranes used
(30000 Da) and the fact that the UF process is usually governed by the pore size,
all membranes showed moderate rejection of total PCs except MK1 (membrane
modified with Al,Oz; nanoparticles), which presented a reduction of PCs in TOPW
lower than 10 %. [Galanakis et al., 2013] demonstrated that polarity has higher
importance in the separation process than the MWCO of the UF membranes in
order to obtain high rejections of PCs. The structure of PCs from TOPW is formed
by hydroxyl and carboxylic groups as well as multiple aromatic rings, which affect
their polarity and molecular weight (~ 100-300 Da). Therefore, the molecular
weight of PCs is much lower than the membranes MWCO (~ 30000 Da), where the
rejection of gelling macromolecules could cause a selective semipermeable layer
on the membrane surface that increases the retention of low-molecular-weight

solutes [Galanakis, 2014]. The results obtained for MK1 indicate that PCs were
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successfully recovered in the permeate stream using the membrane MK1,
demonstrating that a photomodified UF membrane with a MWCO of 30000 Da
could be used for reducing the hydrophobic-hydrophobic interactions between the
membrane material and organic matter and for optimizing the concentration of
phenolic and ionic compounds from TOPW. This behaviour can be also explained
by the use of tyrosol concentration as yardstick for measuring TPC. As [Quiles et
al., 2006] and [Bulotta et al., 2014] indicated, both hydroxytyrosol and tyrosol can
be classified as phenolic alcohols, which is a type of hydrophilic phenol. The
presence of Al,Oz nanoparticles on the membrane surface allowed an enrichment
of PCs in the permeate stream and reduced the interactions between organic
compounds and surface material, due to the higher affinity of Al,O5 for water than
PES material [Maximous et al., 2009; Garcia-lvars et al., 2014B]. This fact
facilitated the pass of compounds with high hydrophilicity through the membrane,
increasing the rejection of hydrophobic organic matter (which can be observed in
the results obtained for COD removal). Even though good COD removal and TPC
recovery values were obtained by combining several processes membranes
[Paraskeva et al., 2007; Garcia-Castell6 et al., 2010; Cassano et al., 2011; Cassano
et al., 2013], better results in COD removal as those achieved in these works are
obtained for the PES/AI,O; membranes (MK1) developed in this work.

Membranes modified with the combination of PEG/AI,O; presented high
retention due to the presence of PEG chains on their surface structure. Previous
studies about PEG and PCs in salt solutions at similar pH demonstrated that
aromatic molecules (such as PCs) tend to concentrate on the PEG-rich surface,
which may be related to the hydrogen bond interactions between the PEG chains
and PCs [Xavier et al., 2013]. This behaviour was corroborated by other authors,
who demonstrated that the hydrophilic groups of solutes could form hydrogen

bonds with the membrane hydrophilic part (in this case, the added PEG chains on
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the surface) and, as a result of this, fouling is caused by the adsorption of these
solutes on the membrane surface [Galanakis et al., 2013]. However, this effect
counteracts the behaviour of Al,Oz nanoparticles on the surface structure.

V.4.5. Conclusions

UF process is a useful tool for reducing colour (~ 76-85 %) and organic load (~
36-66 % of COD) from TOPWs. Therefore, it would be very interesting to apply
UF as a clean technology in pre-treatments of TOPWSs due to its yields. UV-surface
modification of UF membranes in the presence of two hydrophilic compounds with
different nature (PEG and Al,O;) is a well-known technique to enhance the
fouling-resistant capability of the membrane and also, it can be successfully
applied to obtain selective membranes for recovering important by-products as PCs
from the pretreated effluents. The success of modification process was analysed by
ATR-FTIR spectroscopy and water contact angle measurements. The effect of each
additive on membrane performance during UF experiments was elucidated.
Membranes photomodified with 0.5 wt% Al,O; displayed superior antifouling
properties and desirable rejection values (~ 84 % of decolourisation and ~ 66 % of
COD removal), keeping TPC as high as possible (> 95 %).
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VI.1. Conclusiones finales.

En la presente Tesis Doctoral se ha realizado el estudio del desarrollo de
membranas poliméricas de bajo ensuciamiento mediante la incorporacién de
aditivos a su estructura con el fin de conjugar las propiedades Unicas de los
compuestos inorganicos con las correspondientes al polimero base que conforma la
membrana, analizando en profundidad los cambios estructurales sufridos por las
membranas asi como en sus propiedades quimicas, hidréfilas y permeselectivas.
Con el objeto de introducir estos aditivos inorganicos en la estructura de la
membrana, las técnicas estudiadas fueron el método de inversion de fase, en el cual
el aditivo se introduce desde la formulacién de la disolucién polimérica
previamente a la formacion de la membrana, y el método de modificacion
superficial inducida por radiacion ultravioleta, en el cual la membrana ya formada
es sometida a una fuente de radiacién (ultravioleta en este caso) en presencia de
una serie de aditivos inorganicos y/o monémeros produciéndose la incorporacion

de los mismos a la estructura superficial.

Por tanto, tras observar que ambas técnicas son (tiles para la introduccion de
aditivos en la estructura polimérica de la membrana y a partir de los resultados méas
importantes obtenidos en capitulos anteriores, se pueden extraer las siguientes

conclusiones:

De la incorporacion de aditivos inorgénicos en el proceso de fabricacion:

e La concentracion de polimero tiene una gran influencia en las
caracteristicas de la membrana. A mayor concentracion de polimero base,
el tamafio de poro disminuyd ya que se produjo una deceleracion del

proceso de separacion liquido-liquido en la formacion de la membrana.
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Esto hizo la estructura més cerrada, lo que implicé mayor selectividad y
menor permeabilidad al agua y, por tanto, una mayor resistencia
intrinseca de la membrana.

e Las membranas de de la familia de la polisulfona (PES y PSU) se
mostraron mas selectivas a los solutos ensayados y presentaron mayor
compatibilidad con los materiales inorgéanicos utilizados, en especial la
PES.

e Distintas técnicas como SEM, ATR-FTIR, EDX y AFM demostraron la
presencia de los aditivos en la superficie y en la estructura interna de las
diferentes membranas fabricadas.

e La hidrofilicidad de las membranas fue mejorada tras la adicién de
compuestos inorganicos en la disolucién polimérica, y fue confirmada
por los resultados obtenidos en las medidas de porosidad, EWC y angulo
de contacto.

e La presencia de aditivos en la estructura de la membrana presentd los
mismos efectos que el incremento de concentracién de polimero, en
especial la combinacion aditivos hidrofilos organicos e inorganicos. Estos
dieron lugar a membranas mas hidrofilas y con mayor resistencia al
ensuciamiento, ya que su presencia redujo las interacciones entre solutos
organicos y la superficie de la membrana. Esto fue corroborado por los
resultados obtenidos en los ensayos de angulo de contacto, rugosidad
superficial, porosidad y contenido de agua en el equilibrio.

e La incorporacion de nanoparticulas inorgénicas provocaron la formacién
de nanoporos en las paredes del poro, las cuales estaban uniformemente
distribuidas a lo largo de la membrana.

¢ Independientemente de su hidrofobicidad, pequefias concentraciones de
aditivo inorganico produjeron un cambio estructural similar en la

membrana, de una estructura finger-like con poros abiertos y macroporos
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a una estructura finger-like con canales méas estrechos y la desaparicion
parcial o total de macroporos (lo primero en el caso de membranas de
ZnO/PES y AlLOs/PES y lo segundo para membranas de WS,/PES).
Dichos resultados fueron confirmados por el SEM y las medidas del
punto de turbidez.

e Pequefias concentraciones de aditivo inorganico en la membrana
mejoraron enormemente el rechazo a solutos organicos y las propiedades
resistentes al ensuciamiento, lo que confirma la mejora de su carécter
hidrdfilo.

e A altas concentraciones de aditivo, se observé la presencia de
aglomeraciones en la estructura interna de la membrana.

e Sin embargo, la presencia de aditivos organicos/inorgénicos también
favorecié la formacion de macroporos en la estructura porosa de la
membrana. Esto afecta negativamente a su resistencia frente al
ensuciamiento, especialmente para concentraciones mas grandes de 2%
en peso de PEG. A estas condiciones, la estructura de la membrana pas6
de ser “finger-like” a “sponge-like” en la superficie con macroporos en la
estructura porosa, la cual es poco selectiva y con mucha permeabilidad

hidraulica.

De la incorporacion de aditivos inorganicos en el proceso de modificacion

inducida por radiacion ultravioleta:

e EIl éxito de la modificacion superficial fue comprobado mediante las
técnicas de ATR-FTIR, SEM, EDX y AFM, cuyos resultados
demostraron la presencia de PEG/AI,O; en la superficie de la membrana

modificada.
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e La hidrofilicidad superficial de la membrana de PES mejord
significativamente tras la incorporaciéon de ambos aditivos, debido al
incremento del grado de modificacion.

e Esta técnica de modificacién provoco un descenso del tamafio de poro de
la membrana.

e Se demostr6 que el PEG limita la lixiviacion de nanoparticulas
inorganicas a través de la membrana.

e El rechazo a solutos orgénicos y las propiedades resistentes al
ensuciamiento mejoraron tras la modificacion.

e Grandes tiempos de irradiacion degradaron el material polimérico base de
la membrana y afectd negativamente la incorporacion de aditivos sobre la
superficie de PES, especialmente para PES/Al,O; membranas.

e El pH de la disolucion aditiva fue un parametro fundamental para obtener
una modificacion exitosa usando nanoparticulas de Al,Os. A pH 7, estos
compuestos forman aglomeraciones que dificultan su incorporacién en la
membrana.

e Las mejores condiciones para asegurar la adicion de nanoparticulas de
Al,O3 sobre la superficie de PES fueron 10 min de tiempo de irradiacion
UV a pH é&cido.

e Las membranas fotomodificadas mostraron altos valores de decoloracion
y eliminacion de DQO, especialmente las membranas de PES/AI,O; (0.5
% en peso) que presentaron las mejores propiedades frente al

ensuciamiento, manteniendo el TPC tan alto como fue posible (> 95 %).

Finalmente, la conclusion general proveniente de la comparativa entre ambos

métodos es la siguiente
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e En la incorporacion de material inorganico en la membrana polimérica,
las técnicas de modificacion superficial inducida por irradiacion UV
ofrece una gran ventaja en comparacion con la modificacién en el
proceso de fabricacién: dicho proceso modifica Unicamente las
propiedades superficiales de la membrana (la cual es responsable de la
selectividad y permeabilidad de la membrana) y mantiene las

caracteristicas mecanicas del polimero original.

VI1.2. Final conclusions.

In this Doctoral Thesis (or PhD Thesis), the preparation and development of
low-fouling polymer membranes by incorporating inorganic additives in their
structure to combine the unique properties of the inorganic compounds with those
from the base polymer were studied. An in-depth analysis of the structural changes
suffered by the membranes as well as chemical, hydrophilic and permselective
properties were performed in this study. In order to add these inorganic compounds
in the membrane structure, non-solvent induced phase separation (where additives
are incorporated in the polymer solution before membrane preparation) and UV-
induced surface modification (in which a porous substrate is irradiated by UV light
in the presence of inorganic/organic additives to introduce them on the surface

structure) were investigated.

After noting that both techniques are useful to add different compounds in the
polymer structure of a membrane, the following conclusions can be drawn from the

results obtained during this study:
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From the incorporation of inorganic additives in the membrane preparation

process:

Polymer concentration has much influence on the membrane properties.
High polymer concentrations caused a delay on the liquid-liquid phase
separation during the membrane formation and thus, a decrease in
membrane pore size. The structure became denser, obtaining a membrane
with higher selectivity and lower water permeability, and therefore a
membrane with higher intrinsic membrane resistance.

Both PES and PSU membranes showed higher solute rejection and were
more compatible with the inorganic additives, especially PES.

Different techniques such as SEM, ATR-FTIR, EDX, and AFM analyses
demonstrated the presence of the additives on the surface and in the
matrix structure of the different synthesised membranes.

Membrane hydrophilicity was improved after adding inorganic
compounds in the polymer solution and was confirmed by the results
obtained in porosity, EWC, and water contact angle measurements.

Both the increase of polymer concentration and the presence of additives
in the membrane structure yielded similar results, especially when
hydrophilic organic/inorganic mixtures were added. This combined
additive led to a more hydrophilic membrane with high antifouling
properties, due to the fact that the presence of these organic/inorganic
additives hindered the interactions between foulants and membrane
surface. These results were confirmed by the water contact angle, surface
roughness, porosity and equilibrium water content measurements.

The incorporation of inorganic nanoparticles caused the formation of
nano-sized pores on the pore walls, which were uniformly dispersed

along the entire membrane.
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o Irrespective of their hydrophobicity, ultra-low concentrations of inorganic
additives caused a structural change from a channel-like structure with
the presence of macrovoids to a finger-like structure with the partial or
total suppression of the macrovoids (the former in the case of ZnO/PES
and Al,Os/PES membranes and the latter in the case of WS,/PES
membranes). These results were confirmed by SEM analysis and cloud
point measurements.

e Ultra-low concentrations of inorganic additives in the membrane
structure significantly improved both solute rejection and antifouling
properties, which confirm the improvement of the membrane
hydrophilicity.

e At high additive concentrations, the presence of agglomerations in the
sublayer structure was observed.

o However, the presence of PEG/AIl,O; nanoparticles also helped the
formation of macrovoids in the porous sublayer. This negatively affected
the antifouling properties of the membranes, especially when PEG
content was higher than 2 wt%. In these conditions, the membrane
structure changed from finger-like structure to a sponge-like structure

with macrovoids, which leads to low selectivity and high permeability.

From the incorporation of inorganic additives in the membrane modification

process by UV irradiation:

e The success of the surface modification was corroborated by ATR-FTIR,
SEM, EDX, and AFM analyses, the results of which demonstrated the
presence of PEG/AI,O; nanoparticles on the surface of the photomodified

membranes.
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o Surface hydrophilicity was improved after the incorporation of both
additives.

¢ Modification process caused a decrease in membrane pore size due to the
increase of the degree of modification.

e PEG could suppress the leaching out of Al,O3 nanoparticles through the
membrane.

o Both solute rejection and antifouling properties of the membrane
improved after the surface modification techniques.

e Longer irradiation times degraded the polymer material and negatively
affected the incorporation of additives on the PES surface, especially for
PES/Al,O3 membranes.

o The pH of the additive solution proved to be a key parameter to obtain a
successful modification using Al,O; nanoparticles. At pH 7, these
nanoparticles formed agglomerations and clusters, which hindered the
incorporation of nano-sized Al,Os on the surface.

e The best conditions to ensure the incorporation of Al,Oz nanoparticles
onto the PES surface were 10 min of UV irradiation time at acidic pH.

¢ Modified membranes presented high values of decolourisation and COD
removal, especially for 0.5 wt% Al,Os/PES membranes, which showed
the best antifouling properties among all the photomodified membranes,
keeping the TPC as high as possible (> 95 %).

Finally, the general conclusion drawn by the comparison between both

modification methods is:

e In order to add inorganic compounds in the polymer structure or on its
surface, surface modification techniques induced by UV irradiation has a

great advantage in comparison with the membrane modification during
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the membrane formation: this process just modifies the surface properties
(which are responsible of both selectivity and permeability of the
membrane) and keeps intact the mechanical properties of the pristine
polymer.
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Futuras lineas de investigacion

El trabajo realizado durante la presente Tesis Doctoral abre una linea de
investigacion con una gran variedad de posibles trabajos derivados de la misma.
Dichos trabajos pueden contribuir a extender el conocimiento y el comportamiento
de los compuestos inorgdnicos en las propiedades de la membrana,
independientemente de su campo de aplicacion y su material. Del mismo modo, la
profundizacion en los procesos de ensuciamiento y de limpieza de membranas tras
su modificacion comprende un amplio abanico de posibilidades de estudio. En
resumen, algunas de las lineas de investigacion que se podrian emprender teniendo

este trabajo como base o referencia son las siguientes:

e Estudiar y profundizar en el comportamiento de compuestos inorganicos
en membranas de matriz mixta aplicado a aguas residuales reales, tales
como fraccionamiento de lactosuero, obtencidon de productos de valor
afiadido y eliminacidn de productos farmacoldgicos de aguas residuales.

e Profundizar en el estudio del ensuciamiento de las membranas
modificadas con diferentes efluentes industriales en ensayos de larga
duracion, analizando al detalle el proceso de ensuciamiento y
transferencia de materia ocurridos durante el proceso de separaciéon. Con
esta informacion, determinar los aditivos a utilizar y sus concentraciones
Optimas para favorecer las propiedades permeselectivas de las
membranas.

o Modelar el proceso de ensuciamiento con aguas residuales reales
utilizando ecuaciones descriptivas de distintos modelos matematicos que
permitan describir y predecir el comportamiento de dicho proceso.

e Hallar la concentracion 6ptima de aditivo PEG/AI,O; a la cual se obtiene
la mayor recuperacion de compuestos fendlicos, reduciendo al méaximo su

ensuciamiento.
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e Profundizar en la caracterizacion de las propiedades de membranas
modificadas mediante radiacion ultravioleta en presencia de materiales
inorganicos y organicos de distinta naturaleza y caracter hidrofilo.

e Estudiar la complejidad del proceso de inversion de fase con el diagrama
ternario y predecir los efectos de las adiciones de compuestos organicos e
inorgéanicos sobre una estructura polimérica.

e Analizar la viabilidad econémica y el dimensionamiento a escala
industrial de las modificaciones utilizadas y sugeridas en esta Tesis
Doctoral.

e Estudiar y aplicar la modificacién de membranas a distintos procesos de
separacion por membranas, tales como pervaporacion, nanofiltraciéon u
Osmaosis inversa.

e Estudiar la modificacién inducida por radiaciébn UV y todos los
parametros que influyen en ella con el fin de pasar de una membrana
porosa de ultrafiltracién a una membrana completamente cerrada y densa

de ésmosis inversa.
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VIII.1. Lista de variables

A Avrea superficial de la muestra (m?)

Aszo Absorbancia a 440 nm (adimensional)

Ao Absorbancia a 700 nm (adimensional)

An Avrea efectiva de membrana (m?

Aafter Longitud de la muestra tras el proceso de fabricacion (cm)

Atheoretical Longitud de la muestra tedrica previa al proceso de fabricacion
(cm)

abshrinkage ~ Relacion de la disminucion de dimensiones de la muestra en el
plano XY (cm)

Daster Anchura de la muestra tras el proceso de fabricacién (cm)

Diheoretical Anchura de la muestra tedrica previa al proceso de fabricacién

(cm)

Ca Concentracion del soluto en la corriente de alimento (%p/p)

CBT Temperatura del bafio de coagulacién (°C)

Ct tec Concentracion de compuestos fendlicos totales en el alimento
(Wt%)

CODy Demanda quimica de 6xigeno en el alimento (g O,/L)

COD, Demanda quimica de 6xigeno en el permeado (g O,/L)

Cp Concentracion del soluto en la corriente de permeado (%p/p)

Cp 1rc Concentracion de compuestos fendlicos totales en el permeado
(%p/p)

Das Difusividad del soluto (cm?/s)
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DC
DM

FD

hafter
hshrinkage

htheoretical

J

Jo
(L/m%h)

Ji
(L/m%h)

Jn

Decoloracion (%)

Grado de modificacion (ug/cm?)

Grado de ensuciamiento (%)

Espesor de la muestra tras el proceso de fabricacion (um)

Relacion de la disminucidn del espesor de la muestra (%)

Espesor de la muestra tedrica previa al proceso de fabricacion (pm)
Densidad de flujo de permeado en el estado estacionario (L/m?-h)

Densidad de flujo de agua al final del test de compactacién

Densidad de flujo de permeado durante la ultrafiltracién de soluto

Densidad de flujo de permeado al principio del ensayo de

ensuciamiento (L/m?-h)

Je

Densidad de flujo de permeado al final del ensayo de

ensuciamiento (L/m?-h)

Jp
Jw
k
Mo

Mp

N (0 Np)

NFR

Densidad de flujo de permeado (L/m?-h)

Densidad de flujo de permeado de agua (L/m?-h)
Constante de Boltzmann (adimensional)

Peso inicial de la muestra (ug)

Peso tras la modificacion de la muestra (ug)

Peso molecular (Da) y (g/mol)

Numero de puntos en el area estudiada (adimensional)

Cociente de densidad de flujo normalizado (%)
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ODy

oD,

Quw

RCOD

RFR

T

\Y

Densidad Optica de la disolucion de alimento (adimensional)
Densidad Optica del permeado recogido (adimensional)
Permeabilidad hidraulica o al agua (L/m?-h-MPa) y (L/m?-h-bar)
Caudal de agua (m®/s)

Coeficiente de rechazo de soluto (%)

Coeficiente de rechazo de demanda quimica de oxigeno (%)
Coeficiente de densidad de flujo relativo (%)

Radio de Stokes-Einstein (cm)

Radio medio de poro (m)

Resistencia intrinseca de la membrana (m™)

Coeficiente de rechazo de compuestos fendlicos totales (%)
Rugosidad media de la membrana (hm)

Raiz cuadratica media de la rugosidad (nm)

Intervalo temporal experimental (h)

Temperatura de la disolucion de alimento (°C)

Volumen total de permeado durante un intervalo temporal

experimental (L)

Wp
Ww
Z

Zavg

Peso de membranas en estado seco (g)

Peso de membranas en estado himedo (g)
Valores de altura de la muestra (nm)

Media de los valores de Z de una muestra (nm)

Valores de Z medido en un instante concreto (nm)
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VII1.2. Letras griegas

] Viscosidad intrinseca de polietilenglicol (dl/g)

AP Presion transmembranal

€ Porosidad de la membrana (%)

¢ Espesor de membrana (m)

n Viscosidad del disolvente o agua (N-s/m?)

0 Angulo de incidencia del haz de radiacion del cristal

u Viscosidad dinamica del agua (Pa-s)

Pp Densidad del polimero a temperatura ambiente (g/cm®)

pw Densidad de agua desionizada a temperatura ambiente (g/cm®)

VII1.3. Abreviaturas

AA Acido acrilico

AAM Acrilamida

AFM Microscopia de fuerza atbmica
ATR Reflectancia total atenuada

ATR-FTIR Espectroscopia infrarroja por transformada de Fourier de

reflectancia total atenuada

BF Benzofenona
BSA AlbUmina de suero bovina
CA Acetato de celulosa
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CA-FTIR
abierto

CBIT
COD

DIPS
DMA
DQO
EDA

EDX

EIPS

EWC
FTIR

HA

HEMA

MF
MMMs
MPDA
MWCO
NC

NF

Espectroscopia infrarroja por transformada de Fourier de camino

Centro de Biomateriales e Ingenieria Tisular
Demanda quimica de oxigeno

Diffusion induced phase separation
N,N-Dimetilacetamida

Demanda quimica de oxigeno

Etilenodiamina

Espectroscopia de dispersion de energia de rayos X
Separacion de fase inducida por evaporacion
Contenido de agua en el equilibrio

Espectroscopia infrarroja por transformada de Fourier
Acido humico

2-hidroxietil metacrilato

Acido itaconico

Infrarroja

Microfiltracion

Membranas de matriz mixta

1,3-fenilendiamina

Umbral de corte molecular (molecular weight cut-off)
Nitrato de celulosa

Nanofiltracion
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NIPS

NMP

NOM

NTU

NVP

Ol

oMW

PA

PAH

PAN

PCs

PE

PEG

PEI

PES

PMMA

PP

PSU

PU

PVA

PVvC

Separacion de fase inducida por un no-disolvente
N-metil-2-pirrolidona

Materia natural organica

Unidades nefelométricas de turbidez
N-vinil-2-pirrolidona

Osmosis Inversa

Aguas residuales procedentes del prensado de aceituna
Polimero

Poliamida

Hidrocloruro de polialilamina
Poliacrilonitrilo

Compuestos fendlicos

Polietileno

Polietilenglicol

Poliéterimida

Poliétersulfona
Polimetrilmetacrilato

Polipropileno

Polisulfona

Poliuretano

Alcohol de polivinilo

Policloruro de vinilo
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PVDF

PWF

SEM

SMM

TFC

TIPS

TOPW

TPC

UF

UPV

uv

UV-VIS

VIPS

WCA

Polifluoruro de vinilideno

Densidad de flujo de agua pura

Microscopia electronica de barrido
Moléculas modificadoras de superficie
Thin-film composite

Separacion de fase inducida por temperatura
Aguas residuales procedentes del procesado de la aceituna de mesa
Compuestos fendlicos totales

Ultrafiltracion

Universitat Politécnica de Valencia
Ultravioleta

Ultravioleta-Visible

Separacion de fase inducida por vapor

Angulo de contacto con agua
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