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RESUMEN (en espafiol)

La principal ventaja que presentan los xerogeles organicos y de carbono reside en que
su porosidad puede ser disefiada a medida para la aplicacién en la que se quieran utilizar
estos materiales. A pesar de las ventajas que ambos materiales presentan, la mayoria de
las aplicaciones se centran en el uso del xerogel de carbono, y deja en un segundo plano
a su homélogo orgéanico. Sin embargo, este Ultimo es un producto mucho méas barato ya
gue no requiere de tratamientos a altas temperaturas. Ademas, en los Ultimos afios se ha
desarrollado y optimizado la utilizacion de la tecnologia microondas en la sintesis de
estos materiales permitiendo asi su produccién de forma econdémica a nivel industrial e
incrementando asi su atractivo para ser utilizados directamente en cualquier aplicacion.
En la presente Tesis Doctoral, se ha estudiado el efecto de la proporcion de metanol de
la disolucion de formaldehido como nueva variable a tener en cuenta a la hora de
disefiar las propiedades porosas de estos materiales a medida de la aplicacién. Ademas,
se han estudiado las ventajas e inconvenientes que presenta la utilizacion de
catalizadores basicos o acidos en la disolucion precursora del material.

Sin embargo, no solo las propiedades porosas repercuten sobre la aplicabilidad de estos
materiales, sino que su quimica superficial también juega un papel relevante en este
aspecto. Por este motivo, se ha estudiado y modificado la naturaleza quimica de la
superficie de estos materiales para la obtencion de xerogeles organicos hidréfilos,
hidréfobos y superhidrofobos, a través de diferentes tratamientos.

Los resultados obtenidos de estos estudios permiten poder disefiar las propiedades
porosas y quimicas de los materiales finales obtenidos. Finalmente, este control de las
propiedades ha permitido evaluar su utilizacion diferentes aplicaciones.

RESUMEN (en Inglés)

The main advantage of organic and carbon xerogels is that their porosity can be tailor-
made to be used in a specific application. Despite the advantages of both materials,
most applications exploit the carbon xerogel, leaving its organic counterpart in the
background. However, the latter is a much cheaper product as it does not require
treatments at high temperatures. In addition, in recent years the use of microwave
technology has been developed and optimized for the synthesis of these materials,
allowing them to be produced economically at an industrial level while increasing their
appeal as they are ready for direct use.




In this Doctoral Thesis, the effect of the methanol content of formaldehyde solution has
been studied as a new variable to be taken into account when designing the porous
properties of these materials for a specific application. In addition, the advantages and
disadvantages of using basic or acid catalysts in the precursor solution of the material
have been studied.

However, not only do porous properties affect the applicability of these materials but
their surface chemistry also plays a relevant role. For this reason, the chemical nature of
the surface of these materials has been studied and modified to obtain hydrophilic,
hydrophobic and superhydrophobic organic xerogels, by means of different treatments.
The results obtained from these studies have made it possible to optimize the porous
and chemical properties of the final materials and to evaluate their effectiveness to
different applications.
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Resumen

La principal ventaja que presentan los xerogeles orgénicos y de carbono
reside en que su porosidad puede ser disefiada a medida para la aplicacion en
la que se quieran utilizar estos materiales. A pesar de las ventajas que ambos
materiales presentan, la mayoria de las aplicaciones se centran en el uso del
xerogel de carbono, y deja en un segundo plano a su homélogo organico. Sin
embargo, este Ultimo es un producto mucho mas barato ya que no requiere de
tratamientos a altas temperaturas. Ademas, en los Ultimos afios se ha
desarrollado y optimizado la utilizaciébn de la tecnologia microondas en la
sintesis de estos materiales permitiendo asi su produccién de forma econémica
a nivel industrial e incrementando asi su atractivo para ser utilizados

directamente en cualquier aplicacion.

En la presente Tesis Doctoral, se ha estudiado el efecto de la proporcion
de metanol de la disolucién de formaldehido como nueva variable a tener en
cuenta a la hora de disefiar las propiedades porosas de estos materiales a
medida de la aplicacion. Ademas, se han estudiado las ventajas e
inconvenientes que presenta la utilizacion de catalizadores basicos o &cidos en

la disolucion precursora del material.

Sin embargo, no solo las propiedades porosas repercuten sobre la
aplicabilidad de estos materiales, sino que su quimica superficial también juega
un papel relevante en este aspecto. Por este motivo, se ha estudiado y
modificado la naturaleza quimica de la superficie de estos materiales para la
obtencion de xerogeles orgénicos hidrofilos, hidréfobos y superhidréfobos, a

través de diferentes tratamientos.

Los resultados obtenidos en esta Tesis Doctoral permiten poder disefiar
las propiedades porosas y quimicas de los xerogeles organicos potenciando

aun mas su versatilidad y por lo tanto sus multiples aplicaciones.
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Abstract

The main advantage of organic and carbon xerogels is that their porosity
can be tailor-made to be used in a specific application. Despite the advantages
of both materials, most applications exploit the carbon xerogel, leaving its
organic counterpart in the background. However, the latter is a much cheaper
product as it does not require treatments at high temperatures. In addition, in
recent years the use of microwave technology has been developed and
optimized for the synthesis of these materials, allowing them to be produced
economically at an industrial level while increasing their appeal as they are

ready for direct use.

In this Doctoral Thesis, the effect of the methanol content of
formaldehyde solution has been studied as a new variable to be taken into
account when designing the porous properties of these materials for a specific
application. In addition, the advantages and disadvantages of using basic or

acid catalysts in the precursor solution of the material have been studied.

However, not only do porous properties affect the applicability of these
materials but their surface chemistry also plays a relevant role. For this reason,
the chemical nature of the surface of these materials has been studied and
modified to obtain hydrophilic, hydrophobic and superhydrophobic organic

xerogels, by means of different treatments.

The results obtained in this Doctoral Thesis have made it possible to
optimize the porous and chemical properties of the organic xerogels enhancing

even more their versatility and their potential use in a wide range of applications.
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Prologo

La presente Tesis Doctoral estudia el disefio tanto de las propiedades
texturales de los xerogeles resorcinol-formaldehido como de su quimica
superficial. El trabajo desarrollado incluye el estudio de distintas variables que
afectan al proceso de sintesis, la incorporacion de nuevas técnicas de
modificacion superficial en estos materiales y el disefio de la combinacién
Optima de porosidad y mojabilidad para aplicaciones muy diversas: soportes

para biomoléculas y materiales desecantes.

Esta memoria estd comprendida por: un capitulo de libro, una patente y
ocho publicaciones en revistas cientificas, algunas aldn pendientes de
aceptacion (Tabla 1), obtenidas a lo largo del periodo de tesis. Para facilitar su
comprension, la tesis se ha dividido en los bloques representados en la Figura
1.

EXPERIMENTAL

INTRODUCCION

BIBLIOGRAFIA

i

DISENO DE LAS
PROPIEDADES
POROSAS

CONCLUSIONES

DISENO DE LA
QuiMIcA
SUPERFICIAL

Figural. Estructura de la memoria.
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El Capitulo 1, Introduccidn, contiene un breve resumen de lo que se
encuentra desarrollado dentro del Capitulo de libro que se incluye en este
bloque. Aqui se detallan los aspectos mas relevantes de los geles de carbono:
gué son los xerogeles, su proceso de sintesis, sus propiedades, el efecto de
cada una de las variables que afectan en el proceso, la quimica de los
materiales, sus posibles aplicaciones y las perspectivas que tienen de futuro.
Ademas, en este capitulo también se hace un repaso de la utilizacién de la
radiacidbn microondas en la sintesis de diferentes compuestos quimicos y los

avances que esto supuso en la industria.

El Capitulo 2, Planteamiento de la Tesis, relata los antecedentes del
grupo de investigacién MCAT, en el que se ha desarrollado esta Tesis Doctoral,
que suponen los cimientos sobre los que se ha desarrollado este trabajo. Estos
estudios previos generan la necesidad de abordar los objetivos planteados en
el presente trabajo, los cuales desembocan en un (nico objetivo global:
controlar tanto la porosidad como la quimica superficial de los xerogeles

resorcinol-formaldehido para su utilizacién en mdltiples aplicaciones.

El Capitulo 3, Experimental, describe los procedimientos realizados
para la sintesis de los materiales desarrollados a lo largo de la memoria, asi

como las técnicas experimentales empleadas para su caracterizacion.

El Capitulo 4, Disefio de las propiedades porosas, tiene su base en el
trabajo desarrollado en el grupo de investigacion MCAT durante las Tesis
Doctorales anteriores, donde se detalla el efecto que tiene cada una de las
variables conocidas hasta entonces sobre el material final obtenido. Sin
embargo, la Publicacion | y Il, relatan el estudio de una variable nueva que no
se habia tenido en cuenta hasta la fecha: la proporcién de metanol utilizada
como estabilizante en la disolucién de formaldehido comercial. Estos estudios
surgen de la necesidad de resolver la falta de reproducibilidad en los materiales
cuando se cambia de proveedor de este reactivo, debido a la falta de

homogeneidad entre las distintas casas comerciales.
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Una vez controladas todas las variables quimicas incluidas en el
proceso de sintesis, se estudid la posibilidad de producir materiales con
propiedades diferentes mediante la utilizacion de un catalizador &cido en la
disolucién precursora en vez de la base comunmente utilizada (Publicacion 111).
El control de las propiedades porosas permitié disefiar una serie de materiales
en el rango de mesoporos para evaluar su aplicabilidad como soportes de

biomoléculas (Publicacién V), permitiendo su recuperacién y reutilizacién.

El Capitulo 5, Disefio de la quimica superficial, pretende dar un paso
mas alla a la hora de disefiar xerogeles organicos para distintas aplicaciones,
ya que las propiedades quimicas de los materiales también repercuten en su
eficacia. De esta forma, el capitulo se divide en dos bloques principales. En el
primer bloque, se evalla la capacidad de los xerogeles organicos para ser
utilizados como materiales desecantes (Publicacién V). Se observa entonces
que, no sélo funcionan de forma prometedora para esta aplicacién, sino que
presentan mejores resultados que materiales comerciales que se utilizan en la
actualidad para este mismo fin. Este hecho dio lugar a una Patente y a un
segundo estudio (Publicacion VI) en el que se optimiza la capacidad de
adsorcion de humedad por parte del material a través del disefio de sus

propiedades texturales.

Aunque la quimica original hidrofila de los xerogeles orgénicos puede
ser (til para algunas aplicaciones, como la mencionada anteriormente, puede
ser desfavorable para otras posibles aplicaciones como el aislamiento térmico o
la adsorcion de aceites. Por este motivo, el segundo bloque del Capitulo 5,
muestra la obtencion de materiales super/hidréfobos mediante la modificacion
superficial de los materiales organicos a través de dos diferentes vias: pasivado

con un silano (Publicacion VII) y con metanol en fase vapor (Publicacion VIII).

El Capitulo 6 recoge las Conclusiones obtenidas a lo largo de toda la
Tesis Doctoral, las cuales responden a los objetivos planteados y dan lugar a la
posibilidad de disefiar xerogeles RF con porosidad y quimica superficial

totalmente a medida de la posible aplicacion final.
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El Capitulo 7, Bibliografia, recoge todas las referencias bibliograficas
citadas a lo largo de la memoria, no incluidas en las publicaciones, sobre las
gue se sustenta el trabajo aqui desarrollado.

Finalmente, en el Anexo se incluyen las contribuciones a congresos

derivados del trabajo aqui descrito.
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1. Introduccion

En esta Tesis Doctoral se consideran geles organicos a los materiales
nanoporosos obtenidos a través de la reaccién de polimerizacién entre un
benceno hidroxilado y un aldehido, en un medio de reaccién [1]. Los
mondémeros mas comunmente utilizados para la sintesis de este tipo de
materiales son el resorcinol y el formaldehido [2-4] (Figura 2), aunque también
se pueden utilizar otros precursores mas baratos y/o ecol6gicos como pueden

ser el fenol [5], la hexamina [6], el furfural [7], la urea [8], los taninos [9], etc.

Figura 2. Estructura molecular del resorcinol (izq) y el formaldehido (dcha).

La obtencién de dichos materiales tiene lugar a través de una reaccion
tipo sol-gel que se divide en tres etapas principales [10] (Figura 3): i)
polimerizacion, donde los mondmeros comienzan a entrecruzarse formando
ndcleos llamados nddulos, ii) curado, donde se entrecruzan los nédulos
formados en la etapa previa y la estructura toma estabilidad, y iii) secado,
donde se elimina el exceso de disolvente. El cambio de sol a gel visualmente se

traduce en una pérdida de fluidez de la disolucién inicial, formandose una fase
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viscosa que va tomando consistencia segun avanza la reaccion hasta formarse

finalmente un sélido [11].

Disolucion Suspension Estructura Gel organico

precursora coloidal tridimensional
Figura 3. Etapas de la sintesis de un gel organico.

Las proporciones de los reactivos utilizados en la disolucion precursora
determinan tanto la velocidad de polimerizacion como la forma en que ésta
ocurre y, en consecuencia, también la estructura del gel resultante. Por este
motivo, en la bibliografia podemos encontrar multiples estudios que detallan el
efecto de cada una de las variables que participan en este proceso sobre la
estructura final del gel, tales como: tiempos de sintesis [12], volumen de mezcla
utilizado, pH de la disolucién precursora [13], tipo de catalizador [14],
proporcion de disolvente utilizado [4], proporcion entre los monémeros [15],
porcentaje de estabilizante de la disolucion de formaldehido [16], etc. EI mayor
problema reside en que, no sélo hay gran numero de variables, sino que
existen sinergias entre ellas, es decir se encuentran interconectadas, de
manera que la alteracién de cualquiera de ellas modifica de forma directa el
comportamiento de las otras. Por este motivo se requiere del uso de programas
estadisticos que permitan evaluar de manera global el efecto de todas estas
variables y poder asi diseflar materiales con porosidad controlada y especifica

para una aplicacién concreta [15, 16].

Una vez completada la fase de curado se procede a la eliminacién del
disolvente que queda contenido en la estructura del gel (etapa de secado). La

metodologia empleada en esta etapa determina la estructura, y por tanto las
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propiedades, del gel organico obtenido. Existen tres métodos de secado
dependiendo de las condiciones de operacion utilizadas para la eliminacion del
disolvente [10, 17, 18]: i) condiciones supercriticas, que da lugar a los llamados
aerogeles, ii) condiciones criogénicas, que da lugar a los llamados criogeles, y
iif) condiciones subcriticas, que da lugar a los llamados xerogeles, materiales

en los que se centra esta memoria.

Para la obtencion de los xerogeles organicos, los materiales son
sometidos a un calentamiento moderado (alrededor de 85 °C). Hasta hace
relativamente poco, este proceso se realizaba mediante calentamiento
convencional utilizando hornos eléctricos, sin embargo se requerian tiempos
prolongados, de aproximadamente 5 dias, para completar la sintesis. En 2011,
el grupo de investigacion MCAT (Microondas y Carbones para Aplicaciones
Tecnolégicas), donde se ha llevado a cabo este trabajo, introdujo el
calentamiento con microondas en la sintesis completa del material organico [1].
Esto supuso una reduccién de los tiempos de sintesis en un 90 %, lo que se
traduce en tiempos totales de alrededor de 5 h, y un abaratamiento significativo

de los costes de produccion.

El producto derivado de este proceso es el llamado gel organico y
presenta una quimica superficial rica en grupos funcionales oxigenados, baja
densidad, baja conductividad térmica y eléctrica, y una porosidad controlable
(Figura 4). Si este material se somete a un proceso de carbonizacion
(tratamiento térmico a alta temperatura en atmosfera inerte), se obtiene el
llamado gel de carbono [19] (Figura 4). El material carbonizado mantiene su
meso-macroporosidad respecto a su homélogo organico, ya que esta estructura
porosa depende de los entrecruzamientos formados en la etapa de sintesis y
no se ve afectada por el tratamiento térmico posterior. Sin embargo, su
microporosidad aumenta de forma considerable, ya que estos poros son fruto
de huecos que dejan los volatiles dentro de los nddulos al desprenderse a altas
temperaturas. Si durante este tratamiento térmico, en lugar de utilizar una
atmoésfera inerte se utilizara un gas reactivo como puede ser el CO,, se

obtendria el llamado gel activado, cuya microporosidad es mucho mayor aun
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que el carbonizado, pero se asemeja en el resto de sus propiedades [20]. Sin
embargo, cualquier tratamiento térmico (carbonizacion o activacion) cambia de
forma radical la quimica del material, pasando de un alto contenido en oxigeno
(aproximadamente el 40 % en masa) a estar formado practicamente por
carbono en su totalidad (en torno al 98 % en masa). Como es de esperar, estos
cambios tienen repercusion sobre las propiedades del carbonizado, resultando
materiales mas densos, con buena conductividad eléctrica, gran area superficial
y mejor resistencia mecanica. En consecuencia, las distintas propiedades de
los materiales organicos y carbonizados hacen que las posibles aplicaciones de

ambos sean totalmente diferentes.
a) b)
‘ .
R F s
c) - d)
‘ Q
@

Figura4. a), b) y ¢) Xerogeles organicos con distintas texturas porosas y d) xerogel de
carbono.

Es interesante resaltar, que la mayoria de las aplicaciones encontradas
en la bibliografia donde se utilizan este tipo de materiales, hacen uso del gel de
carbono [21-23], dejando en un segundo plano al material orgénico. Sin
embargo, las cualidades del xerogel organico resultan atractivas en campos
diferentes a los de su homodlogo carbonizado, ya que sus propiedades

texturales, asi como su morfologia, pueden ser disefiadas en la misma medida
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gue se hacen con el material de carbono. Por ejemplo, su baja conductividad
térmica junto con una porosidad apropiada, hacen de estos materiales buenos
aislantes térmicos [24]. Asimismo, su alta porosidad y quimica controlable
posibilita su uso como materiales adsorbentes o como soportes para proteinas,
donde el didmetro de poro puede ser disefiado de forma especifica segun el
tamafio de la biomolécula que se quiera soportar. Ademéas, como se puede
comprobar en las publicaciones cientificas recogidas en la presente memoria,
los xerogeles organicos han demostrado ser prometedores para ser utilizados
como materiales desecantes (Publicacion V, Patente y Publicacion VI).
Ademas, como se detalla en el Capitulo 5, modificando la quimica superficial de
estos materiales (Publicacion VII y VIII), se abre una nueva via a aplicaciones

donde se requieren materiales porosos de naturaleza hidréfoba.

La posibilidad de producir estos materiales de forma rapida y barata
gracias al empleo de radiacion microondas durante toda la etapa de sintesis, en
conjunto con la ausencia de una posterior etapa de carbonizacién/activacion,
les convierte en materiales econ6micamente competitivos y escalables a nivel

industrial.

Mas informacién acerca de la sintesis de polimeros en microondas, asi
como de xerogeles de forma mas detallada (sus propiedades, como afecta
cada variable sobre la sintesis, como es su quimica, aplicaciones, perspectivas
de futuro, etc.) se puede encontrar en el capitulo del libro Sintesis de polimeros
en microondas, recogido en el libro Aplicaciones industriales del calentamiento

con energia microondas, que se presenta a continuacion.
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Sintesis de polimeros con 1 O
microondas

Isabel D. Alonso-Buenaposada, Ana Arenillas

Abstract

During the last 25 years microwave radiation has come to be accepted as a heating
source for chemical synthesis due to the number of advantages it offers. These include
a reduction in synthesis time, the possibility that it can be used without the need
of solvents and, above all, because it is an easy, fast and safe method. Moreover,
microwave technology has been shown to be scalable as it is already widely used in
the pharmaceutical industry, as a means of synthesising organometallic compounds
and polymers, of which vulcanised rubber (industrial scale) and organic gel (R+D
scale) are noteworthy examples.

Organic gels are polymeric materials with a great versatility due to the fact that their
porosity, surface chemistry and morphology can be tailored for a specific application
by controlling the variables which affect the synthesis process. Due to the rigorous
control of properties of these materials through a careful manipulation of the variables
used during the synthesis, they can be tailored for diverse applications (hydrogen
storage, thermal insulation, electrode supercapacitors, adsorbent materials, catalytic
supports, etc.).

Keywords: Microwaves, carbon xerogels, polymers, controlled synthesis.




CAPITULO 1

RESUMEN

Durante los ultimos 25 afios la radiacion microondas se ha consolidado
como fuente de calor aplicable a la sintesis quimica debido a sus mdltiples
ventajas, como son la notable reduccién de tiempos de sintesis, la posibilidad
de no usar disolventes y sobre todo que es un método facil, rapido y seguro.
Ademads, la tecnologia microondas ha mostrado ser perfectamente escalable,
utilizandose en la industria farmacéutica, sintesis de compuestos
organometalicos y en la sintesis de polimeros, entre los que destacan a nivel

industrial el caucho vulcanizado y a nivel de I+D+i los geles organicos.

Los geles organicos son materiales poliméricos con una enorme
versatilidad debido a que tanto su porosidad, su quimica superficial y su
morfologia pueden ser disefiados a medida de la aplicacion deseada,
controlando las variables que afectan en el proceso de sintesis. Debido al
exhaustivo control de las propiedades de estos materiales en funcién de las
variables utilizadas durante la sintesis, las posibles aplicaciones para las que
puede ser utilizado son muy diversas (almacenamiento de hidrégeno, aislante
térmico, electrodo de supercondensadores, material adsorbente, soporte

catalitico, etc.).
1. INTRODUCCION

Durante los ultimos 25 afios la radiacion microondas se ha consolidado
como fuente de calor aplicable a la sintesis quimica debido a las diferentes
ventajas que esta técnica proporciona con respecto al calentamiento

convencional.

La principal ventaja que presenta es la reduccion de los tiempos de
sintesis, ya que en muchos casos la velocidad de la reaccion puede llegar a
aumentar hasta 2-3 oOrdenes de magnitud, con respecto al calentamiento
convencional (S. Sinnwell & H. Ritter, 2007). Ademas, el calentamiento directo
de las moléculas hace que se produzca de forma mas répida, evitando
reacciones secundarias y obteniendo asi productos mas limpios y con mayor

rendimiento. Aunque la mayoria de estas mejoras se le atribuyen a los efectos
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térmicos producidos por este tipo de calentamiento, algunos de ellos no se
pueden reproducir por calentamiento convencional, por lo que son
considerados efectos no térmicos. Estos efectos especificos de la radiacion
microondas a menudo son asociados al calentamiento dieléctrico (R.
Hoogenboom & U.S. Schubert, 2007) en el cual, las moléculas muestran un
dipolo permanente que intenta alinearse con el campo electromagnético
aplicado, y para ello las moléculas rotan, friccionan y chocan entre ellas, lo cual
genera calor. Esto produce un perfil inverso de temperaturas (J. Rydfjord et al.,
2013), sobrecalentamiento de los disolventes a presién atmosférica (F. Chemat
& E. Esveld, 2001), o el calentamiento selectivo de algunos compuestos que
absorben en mayor medida la radiacién microondas (N.E. Leadbeater & H.M.
Torenius, 2002) . Por este motivo, esta técnica limita su aplicacién a medios
polares, ya que compuestos apolares no reaccionan ante un campo

electromagnético al no contener dipolos permanentes.

Las primeras investigaciones fueron llevadas a cabo con hornos
microondas domésticos, lo que hacia que la reproducibilidad de los resultados y
la seguridad durante los experimentos fuera escasa, debido a un insuficiente
control de la temperatura (A. Loupy, 2006). Hoy en dia las condiciones de
presion y temperatura se controlan mediante sistemas informéticos para evitar
la ruptura de los recipientes o explosiones (R.N. Gedye, F.E. Smith, & K.C.
Westaway, 1988; R. Giguere, 1989; R.J. Giguere, T.L. Bray, S.M. Duncan, & G.
Majetich, 1986), convirtiéndose asi en un método facil, rapido y seguro.
Ademas, de esta forma se evita el uso de bafios de aceite, los cuales son
altamente peligrosos y necesitan de largos tiempos para alcanzar la
temperatura deseada. El calentamiento por microondas cada vez es mas
utilizado para llevar a cabo reacciones sin disolvente, donde es un soporte
sélido el que absorbe la radiacibn microondas. Asi se evitan los peligros del
calentamiento del disolvente y se ahorra la evaporacion de estos, siendo asi

mas ecoldgico.

Ademas, la tecnologia microondas ha mostrado ser escalable para su

aplicacion a nivel industrial (A. Loupy, 2006)Il. Hoy en dia ya se utiliza en la
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CAPITULO 1

industria farmacéutica (C.O. Kappe & D. Dallinger, 2006), sintesis de
compuestos organometalicos (N.E. Leadbeater, 2010) y en la sintesis de
polimeros (R. Hoogenboom & U.S. Schubert, 2007; S.E. Mallakpour, A.R.
Hajipour, & S. Habibi, 2002; S. Sinnwell & H. Ritter, 2007). Posiblemente, el
polimero méas comun sintetizado con microondas a nivel industrial el caucho
vulcanizado, donde caucho crudo se calienta en presencia de azufre y da lugar
al caucho de color negro tan cual lo conocemos, mas duro y resistente al frio

(U. Jung, W.K. Lee, & K.T. Lim, 2011; E. Manaila et al., 2009; |I.R. Wayne,
1980).

En la ciencia de los polimeros, la aplicaciéon de tecnologia microondas
fue previa a la primera publicacién en 1986 (R. Gedye et al., 1986) que hablaba
de la sintesis organica asistida por microondas. En 1979, Gourdenne (A.
Gourdenne, A. Maassarani, P. Monchaux, S. Aussudre, & L. Thourel, 1979)
publicé un entrecruzamiento entre poliéster insaturado con estireno utilizando
tecnologia microondas. En 1983 Teffal y Gourdenne (M. Teffal & A. Gourdenne,
1983) publicaron la polimerizacion de 2-hidroxietii metacrilato tanto en
microondas como en condiciones convencionales.

M Polimeros + microondas M Geles + microondas

Figura 1. Representacion gréafica del nUmero de publicaciones por afio que incluyan polimeros +
microondas Yy geles + microondas.
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Desde entonces la aplicacibon de microondas para la sintesis de
polimeros ha aumentado enormemente como se puede observar en la Figura 1.
Las investigaciones se centran principalmente en 3 &reas (R. Hoogenboom &
U.S. Schubert, 2007; S. Sinnwell & H. Ritter, 2007): (i) polimerizaciones
radicales, donde se produce una adicion sucesiva de mondmeros gracias a la
alta reactividad de los radicales. Es bastante comldn ya que son compatibles
con agua y se evita el uso de disolventes organicos. (ii) Polimerizaciones de
ciclo abierto, donde el final de una cadena polimérica actla como centro
reactivo, y un monoémero ciclico se abre para reaccionar con este, dando un
polimero de mayor longitud. Este tipo de reacciones dan lugar a polimeros de
alto peso molecular. Y finalmente, (iii) polimerizacién por etapas, basadas en el
acoplamiento de monémeros multifuncionales en etapas independientes, como
por ejemplo ocurre en la sintesis de un tipo de polimeros que pasan por un
estado sol-gel durante su sintesis y que se denominan geles organicos. Dado el
gran atractivo que han adquirido durante los ultimos afios, y la posibilidad de su
produccion industrial utilizando microondas, los trataremos en més profundidad

en este capitulo.

1.1. Geles organicos

Los geles organicos son materiales nanoporosos obtenidos a partir de la
reaccion de polimerizacibn entre bencenos hidroxilados (fenol, catecol,
resorcinol, hidroquinona, etc.) y aldehidos (formaldehido, furfural, etc.), en un
disolvente determinado (agua, metanol, acetona, etc.) segun el método de
Pekala (R. Pekala, 1989). Tras la polimerizacion, el gel se somete a una etapa
de secado para eliminar el disolvente, y dependiendo del método de secado
que se utilice, el gel obtenido va a tener distintas propiedades, y reciben
diferente denominacion (E.G. Calvo, A. Arenillas, & J. Menéndez, 2011) (Figura
2): (i) el secado en condiciones supercriticas tiene lugar bajo condiciones de
presion y temperatura muy altas. Preserva en gran medida las propiedades
texturales adquiridas durante la sintesis del gel, pero es extremadamente caro y

tarda mucho tiempo en realizarse. Da lugar a los llamados aerogeles (O.
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Czakkel, K. Marthi, E. Geissler, & K. Laszl6, 2005). (ii) El secado criogénico
consiste en congelar el disolvente y eliminarlo por sublimacion y posterior
desorcion. Se obtienen materiales con gran diametro de poro pero tiene un
coste muy alto, necesita de largos tiempos de secado. Ademas, tiene un
procedimiento complicado ya que requiere de intercambio de disolventes. Da
lugar a los llamados criogeles (B. Babi¢, B. Kaluderovi¢, L. Vracar, & N. Krstajic¢,
2004). Y finalmente, (iii) el secado en condiciones subcriticas, el cual consiste
en evaporacion del disolvente mediante aporte de calor, da lugar a los llamados
xerogeles (N. Job, F. Sabatier, J.-P. Pirard, M. Crine, & A. Léonard, 2006).

>

-

PRESION

5 FLUIDO SUPERCRITICO
LiQuiDo

Aero
SOLIDO sel

L 4

TEMPERATURA

Figura 2. Esquema de las diferentes condiciones de secado utilizadas en la sintesis de geles
organicos.

El secado por evaporacién (condiciones subcriticas) presenta varias
ventajas frente al secado supercritico 0 criogénico como por ejemplo, la
sencillez, y bajo coste del método, asi como el ahorro de tiempo comparado
con los otros dos métodos de secado (L. Zubizarreta, A. Arenillas, J. A.
Menéndez, et al., 2008). Por otra parte, cuando el disolvente en el interior de
los poros se evapora radpidamente, los poros son sometidos a tensiones altas
pudiendo provocar un colapso parcial de la estructura. Para reducir estas
fuerzas capilares, algunos autores (E. Gallegos-Suéarez, A.F. Pérez-Cadenas,

F.J. Maldonado-Hédar, & F. Carrasco-Marin, 2012; K. Kraiwattanawong, H.
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Tamon, & P. Praserthdam, 2011) intercambian el disolvente por uno con menor
tension superficial, como puede ser el hexano o la acetona, de forma que la
tension producida entre el disolvente y la superficie del poro se minimiza. De
todos modos, controlando adecuadamente las condiciones de secado, se
pueden obtener geles de carbono con porosidad controlada y un gran volumen
de poros, incluso utilizando un medio acuoso y sin hacer ningun intercambio de
disolvente previamente a la etapa de secado (N. Job, R. Pirard, J. Marien, & J.-
P. Pirard, 2004; N. Job et al., 2006).

La principal ventaja que presentan estos materiales reside en la
capacidad de disefiar su estructura porosa a medida para cada aplicacion de
forma especifica, pudiéndose obtener materiales en un amplio rango de

volimenes y tamafios de poro.

2. SINTESIS DE XEROGELES

Hoy en dia, el proceso de sintesis mas comun para xerogeles organicos
consiste en la polimerizacién de los mondémeros resorcinol y formaldehido en
medio acuoso. Es bastante frecuente la utilizacion de catalizadores, como
pueden ser el NaOH o Na,CO; (C. Moreno-Castilla & F.J. Maldonado-Hdédar,
2005; N. Rey-Raap, J. Angel Menéndez, & A. Arenillas, 2014b), los cuales

aceleran la reaccion de polimerizacion y modifican la porosidad del material.

Inicialmente los xerogeles eran sintetizados por calentamiento
convencional en su totalidad. Posteriormente, se introdujo el calentamiento con
radiacion microondas solo en la etapa de secado (N. Tonanon et al., 2006; L.
Zubizarreta, A. Arenillas, J. A. Menéndez, et al., 2008). Hoy en dia la sintesis
completa de los xerogeles organicos puede llevarse a cabo utilizando un horno
microondas como Unico dispositivo, lo que facilita enormemente el proceso de
sintesis. Ademas, al utilizar esta técnica la sintesis completa se reduce a 5 h,
frente a los 4-5 dias que se necesitan cuando se utiliza calentamiento
convencional (E.G. Calvo, E.J. Juarez-Pérez, J.A. Menéndez, & A. Arenillas,

2011; A.H. Moreno et al., 2013). Las variables fisicas del proceso de sintesis,
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como pueden ser la temperatura o el tiempo de sintesis, afectan en las
propiedades porosas del material pero ofrecen ciertos margenes, lo que es una
gran ventaja a la hora de escalar este proceso a nivel industrial. Hoy en dia la
empresa Xerolutions S.L. (www.xerolutions.com) ha llevado a cabo este
proceso de escalado para la produccion de xerogeles de carbono en
microondas con porosidad a medida para su aplicacion como electrodos para

supercondensadores.

El proceso de sintesis de los xerogeles organicos comprende 3 etapas:
polimerizacion, curado y secado. El mecanismo de polimerizacion entre el
resorcinol y el formaldehido puede observarse en la Figura 3. El resorcinol es
un compuesto bencilico trifuncional con dos grupos hidroxilo en las posiciones 1
y 3, lo que permite la adicién del formaldehido en las posiciones 2, 4 y 6. En la
primera etapa tiene lugar una reaccion de adicion favorecida en medio basico,
ya que el anién del resorcinol es una molécula mucho mas reactiva que la
molécula no cargada, favoreciendo asi la adicién del formaldehido en una

primera etapa y la formacion de derivados hidroximetilicos.

Adicién del formaldehido

OH (0} OH OH* OH
| o o) -~ CH,-“oH | CH, CH,*
( NaOH + ( OY .
\ ‘ LR v ¢ » — ‘ — | | [
OH OH OH ZoH o
CH,0H CH,OH CH,OH
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Figura 3. Mecanismo de polimerizacién entre el resorcinol y formaldehido.
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En la segunda etapa tiene lugar la condensacion de dichos derivados
hidroximetilicos, estando esta etapa mas favorecida en medio &cido. Esta
condensacion da lugar a entrecruzamientos que en funcion del pH y las
concentraciones de los reactivos iniciales, daran lugar a materiales con

diferente porosidad.

Este proceso conlleva un cambio en la viscosidad de la disolucién,
pasando de ser una disolucién liquida a convertirse en un sélido con la forma
del recipiente en el que se encuentre (reaccién sol-gel). Al llevarse a cabo en
un dispositivo microondas, es posible registrar en tiempo real la energia
consumida por el microondas. De esta forma, es posible determinar el punto
exacto en el que ocurre el cambio de fase sol-gel (punto de gelacion, ver Figura
4), ya que la representacion de la energia acumulada frente al tiempo da lugar
a dos rectas de diferente pendiente, y cuyo punto de corte corresponde a ese
cambio de fase del material (E. G. Calvo et al., 2011; E.J. Juarez-Pérez, E.G.
Calvo, A. Arenillas, & J.A. Menéndez, 2010). Gracias a este procedimiento, se
puede detener el proceso de sintesis en el momento preciso pudiendo asi
controlar la viscosidad del medio de reaccién. La determinacién del punto de
gelacion resulta de gran utilidad cuando se quieren sintetizar geles de carbono
con formas especificas (esferas, monolitos, etc.) para aplicaciones concretas
gue exijan determinada morfologia (J.A. Menéndez, E.J. Juarez-Pérez, E.
Ruisanchez, E.G. Calvo, & A. Arenillas, 2012; L. Zubizarreta, J.A. Menéndez,
J.J. Pis, & A. Arenillas, 2009).

Punto de gelacion

Tiempo

Figura 4. Determinacion del punto de gelacién.
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Posteriormente a la etapa de polimerizacion se encuentra la etapa de
curado, en la cual se favorecen los entrecruzamientos de la estructura del gel
orgéanico, y el polimero formado se estabiliza. Y finalmente, en la etapa de
secado, los restos de disolvente que hayan quedado retenidos en la estructura

se eliminan mediante evaporacion.

De esta forma se obtiene el gel orgénico utilizando anicamente un horno
microondas, lo cual presenta muchas ventajas frente a la sintesis por
calentamiento convencional, como que el proceso de calentamiento es mucho
mas rapido, volumétrico, selectivo al agua que hay que evaporar, se utiliza un

Unico dispositivo compacto y de bajo coste y es perfectamente escalable.

Para obtener el llamado gel de carbono, el gel organico obtenido tras la
sintesis en microondas se somete a un calentamiento a 700°C en atmosfera
inerte. Tras este tratamiento, el material sufre un cambio tanto en las
propiedades quimicas como en las porosas (S.A. Al-Muhtaseb & J.A. Ritter,
2003). El gel organico tiene un alto contenido en oxigeno (65 % carbono, 5%
hidrogeno, y 30% oxigeno) en forma de grupos fendlicos a lo largo de la
superficie del material, mientras que el gel de carbono tiene una estructura
ordenada puramente carbonosa (carbono en mas de un 95 %). El material final
experimenta un gran desarrollo de la microporosidad, manteniendo
practicamente constante la meso-macroporosidad disefiada durante la sintesis
en microondas, sufriendo un ligero aumento en la densidad real. Todos estos
cambios hacen que las propiedades finales del gel organico y el carbonizado
difieran enormemente, por lo tanto seran utilizados en distintos tipos de

aplicaciones.
3. PROPIEDADES DE LOS XEROGELES

Una de las mayores ventajas que ofrecen los xerogeles de carbono es
su gran versatilidad, ya que la porosidad del material puede ser controlada a
medida de la aplicacion deseada. Esto se hace a través del control de las
variables quimicas y fisicas que intervienen en el proceso de sintesis, pudiendo

obtener materiales con propiedades muy dispares cuando estas se modifican.
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Las variables fisicas como el volumen de mezcla precursora empleada,
la temperatura o el tiempo total utilizado durante la sintesis, afectan a la
porosidad del material aunque en menor medida que las variables quimicas
(J.A. Menéndez et al., 2012; N. Rey-Raap et al., 2014b; N. Rey-Raap, J.A.
Menéndez, & A. Arenillas, 2014). Esto es una ventaja a la hora de escalar el

proceso a nivel industrial ya que permite ciertos margenes en su ejecucion.

Las variables quimicas no sélo tienen una enorme influencia sobre la
porosidad final del material, sino que ademas son dependientes entre si, lo que
exige un control preciso de las variables empleadas a la hora de disefar la
porosidad de un material (N. Rey-Raap, J. Angel Menéndez, & A. Arenillas,
2014a).

La estructura interna de los xerogeles se podria dividir en: (i) huecos en
el interior de los nédulos que tienen un didmetro inferior a 2 nm, los cuales se
conocen como microporos y (i) huecos entre los nédulos, los cuales se
denominan mesoporos, si su didmetro esta en el rango de 2-50 nm vy
macroporos cuando el tamafio de los huecos es superior a 50 nm, La
microporosidad se controla principalmente con tratamientos post-sintesis que
se realizan sobre material, ya que casi no se ve afectada por el proceso de
sintesis. Por otro lado, la meso-macroporosidad viene determinada por la
cantidad y tamafio de nddulos que se forman durante la sintesis, por lo que va
a depender de las principales variables quimicas a tener en cuenta, que son: la
concentracion y tipo de catalizador, las proporciones de reactivos utilizados, la
proporcién de estabilizante inherente en la disolucién de formaldehido utilizada,

y la proporcion de disolvente empleado como medio de reaccion.

Cabe destacar que todas estas variables estan interconectadas, y el
efecto final de cada una de ellas en la porosidad del material dependera de
todas las demés. Sin embargo, la Figura 5 muestra de forma esquemética el

efecto general de cada una de estas variables quimicas.
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Nucleacidon Noédulos pequefios Menos entrecruzamiento
4 ¢
X Mas débil
pH alto Mayor dilucién
Meso-macroporos Nodulos grandes Maés entrecruzamiento

Microporos , . /
P Mas resistente [

Menor % MeOH
Menor R/F

Figura 5. Representacion esquematica de diferentes tipos de estructura interna de xerogeles

organicos.

3.1. EIl catalizador

3.1.1. El efecto del pH

El pH del medio de reaccion esta determinado por la cantidad de
catalizador utilizado (N. Job et al., 2004; L. Zubizarreta, A. Arenillas, A.
Dominguez, J.A. Menéndez, & J.J. Pis, 2008). Atendiendo a la Figura 3, se
observa que la reaccion de polimerizacion esta favorecida en medios basicos,
con la formacién del anién del resorcinol. Esta reaccion da lugar a agregados
muy ramificados, produciendo particulas poliméricas (n6dulos) mas pequefas y
entrecruzadas entre si. Por el contrario, en condiciones de pH bajo, los
derivados hidroximetilicos tardan mas en formarse, generando asi una

estructura con noédulos de mayor tamafio y conectados en menor medida.
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Por este motivo el pH de la disolucion inicial es un factor determinante
en la obtencion de geles con distintas propiedades, ya que afecta al tamafio de
los nédulos o particulas poliméricas. Como se ha mencionado anteriormente,
los huecos entre nédulos son los que determinan la meso y macroporosidad,
por este motivo el pH de la disolucién precursora tiene un efecto directo en el
tamanio de los poros del material carbonoso final.

3.1.2. Tipo de catalizador

No sélo es importante la cantidad de catalizador afiadida a la mezcla
precursora (efecto del pH) sino que la naturaleza del catalizador también va a
influir sobre las propiedades finales del gel. Dado que cada catalizador tiene
una fuerza (pKa) diferente, la cantidad necesaria a afiadir sobre la disolucion
para alcanzar un mismo valor de pH sera distinta. En consecuencia, la
concentracion y tipo de heterodtomos que se afiaden a la disolucion también

son diferentes, los cuales afectan a la estructura final del material.

Aunque hay diferentes estudios sobre el tema (E.G. Calvo, 2015; N.
Cohaut, A. Thery, J. Guet, J. Rouzaud, & L. Kocon, 2007; N. Job, C.J.
Gommes, R. Pirard, & J.-P. Pirard, 2008; K. Kraiwattanawong, S.R. Mukai, H.
Tamon, & A.W. Lothongkum, 2007), parece ser que la variacion de la especie
catidnica tiene mayor repercusion que la anionica. Esto puede ser debido a la
diferencia de tamafios que suele haber entre estas especies, ya que si
enfrentamos un carbonato frente a un hidroxilo (cominmente utilizadas en
bibliografia) (E.G. Calvo, C. Ania, L. Zubizarreta, J. Menéndez, & A. Arenillas,
2010; C. Moreno-Castilla & F.J. Maldonado-Hédar, 2005), el primero genera
poros de mayores dimensiones debido a los impedimentos estéricos que
genera durante la sintesis. Por otro lado, cuando comparamos un carbonato o
un hidroxilo de sodio con su homdéloga sal de potasio, las diferencias son
despreciables (E.G. Calvo, 2015; N. Job et al., 2008).
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3.2. Relacion resorcinol-formaldehido

Las proporciones de los reactivos utilizados durante la sintesis son otro
factor determinante sobre la porosidad. Estas proporciones van a afectar sobre
el nimero y el tamafio de los nédulos formados durante la reaccién sol-gel, la
etapa de curado y el colapso parcial que puede tener lugar durante la etapa de
secado. En consecuencia, los huecos entre los nddulos variaran de tamairio,
afectando asi a su mesoporosidad y macroporosidad (N. Rey-Raap, A.
Arenillas, & J.A. Menéndez, 2015).

La mayoria de los autores utilizan proporciones estequiometrias
resorcinol-formaldehido, pero de acuerdo a Feng et al. (Y. Feng et al., 2013) un
aumento de la concentracién de formaldehido desplaza el equilibrio de la
reaccion hacia los productos. Esto sugiere que los nédulos se formardn mas
rapidamente, permaneciendo durante mas tiempo en la primera etapa de
nucleacién. Por lo tanto, se formara un menor niumero de nddulos pero de
mayor tamafo. Por contraposicion, una insuficiente cantidad de formaldehido

dard lugar a la formacién de nédulos de pequefio tamafio y muy entrecruzados.

3.3. Grado de dilucion

Otro factor importante es el grado de dilucién, que se puede definir
como el cociente molar del medio de reaccion empleado (agua, metanol, etc.)
frente a los mondmeros (resorcinol y formaldehido) (N. Job et al., 2004; N. Rey-
Raap, A. Arenillas, & J.A. Menéndez, 2016). El efecto del grado de dilucion o de
la proporcion de reactivos utilizado, como también aparece en la bibliografia, es
bastante controvertido, posiblemente debido a las diferencias que hay en el
método de sintesis y secado que se utiliza en cada caso (N. Job, A. Théry, et
al., 2005; N. Rey-Raap et al., 2014a; H. Tamon, H. Ishizaka, M. Mikami, & M.
Okazaki, 1997). Para el calentamiento con microondas la reaccion sol-gel tiene
lugar de una forma mucho mas rapida que con el calentamiento convencional,
por lo que el disolvente no tiene tiempo suficiente para evaporarse y la mayoria

queda retenido en la estructura. Esto afecta tanto a la reaccion de
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polimerizacion, como al secado, modificando a la estructura porosa del

material.

Una menor dilucion conlleva una mayor proporcion de RF en la
disolucion, y por consiguiente da lugar a la formacion de un mayor numero de
nédulos de menor tamafio. Por el contrario, un aumento de la dilucion lleva a la
formacion de menos nédulos pero de mayor tamafio. Por otro lado, si la dilucion
es grande, los entrecruzamientos entre nodulos seran escasos, generando
materiales con baja resistencia mecanica. Si la dilucion fuera aun mayor,
pudiera llegar incluso a no obtenerse el gel si la separacién entre los nédulos es
lo suficientemente grande como para evitar su entrecruzamiento (N. Rey-Raap,
A. Arenillas, et al., 2015).

3.4. Proporcion de metanol como estabilizante de la disolucion

de formaldehido

Las disoluciones de formaldehido comerciales contienen cierta
proporcion de metanol que se utiliza como estabilizante ya que, mediante la
formacion de hemiacetales/acetales (Figura 6) evita que el formaldehido
polimerice consigo mismo y precipite, y asi se asegura que la concentracién de
formaldehido en la disolucion permanezca invariable en el tiempo (I.D. Alonso-
Buenaposada, N. Rey-Raap, E.G. Calvo, J. Angel Menéndez, & A. Arenillas,
2015). El problema reside en que dependiendo de la casa comercial con la que
se trabaje, esta proporcion puede variar desde un 0.6 % hasta un 15 %. Ya que
las propiedades fisicas del agua y el metanol no son las mismas (punto de
ebullicién, punto dieléctrico, tensién superficial, etc.) esta proporcién afecta al
proceso de sintesis y por lo tanto a la porosidad (I.D. Alonso-Buenaposada,
2014).
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Formacion hemiacetal
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Figura 6. Mecanismo de estabilizacién del formaldehido.

Cuando el metanol reacciona con la molécula de formaldehido para
formar el hemiacetal, esa molécula deja de estar disponible para reaccionar con
el resorcinol, por lo que un aumento en la proporcién de metanol provoca un
efecto similar al de una disminucién en la proporcién de formaldehido. Ademas,
la reaccion de formacion de los acetales esta favorecida en medios acidos por
lo tanto, a pH mas acidos no sélo hay menor proporcién de aniones resorcinol
para reaccionar, sino que también hay menor proporcion de formaldehido, ya
gue este se encuentra en forma de hemiacetal. Esto da lugar a la formacién de
nédulos mas pequefios, los cuales dan lugar a materiales con poros de menor

tamano.

Por lo tanto, una disminucién de la proporcién de metanol provoca un
aumento del volumen total y del tamafio de poro y en consecuencia, una
disminucion de la densidad y un aumento de la porosidad. Aunque la
proporcion de metanol sobre el volumen total de la disoluciéon pudiera parecer
despreciable en un principio, un cambio del 0.6 al 12.5% puede llegar a
provocar un cambio de hasta dos 6rdenes de magnitud en el tamafio de poro,
dependiendo del resto de variables quimicas empleadas en la sintesis (I.D.
Alonso-Buenaposada et al., 2015). En consecuencia, muestras macroporosas
de bajo pH pueden llegar incluso a convertirse en mesoporosas cuando se

aumenta la proporcién de metanol.
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En la Figura 7 se observa la influencia de alguna de las variables
guimicas mencionadas hasta el momento. Como se puede apreciar en las
imégenes, las propiedades porosas de los xerogeles de carbono cambian
radicalmente en funcién de las condiciones de sintesis empleadas.

Figura 7. Influencia de alguna de las variables quimicas sobre la microestructura de xerogeles
RF.

3.5. Desarrollo de la microporosidad

Cuando se precisa de un mayor volumen de microporos, el gel se
somete a distintos tratamientos post-sintesis como pueden ser la carbonizacion,
la activacion fisica o la activacién quimica, ya que las condiciones de sintesis
apenas tienen influencia sobre la microporosidad (L. Zubizarreta, A. Arenillas,
A. Dominguez, et al., 2008).

Cuando el gel organico se carboniza (tratamiento a 700-900 °C en

atmosfera inerte) se genera un material con una estructura carbonosa de alta
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pureza, compuestos principalmente por carbono, térmicamente estable, con la
meso-macroporosidad que se ha disefiado en la sintesis del xerogel organico
pero con un aumento en el volumen de microporos. Asi, el area superficial
(Sger), pasa de tener alrededor de 200 m? g* en el caso del xerogel organico, a
desarrollar un area superficial especifica de 600 m? g™, manteniendo invariable
su meso-macroporosidad. Factores como la temperatura o la velocidad de
calentamiento durante la carbonizacion afectan de forma significativa sobre la
generaciéon de porosidad del material, por lo que varios estudios se han
centrado en la optimizacién de estas variables (A. Moreno, A. Arenillas, E.
Calvo, J. Bermudez, & J. Menéndez, 2013). Recientes estudios han
demostrado que la carbonizacion puede llevarse a cabo también por radiacién
microondas (D. Espinosa-Iglesias et al., 2015). Aunque esta técnica permite la
obtencion de materiales con mesoporosidad desarrollada, las propiedades
quimicas de estos materiales son diferentes a las obtenidas por calentamiento

convencional.

El tipo de atmosfera utilizada (inerte o reactiva) afecta tanto a la
porosidad como a la quimica superficial del material obtenido (C. Lin & J.A.
Ritter, 1997). Cuando se sustituye la utilizacién de un gas inerte por un gas
reactivo como CO; el desarrollo de la microporosidad es mayor, pudiendo llegar
a obtener areas superiores a los 2000 m? g cuando se optimizan los tiempos y
temperaturas de reaccion (E.G. Calvo, N. Ferrera-Lorenzo, J. Menéndez, & A.
Arenillas, 2013; M.S. Contreras et al., 2010). En este caso dejaria de llamarse

carbonizacién para pasar a llamarse proceso de activacion fisica.

Los geles también pueden ser activados quimicamente, mediante
reaccion quimica con distintos agentes activantes como el KOH (E.G. Calvo et
al., 2013; N. Rey-Raap, E.G. Calvo, A. Arenillas, & J.A. MENENDEZ, 2012: L.
Zubizarreta, A. Arenillas, J.-P. Pirard, J.J. Pis, & N. Job, 2008; L. Zubizarreta, A.
Arenillas, J.J. Pis, J.-P. Pirard, & N. Job, 2009) o H3PO,. (M. Jagtoyen, J.
Groppo, & F. Derbyshire, 1993). Este tratamiento se puede hacer tanto sobre el
gel organico como sobre el gel de carbono, y se puede llevar a cabo con

radiacion microondas (L. Zubizarreta, A. Arenillas, A. Dominguez, et al., 2008).

26



INTRODUCCION

No obstante, la porosidad generada en cada uno de los casos es totalmente
diferente. Cuando la activacion quimica se realiza tras el proceso de
carbonizacion, se obtienen materiales con una microporosidad bastante
desarrollada (valores de Sger en torno a 1500 m? g') y siempre se preserva, la
meso-macroporosidad definida durante la sintesis del gel organico. Por el
contrario, si se activa directamente un xerogel organico se puede llegar a
modificar total o parcialmente la meso-macroporosidad creada durante la
sintesis, pero se consiguen microporosidades mucho mas elevadas (Sger >
2000 m? g?) (E. G. Calvo et al., 2011).

3.6. Quimica de los materiales

Las propiedades quimicas del gel organico y el carbonizado son
diferentes ya que, tras el tratamiento térmico no so6lo se ve alterada su
estructura porosa sino que la composicién quimica del material también
cambia. El gel organico tiene un alto contenido en oxigeno (65 % carbono, 5 %
hidrogeno, y 30 % oxigeno) en forma de principalmente grupos fendlicos a lo
largo de la superficie del material, mientras que el gel de carbono apenas tiene
oxigeno en su composicion (carbono en mas de un 95 % de su peso). El gel de
carbono obtenido no tiene impurezas ya que es un producto sintético, y cuya

composicion va a depender de los mondmeros utilizados en la sintesis.

A parte de la influencia obvia que tiene la naturaleza de los monémeros
utilizados para la polimerizacion, se pueden alterar las propiedades quimicas
del material mediante activacion, oxidacibn o mediante procesos de dopado.
También es frecuente la utilizacion de surfactantes (N. Rey-Raap, S.
Rodriguez-Sanchez, et al., 2015), los cuales alteran la porosidad del material
de diferentes formas dependiendo de su naturaleza, y en muchas ocasiones

guedan retenidos en su estructura, cambiando asi su quimica.

El interés en modificar la quimica superficial del polimero reside en
potenciar la conductividad eléctrica del material (J.E. Thomas et al., 2010), en

introducir una fase activa cuando se utiliza en areas como la catalisis (C.
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Moreno-Castilla & F.J. Maldonado-Hédar, 2005; C. Moreno-Castilla, F.J.
Maldonado-Hdédar, J. Rivera-Utrilla, & E. Rodriguez-Castellon, 1999) o en
aplicaciones energéticas (E.G. Calvo et al., 2013; J. Zhang, F.D. Nie, W.F. Yu,
Q.X. Guo, & G.Y. Zeng, 2009). Este proceso de dopado puede tener lugar de
tres formas: (i) mediante mezcla directa del metal en la disolucion precursora,
(ii) utilizando un derivado del resorcinol que ya contenga el heteroatomo que se
quiera introducir en la estructura, y (iii) depositando el elemento sobre la
estructura del gel final mediante tratamientos post-sintesis. Dependiendo de la
naturaleza y cantidad del heterodtomo que se quiera introducir, la temperatura

de utilizacion de material final, etc. el método a utilizar sera distinto.

4. APLICACIONES DE LOS XEROGELES

Todas las caracteristicas de los xerogeles mencionadas a lo largo de
este capitulo muestran el gran atractivo que tienen estos materiales para su
utilizacién en diversas aplicaciones. El hecho de gque tanto la porosidad como la
quimica superficial puedan ser disefiadas a medida, hace que su utilizacién
pueda ser destinada a un gran nimero de aplicaciones muy diferentes entre si
ya que, dependiendo de estas propiedades, los geles tendran distinta area

superficial, volumen de poros, densidad, conductividad eléctrica y térmica, etc.

Se pueden diferenciar dos grandes grupos, dependiendo si se aplica el
gel organico de forma directa o tras su tratamiento térmico, ya que las
propiedades del material son totalmente distintas (Figura 8). El gel organico es
un material muy poco denso, de baja conductividad térmica y eléctrica, y con
una quimica rica en oxigeno. Geles organicos con diametro de poro menor de
50 nm y bajas densidades pueden tener propiedades de aislante térmico. Su
alta porosidad y la quimica controlable hace que se puedan utilizar como
absorbentes de metales pesados o que puedan utilizarse como soportes para
enzimas disefiando el didmetro de poro de forma especifica segun el tamafio

de la enzima.
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Figura 8. Diferentes aplicaciones de los geles organicos y de carbono.

Por otro lado, el gel de carbono tiene una estructura mas ordenada, es
un material conductor, térmicamente estable y tiene una composicion
carbonosa de alta pureza. Cuando se utilizan estos materiales en procesos de
adsorcion, con poros suficientemente grandes se minimizan las limitaciones por
difusion (N. Job, B. Heinrichs, et al., 2005). Sin embargo, cuando su utilizacién
va dirigida a almacenamiento de hidrogeno, se requiere de un gran desarrollo
de la microporosidad del material, con un tamafio de microporos concreto (L.
Zubizarreta, A. Arenillas, & J.J. Pis, 2009; L. Zubizarreta et al., 2010). Si se
utiliza como material para electrodos en supercondensadores, ademas de una
gran microporosidad, se requiere que tenga cierto volumen de mesoporos para
facilitar la difusividad del electrolito (E. Calvo et al., 2013; E.G. Calvo, N. Rey-
Raap, A. Arenillas, & J. Menéndez, 2014). En el caso de que se desee aplicar
como soporte para catalizadores, necesita una estructura porosa adecuada al
soporte y dispersion de las particulas metalicas que comprenden la reacciéon
catalitica, por lo tanto va a depender de cada reaccion catalitica de forma
concreta (C. Moreno-Castilla & F.J. Maldonado-Hodar, 2005; C. Moreno-Castilla
et al., 1999). De acuerdo a esto, las propiedades tanto fisicas como quimicas
de los xerogeles se disefian a medida segun las necesidades de cada

aplicacion.
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5. PERSPECTIVAS DE FUTURO

Como ya se mencioné anteriormente, los xerogeles resorcinol-
formaldehido han sido estudiados en detalle durante los ultimos afios (Figura
1). Uno de los problemas principales que presentaban estos materiales era los
largos tiempos que se requerian para su sintesis, cuando se utilizaba el
calentamiento convencional. Este problema ya fue solventado por E. G. Calvo
(E. G. Calvo et al., 2011) al reducir en un 90 % el tiempo de sintesis cuando se
empleaba calentamiento con microondas. Por otro lado, aunque el uso de los
mondmeros resorcinol-formaldehido esta ampliamente extendido en la sintesis
de xerogeles de carbono, existe cierta tendencia ser sustituidos por otros mas

baratos y ecoldgicos.

En la bibliografia se pueden encontrar sustituyentes del resorcinol como
fenol (C. Scherdel, R. Gayer, & G. Reichenauer, 2012), cresol (R. Zhang, Z.J.
Hu, S.L. Jin, X. Shao, & M.L. Jin, 2013; Y. Zhu, H. Hu, W.-C. Li, & X. Zhang,
2006), taninos (N. Rey-Raap, A. Szczurek, et al., 2015) o celulosa (B. Grzyb et
al., 2010). Entre estos, los taninos se consideran la opcién mas viable a escala
industrial debido a que son mas ecoldgicos, mas baratos y no son téxicos en su
manejo (F.L. Braghiroli et al., 2014). El formaldehido es el aldehido alifatico
mas simple que existe en la quimica. Su reactividad y sus pequefias
dimensiones le dotan de gran atractivo en la sintesis de xerogeles. No obstante
es un producto irritante, contaminante, inflamable, téxico y cancerigeno, por lo
gue su manejo debe ser minimizado, y su aplicaciébn en productos esta
altamente restringida. Sustituyentes como furfural (K. Kraiwattanawong, S.
Mukai, H. Tamon, & A. Lothongkum, 2008) o hexamina (D. Liu, J.-H. Lei, L.-P.
Guo, & K.-J. Deng, 2011) ya pueden encontrarse en la bibliografia, aunque aun
requieren de un estudio mas exhaustivo para obtener propiedades similares a

las que hoy en dia tienen los xerogeles de carbono basados en formaldehido.
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2. Planteamiento de Ia tesis

2.1. Antecedentes

Los xerogeles resorcinol-formaldehido han sido ampliamente estudiados
durante las ultimas décadas debido a las grandes ventajas que ofrecen (como
se detalla en la Introduccién). Inicialmente, estos materiales eran sintetizados
por calentamiento convencional, lo que implicaba largos tiempos en el proceso
de produccién y en consecuencia, un encarecimiento del producto final. Para
solventar este problema, el grupo de investigacion MCAT (Microondas y
Carbones para Aplicaciones Tecnoldgicas) donde se desarrolla esta Tesis
Doctoral, introdujo el calentamiento con microondas en la etapa de secado,
para posteriormente aplicarlo a la sintesis del material organico en su totalidad.
Esto supuso una reduccién de los tiempos de sintesis en un 90 %, lo que
implica un enorme ahorro energético y abre una via a la posibilidad de producir
estos materiales a escala industrial. Este novedoso proceso dio lugar a

Xerolutions S.L., (www.xerolutions.com) la EBT spin-off del grupo anteriormente

mencionado, que produce xerogeles de carbono como material para electrodos

de supercondensadores.

La principal ventaja que presentan los xerogeles RF, con respecto a
otros materiales porosos, reside en que su textura puede ser disefiada a
medida para la aplicacion final deseada mediante el control de las variables que

afectan al proceso de sintesis. Aunque las variables fisicas (temperatura,
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potencia del microondas, tiempos de gelacion, curado y secado, etc.) afectan a
la porosidad final del material, no lo hacen de forma tan relevante como las
variables quimicas, las cuales son ademas dependientes entre si
(Introduccién). El control de todas variables del proceso permite obtener
materiales de diferente porosidad en un amplio rango de anchuras de poro de
forma reproducible, lo que dota a los xerogeles de carbono de propiedades

fisicas y mecéanicas totalmente controladas y diferentes.

A pesar de que se tenia controlado el efecto de las variables quimicas
conocidas hasta entonces (el pH, el grado de dilucion y la proporcién R/F), se
observé que al cambiar de suministrador de la disolucion de formaldehido, las
propiedades finales de los xerogeles no eran predecibles. La Unica diferencia
entre los reactivos comerciales residia en la concentracion de metanol utilizado
como estabilizante en la disolucién. Nunca antes en la bibliografia se habia
hecho alusién al efecto de este aditivo, siendo en ocasiones incluso obviado en
la parte experimental. De esta forma surge la necesidad de estudiar el primer

objetivo planteado en la Tesis.

2.2. Objetivos

El PRIMER OBJETIVO de la presente Tesis consistié en determinar el
efecto de la proporcion de metanol de la disolucion de formaldehido sobre la
porosidad de los xerogeles de carbono (Publicaciones | y Il). Estos estudios
demostraron la necesidad de considerar esta nueva variable a la hora de

disefiar la porosidad de los xerogeles a medida de una aplicacion.

Aungue el rango de porosidades que se habian logrado hasta la fecha
era muy amplio, como SEGUNDO OBJETIVO se estudié la posibilidad de
modificar las propiedades mediante la utilizacion de &cido nitrico como
acelerador de la reaccion en vez del hidroxido sédico utilizado hasta entonces

(Publicacion I11).
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Esta mejora del control de las propiedades porosas fue utilizada para
disefiar materiales con diferentes tamafos de poro en el rango de mesoporos
con el fin estudiar su aplicabilidad como soportes para biomoléculas
(Publicacion V).

Ademaés de la textura porosa del material, su quimica superficial también
tiene especial relevancia a la hora de ser utilizado en cualquier aplicacién. De
hecho, la mayoria de las publicaciones encontradas en la bibliografia utilizan el
xerogel de carbono en vez del organico, lo que requiere de una etapa de
carbonizacién, que cambia totalmente la quimica del material, y encarece el
producto final. Sin embargo, los xerogeles organicos presentan unas
propiedades texturales similares a los carbonizados pero con una quimica
superficial diferente, ademas de unos costes de produccion relativamente bajos
debido al uso del calentamiento con microondas, siendo asi candidatos mas

que interesantes para su utilizacién en multiples aplicaciones.

Como ya es sabido, los xerogeles organicos resorcinol-formaldehido
tienen una quimica superficial rica en grupos funcionales oxigenados, lo que
implica que esta propiedad junto a su porosidad los convierte en materiales
potenciales para su utilizacion como desecantes. Por este motivo, el TERCER
OBJETIVO fue estudiar la capacidad de este material de actuar como
desecante frente a otros comunmente utilizados (Publicacién V) y su

optimizacion para éste mismo fin (Publicacion VI y Patente).

Esta elevada hidrofilia puede ser muy beneficiosa para algunas
aplicaciones. No obstante, la adsorcibon de humedad puede ser un
inconveniente para otras aplicaciones como puede ser el aislamiento térmico o
la utilizacion de estos materiales para la retencion de aceites en aguas. Por
este motivo, el CUARTO OBJETIVO de esta tesis fue modificar la quimica
superficial de los xerogeles orgéanicos resorcinol-formaldehido para convertir la

naturaleza de estos materiales en hidr6foba (Publicacion VIl y Publicacion VIII).

Todos estos objetivos mencionados nos llevan a un OBJETIVO

GLOBAL: disefar tanto la textura porosa como la quimica superficial de los
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xerogeles resorcinol-formaldehido para que puedan ser utilizados en mdltiples
aplicaciones.
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Experimental







3. EXPERIMENTAL

3.1. Reactivos

Tabla 2. Inventario de reactivos utilizados en esta memoria.

Compuesto Casa comercial

Resorcinol Indspec

Caracteristicas

99.6 % pureza

Formaldehido Quimica S.A.U.

37 % formaldehido®

Metanol AnalaR Normapur 100 % pureza

NaOH AnalaR Normapur 99.9 % pureza

NaOH Titripac, Merck 0.1 M

HNO; Merck 65 % en peso

HMDZ Basf 100 %

Citocromo C Sigma-Aldrich Corazén bovino, ref C2037
ABTS Sigma-Aldrich 98 % pureza

H,0, VWR Chemicals Normapur 30 %

(a) Se analizaron las concentraciones de metanol en las disoluciones utilizadas y resultaron entre 0.6 - 1.5 %
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3.2. Disefio de las propiedades texturales

3.2.1. Sintesis de xerogeles organicos

Para la realizaciéon de esta Tesis se han utlizado resorcinol (R) vy
formaldehido (F) como mondmeros precursores de la reaccion de
polimerizacion. Para la preparacion de la disolucion precursora, el resorcinol se
disuelve en agua desionizada mediante agitacion magnética hasta su total
disolucién. En otro vaso de precipitados, se mezcla formaldehido con metanol.
Ambas disoluciones se mezclan y se agita durante unos minutos para asegurar
homogeneidad en la disolucién final, la cual tiene un pH aproximado de 3. Para
moadificar el pH de la disolucién precursora se utilizan disoluciones de hidréxido
sédico (NaOH) de diferentes molaridades, o &cido nitrico (HNO3) en el caso de
la Publicacién IlIl, hasta alcanzar el pH final deseado. La concentracién de cada
reactivo depende de los valores elegidos para cada una de las variables que se
tienen en cuenta en este trabajo: el pH, relacion molar entre el resorcinol y el
formaldehido, el grado de diluciéon (Ecuacion 1) y el porcentaje de metanol que
contiene la disoluciéon de formaldehido. En la Ecuacién 1, H,O y MeOH hace
referencia a los moles totales de agua y metanol afadidos directamente,
mientras que H,Oy y MeOH;, son los moles el agua y metanol contenidos en la
disolucion de formaldehido, R son los moles de resorcinol y F los de

formaldehido puro.

_ H20+M60H+H20(f)+MeOH(f)
- R+F

D (Ecuacion 1)

La mezcla precursora obtenida se introduce en un horno microondas
multimodo que opera a una frecuencia de 2450 MHz, a 85 °C durante 10000 s
(2 h y 47 min), donde tienen lugar las etapas de gelado y curado. Este gel
obtenido se trocea para facilitar la evaporacion de agua y se seca en este
mismo horno microondas hasta que ha perdido la mitad de su masa. Los

tiempos de secado son diferentes dependiendo de las propiedades del gel
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sintetizado. De esta forma, la sintesis completa de un xerogel organico dura
aproximadamente 5 horas, lo que supone una gran ventaja frente a la sintesis
con calentamiento convencional, donde se requieren 5 dias. Esto conlleva un
enorme ahorro energético y ofrece asi una via para que los xerogeles RF
puedan ser sintetizados a escala industrial de forma simple y barata.

3.2.2. Carbonizacion

La carbonizacion es la etapa donde el gel organico pasa a tener una
estructura carbonosa térmicamente estable, compuesta fundamentalmente por
carbono, dando lugar asi al llamado gel de carbono. La produccién de estos
geles tiene lugar mediante tratamiento térmico de 2 h a 700 °C con una rampa
de calentamiento de 50 °C min™ bajo atmoésfera de N, (100 mL min™) en un
horno eléctrico horizontal tubular (Carbolite MTF 12/38/400). Finalmente la

muestra se deja enfriar hasta alcanzar la temperatura ambiente.

3.3. Estadistica aplicada al proceso de sintesis

Como se ha mencionado en la Introduccidn, existe un gran nimero de
variables que influyen sobre las propiedades finales de los geles RF y que,
ademds, se encuentran interconectadas entre si. Por este motivo, la
optimizacion del proceso de sintesis requiere de la aplicaciébn de técnicas
estadisticas que permiten evaluar de forma global el efecto de cada una de las
variables del proceso, asi como la sinergia existente entre ellas. De esta
manera, se pueden obtener conclusiones fiables a partir de un nimero de

muestras reducido.

Para ello se ha utilizado el programa Design Expert ® y se ha aplicado
la Metodologia de Superficie de Respuesta (MSR o Response Surface
Methodology, RSM) la cual engloba tres fases: i) disefio de experimentos, ii)
aplicacion del modelo vy iii) técnicas de optimizacion. Fijando previamente el
objetivo, las variables que se quieren estudiar y las que se utilizan como

respuesta, el Diseflo de Experimentos (Design Of Experiments, DOE)
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determina el niumero y tipo de experimentos minimos necesarios para llevar a
cabo el estudio de forma fiable. Tras la realizacion de los experimentos, se
aplica un analisis de varianza (Analysis of Variance, ANOVA) a cada una de las
variables respuestas en funcién del modelo estadistico que mejor se ajuste a
los resultados experimentales obtenidos. Este analisis te aporta también
informacién sobre la relevancia de cada una de las variables por separado
(determinado por el valor de p-value) y la sinergia que hay entre ellas. El
modelo estadistico seleccionado (lineal, cuadratico, cubico, etc.) ha de
ajustarse en la mayor medida posible a los resultados experimentales ya que a
partir de él, se pueden determinar las variables necesarias para obtener geles

con unas propiedades porosas concretas.

3.4. Disefio de la quimica superficial de los xerogeles organicos

Los xerogeles RF tienen una quimica superficial rica en grupos fendlicos
que les dotan de naturaleza hidréfila. Esto es debido a que los grupos hidroxilo
generan puentes de hidrégeno con el agua, atrayéndola asi hacia la superficie.
Para modificar la quimica superficial de estos materiales y hacerlos hidrofobos,

se llevaron a cabo los siguientes procedimientos.

3.4.1. Pasivado de xerogeles organicos con silanos

Este procedimiento consiste en la sustitucién de los grupos OH que
cubren la superficie de los geles organicos por grupos -Si(CHz); mediante la
reaccion indicada en la Figura 5. En esta reaccion, el nitrégeno del
hexametildisilazano (HMDZ) extrae el proton del OH fendlico. Este grupo
anionico actiia como nucledfilo gracias al par electrénico del oxigeno y ataca a
los atomos de silicio del HMDZ mediante un mecanismo SN,. De esta forma se
obtienen enlaces —0-Si(CHs)s, los cuales hacen que la superficie quede

cubierta por grupos apolares que le dotan de hidrofobicidad.
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Figura 5. Reaccion de pasivacion de la superficie de los xerogeles RF con HMDZ.

Para llevar a cabo esta modificacion superficial, se muelen 8 gramos de
xerogel organico por debajo de 212 um para asegurar su maxima
impregnacién. Posteriormente, sobre este sélido se afiaden 100 mL de
hexametildisilazano (HMDZ) y esta mezcla se agita a 80 °C y presion
atmosférica. Para determinar el tiempo Optimo de reaccion, se extraen
pequefias alicuotas de material a diferentes tiempos de reaccion y se secan en
estufa durante una noche a 80 °C. El grado de hidrofobicidad se determina a
través de la medida del angulo de contacto (Seccion 3.7.3) sobre la superficie

de un pellet de este material.

3.4.2. Pasivado de xerogeles organicos con metanol

Este procedimiento consiste en la sustitucién de los grupos OH que
cubren la superficie de los geles organicos por grupos metoxi (-O-CHy)
mediante la reaccién de condensacién de alcoholes indicada en la Figura 6. De
esta forma, la superficie queda cubierta por grupos metoxi, dejando el extremo

apolar hacia el exterior y dotando asi al material de naturaleza hidréfoba.
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O-H O-CHj
~_ 240 °C S
£ HO=CH; * RO
HO HO
Figura 6. Reaccion de pasivacion de la superficie de los xerogeles RF con metanol.

Para llevar a cabo esta modificacion superficial, se muelen 2 g de gel
organico por debajo de 212 um y se secan en la estufa durante una noche a
100 °C para eliminar cualquier humedad residual. Una vez seco, se coloca en el
interior de un reactor de cuarzo lo mas extendido posible. Un flujo de nitrbgeno
de 100 mL min™® se borbotea en metanol liquido a 80 °C en un recipiente
cerrado. De esta manera, el flujo de N, se encuentra saturado de metanol, en
esas condiciones, y se introduce al interior del reactor que se encuentra en un
horno (Carbolite MTF 12/38/400) a 240 °C. Esta reaccién se llevd a cabo a
diferentes tiempos de reaccion para hallar el minimo tiempo necesario para
permitir la modificacién superficial de hidréfilo a hidr6fobo. Antes de caracterizar
el grado de hidrofobicidad, las muestras se almacenan en la estufa durante 1 h
a 80 °C para eliminar cualquier metanol residual que pudiera contener la

muestra.

3.5. Caracterizacion de la textura porosa

De acuerdo con la Unién Internacional de Quimica Pura y Aplicada
(IUPAC), textura se define como la geometria detallada del espacio hueco en el
interior de las particulas. La textura de un sélido poroso viene determinada por
tres parametros: tamafio de particula, area superficial y porosidad. Las
propiedades que definen la porosidad de un material son: volumen total de
poros, forma y tamafio medio de poros, y distribucion de tamafio de poros, es

decir, el volumen correspondiente a cada intervalo de didmetro de poro.

La caracterizacion textural suele incluir la determinacion de los

siguientes parametros:

» Superficie especifica: area superficial por unidad de masa de sélido.
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» Volumen especifico de poros: volumen total de poros por unidad de masa
de solido.

» Tamafo o anchura de poro: depende de la geometria del poro (cilindricos,
forma de rendija, etc.).

» Distribucion de tamafio de poros: volumen de poros presentes en una

muestra sélida, entre unos determinados tamafios de poro.

Los poros se pueden clasificar en funciéon de su geometria o anchura. La
clasificacion de los poros atendiendo a su anchura aceptada por la IUPAC,

distingue tres grupos de poros:
» Microporos: poros con una anchura menor de 2 nm.
» Mesoporos: poros con una anchura entre 2 y 50 nm.

» Macroporos: poros con una anchura superior a 50 nm.

Ya que cada técnica de caracterizacion abarca un rango concreto de
anchuras de poro, a lo largo de esta Tesis se utilizaron 3 técnicas distintas que
en su conjunto nos dan una idea global de la textura porosa total del material: i)
isotermas de adsorcion de nitrégeno, ii) medidas de densidad real y aparente y

iif) porosimetria de mercurio.

3.5.1. Desgasificado

Como paso previo a la caracterizaciobn porosa, es necesario dejar la
muestra libre de cualquier molécula adsorbida en su superficie. Para ello se
somete a un proceso de desgasificado a 120 °C en vacio (0.1 mbar) durante

una noche.

3.5.2. Isotermas de adsorcion de nitrégeno

Esta técnica permite evaluar los microporos de mayor tamafio y parte de

la mesoporosidad mas estrecha de nuestros materiales.
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En el caso de materiales porosos, como son los xerogeles RF, toma
especial relevancia conocer tanto el volumen y la distribucion del tamafio de
poro, como el &rea especifica de que estos presentan (Figura 7). Para
determinar estos parametros se realizaron medidas de adsorcion de nitrégeno
en un Tristar 3020 (Micromeritics) a 196 °C (77 K).

Adsorcion-desorcion N,

~-0X-6.7-6.7-0.3-12.5
~~CX-6.7-6.7-0.3-12.5

600 4

Vs (em?® g1

Figura7. Isoterma de adsorcién-desorciéon de N, a 77 K de un gel organico y su
correspondiente gel carbonizado.

En esta Tesis, los métodos empleados para obtencién de informacion a
través de esta técnica fueron: i) el método de Brunauer, Emmet y Teller,
conocido como BET, donde calcula el area especifica a partir de la cantidad de
gas adsorbido para formar una monocapa de gas y calculando el area que
ocupa (sabiendo que una molécula de nitrégeno ocupa 0.162 nm?), (ii) método
Dubinin-Radushkevich, DR, utilizado para conocer el volumen y anchura media
de los microporos presentes en una muestra; y, (ii) método DFT (Density

Functional Theory), que permite calcular la distribucién de volimenes de poro.
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3.5.3. Densidad real o de helio

Se entiende como densidad real a la relacibn masa/volumen en la cual
se excluyen todos los poros de la muestra. Por ello, se ha utilizado gas helio ya
que, ademas de su caracter inerte sobre nuestra muestra, su pequefio tamafo
le permite acceder a todos los poros y asi excluir esa porosidad en el resultado

final.

Para llevar a cabo esta medida, se pesa la muestra y se introduce en
una cubeta de 1 cm® en el interior del equipo Micrometics Accupyc 1340.
Mediante dosificacién controlada de He y medidas de presion una vez
alcanzado el equilibrio, el equipo determina el volumen que ocupa la muestra. A

través de la relacion, obtenemos la densidad real del material.

3.5.4. Densidad aparente y porosidad

Se entiende como densidad aparente a la relacion masa/volumen en la
que se tiene en cuenta la porosidad y pequefias cavidades de la muestra pero
se excluye cualquier tipo de relieve que la muestra pueda tener. Para ello se ha
utilizado el equipo GeoPyc 1360 de la casa Micromeritics. Esta técnica permite
comparar la densidad de materiales en todo el rango de porosidad, de forma no

destructiva.

De forma previa al andlisis, la muestra es tamizada entre 2-3 mm para
trabajar siempre con el mismo tamafio de particula. Posteriormente, en una
camara de 19.1 mm de diametro, se introducen 0.8 g de DryFlo, que es un
sélido pulverulento de la casa Micromeritics que se comporta como un fluido.
Se hace un blanco de la medida en el que el DryFlo es sometido a una fuerza
de 38 N durante 20 ciclos. Posteriormente, una cantidad de muestra tal que
corresponda aproximadamente a un 25 % del volumen total, se mezcla con el
DryFlo y se somete a las mismas condiciones de presion y ciclos que el blanco.
El volumen de fluido desplazado corresponde al volumen de nuestra muestra.
Sabiendo la masa de muestra introducida, obtenemos la densidad aparente. A

partir de este valor de densidad aparente y el valor de densidad real (apartado
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anterior), también se puede obtener el valor de porosidad de la muestra
(Ecuacion 2):

densidad aparente

Porosidad (%) = [1 - ( )] x 100 (Ecuacién 2)

densidad real

3.5.5. Porosimetria de mercurio

Esta técnica permite evaluar los mesoporos de mayor tamafo (de 5.5 a
50 nm) y los macroporos (de 50 a 10000 nm). El fundamento de la porosimetria
de mercurio parte de que, en condiciones normales, el mercurio es un liquido
que no moja los sélidos, por lo que envuelve la muestra, pudiéndose calcular
asi el volumen aparente de muestra. Por lo tanto, sabiendo la masa de la
muestra, se puede obtener también una densidad aparente analoga a la que se
obtiene en el Geopyc (apartado anterior) pero con otra metodologia. Cuando
esta mezcla de mercurio y muestra es sometida a una presion de hasta 228
MPa, el mercurio penetra en los poros del material de diametro mayor a 5.5 nm,
dandonos asi informacién de poros en el rango de 55 nm - 1 mm. La
caracterizacion del sistema poroso con esta técnica se basa en aumentar la
presion de inyeccion y medir el volumen de mercurio que entra en la muestra,
obteniéndose una curva de intrusion. Cuando se alcanza el punto de méaxima
presion, el mercurio ya no puede penetrar mas en los poros del material, por lo
gue se va bajando la presion y el mercurio sale de esos poros, obteniéndose
asi la curva de extrusion. Sabiendo el volumen de mercurio introducido en la
muestra, conoceremos la porosidad del material, es decir el volumen de poros

en la muestra, asi como la distribucion de tamafios de poro (Figura 8).

En esta tesis, el equipo utilizado para este andlisis fue el AutoPore IV de
Micromeritics. La muestra se analiza en forma de particulas de 2-3 mm de
diametro para evitar posibles diferencias debidas a la morfologia. La cantidad
de muestra utilizada es calculada previamente para conseguir alrededor de un
55 % de stem (porcentaje de mercurio del vastago del penetrdmetro que se

mete dentro de la porosidad de la muestra en condiciones de alta presion),
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teniendo en cuenta el volumen del dilatbmetro utilizado, la porosidad de la
muestra y su densidad, las cuales han sido determinadas previamente segun el
apartado anterior. El equipo realiza medidas desde presion atmosférica hasta
228 MPa con un tiempo de equilibrio de 10 s y las muestras se evacuan hasta
una presion de 6.7 Pa. La tension superficial y el angulo de contacto del
mercurio son de 485 mN m™ y 130 °, respectivamente.

Distribucion del tamaiio de poro

Log diferencial Intrusion (mL g)

0 5 10 15 20 25 30
Diametro de poro (nm)

Figura 8. Distribucion del tamafio de poro de cuatro xerogeles de carbono obtenida por
porosimetria de mercurio

3.6. Andlisis quimico y estructural

3.6.1. Microscopia electronica de barrido (SEM)

Para observar la morfologia de los xerogeles (relieve, textura, tamafio y
forma de grano) se utiliz6 un microscopio electronico de barrido (SEM, del
inglés Scanning Electron Microscope) el cual permite obtener imagenes de alta
resolucion de la superficie de los materiales (Figura 9). En este tipo de
microscopios, un haz de electrones incide sobre la muestra objeto de estudio
produciendo distintos tipos de interacciones entre la materia y los electrones
incidentes. Fruto de las interacciones, se generan distintos tipos de sefales que

son recogidas por diferentes detectores. La muestra a analizar debe ser solida,
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seca y conductora. Los xerogeles, fueron depositados en forma de particulas
sobre una cinta de adhesiva de carbono de doble cara fijada a una chincheta de
aluminio.

Figura 9. Imagen de un xerogel de carbono obtenida a través de SEM.

En este trabajo se ha utilizado un microscopio electrénico de barrido de
emision de campo (FESEM) Quanta FEG 650. Entre los detectores que posee
dicho equipo cabe destacar el detector de electrones secundarios, ETD,
(Everhart-Thornley detector) que permite obtener imagenes topograficas de alta
resolucién. Se ha trabajado a alto vacio, con un voltaje de aceleracion de 25 kV
y un tamafio de spot de 2.5.

3.6.2. Microscopia electronica de transmision (TEM)

La microscopia electronica de transmision (TEM, del inglés
Transmission Electron Microscopy) al igual que el SEM, utiliza un haz de
electrones que incidird sobre la muestra. En este caso, la muestra debe ser
ultrafina y la sefial recogida es la que corresponde a aquellos electrones que
han atravesado la muestra, aportando asi informacién sobre la estructura
interna de la muestra. En esta Tesis se ha utilizado el microscopio electronico
de transmision modelo JEOL-2000-EX-1I de 200 keV.
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3.6.3. Resonancia magnética nuclear (RMN) de sélidos

La resonancia magnética nuclear (RMN) es una espectroscopia de
absorcion en la que determinados nucleos (con spin nuclear # 0) son sometidos
a un campo magneético intenso y absorben energia cuando se les irradia a una
frecuencia caracteristica llamada pulso. Estos nlcleos generan diferentes
seflales consecuencia de las interacciones que tenga con su entorno,

obteniendo asi informacién estructural (Figura 10).

FT: espectro en dominio
de frecuencia

magnético \

) ¢
Q5,$ * ﬁ‘ ﬁﬂ g o— B v FID Transformada
— gepg = fi&u-’

', de Fourier
B

Campo magnético:
- Alineacién - Irradiacion
- Diferencias de energia - Vuelta al equilibrio: FID

Ausencia de campo

Intensidad

Intensid

Frecuencia

Figura 10. Esquema del mecanismo de RMN.

En el caso concreto de esta Tesis, se realizaron analisis de
espectroscopia RMN de estado sélido para 'H y *C y estudios de imagen
obtenida por RMN para 'H. Las medidas se llevaron a cabo en un
espectrometro Bruker Avance 400 (Bruker BioSpin, Rheinstetten) y para la
obtencion de imagenes, se acopld un accesorio de microimagen al
espectrometro previamente mencionado. En RMN de sdlidos, se requiere de
métodos altamente especificos para cada tipo de material, ya que la sefial
resultante es tremendamente compleja. Por este motivo, detalles de las

condiciones de andlisis se incluyen en la Publicacion Il.

3.6.4. Andlisis elemental

Esta técnica tiene como objetivo determinar los porcentajes en masa de
carbono (C), hidrogeno (H), nitrégeno (N) y azufre (S) contenidos en la muestra.

Para ello se realiza una combustion completa de la muestra mediante
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tratamiento térmico a alta temperatura (1050 °C) en una atmadsfera de oxigeno
diluido en helio. Los productos obtenidos tras la combustion (CO,, H,O, NOy y
SO3) fluyen hacia un tubo de reduccion donde los distintos 6xidos de nitrégeno
son reducidos a N,. La cuantificacién del CO,, H,O y SO; tiene lugar de manera
especifica en los correspondientes detectores de infrarrojos, mientras que el N,
se analiza en un detector TCD (Thermal Conductivity Detector). El equipo
utilizado para llevar a cabo esta determinacion fue un analizador LECO

TruSpec Micro.

3.6.5. Andlisis inmediato

El andlisis inmediato tiene como objetivo determinar el contenido de
humedad, cenizas y materia volatil de la muestra. La humedad se determina a
partir de la pérdida de masa experimentada por tratamiento térmico hasta 105
°C, manteniendo esta temperatura hasta transcurrida una hora o hasta alcanzar
una masa constante (lo que mas tiempo implique). Por otro lado, se consideran
cenizas al producto solido inorganico que resulta de la incineracion de la
muestra a una temperatura de 815 °C en atmosfera de aire. La material volatil
es el porcentaje de pérdida de masa cuando se somete la muestra, en un crisol
provisto de tapa, a un tratamiento térmico a 900 °C, durante 7 minutos. El
analisis inmediato se llevo a cabo en un equipo termogravimétrico LECO TGA
701 (Norma ASTM D7582-10).

3.6.6. Punto de carga cero (pHpzc)

El objetivo de esta técnica es determinar la naturaleza de la quimica
superficial de nuestro sélido. El punto de carga cero (pHpzc) corresponde al pH
al cual el nUmero de cargas positivas y negativas es analogo, de manera que la
carga total de la superficie es cero. Si el pH del medio (agua) es menor que el
pHpzc del sélido, la superficie estara cargada positivamente. De la misma
forma, si el medio es mas basico (pH mayor) que la superficie del sdlido, el

material estara cargado negativamente. Asi, midiendo el pH de la disolucion
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sobrenadante de esta suspensién sdlido-agua obtenemos informacién sobre la

acidez o basicidad de los grupos superficiales de nuestro material.

Para llevar a cabo este analisis, se pesan 200 mg de muestra y se
aflade un volumen conocido de agua desionizada. Tras 48 h de estabilizacion
bajo agitacion magnética, se hace una medida del pH de la mezcla. A
continuacién, se afiade un volumen conocido de agua sobre esta primera
mezcla y tras 24 h de agitacion se mide de nuevo el pH de la mezcla. Este
procedimiento se repite a lo largo de varios dias hasta que el pH se modifica
considerablemente. Los primeros resultados deberian ser muy analogos entre
si por lo que el pHpzc de nuestro material se calcula con la media de estos

primeros datos.

3.6.7. Desorcion térmica programada (TPD)

Los analisis de desorcién térmica programada (TPD, del inglés
Temperature Programmed Desorption) aportan informacion sobre la quimica
superficial de nuestro material. Al ser sometido a tratamiento térmico en
atmosfera inerte, los grupos funcionales presentes en la superficie dan lugar a
diferentes reacciones de descomposicion. Los grupos oxigenados de caracter
acido, como pueden ser acidos carboxilicos, lactonas, etc., se desorben en
forma de CO,, mientras que los grupos oxigenados basicos como los fenoles,
éteres o carbonilos, desorben en forma de CO. Cada tipo de grupo funcional lo
hace a una temperatura caracteristica pudiendo identificar asi su presencia en

la muestra.

Las TPDs de este trabajo se han llevado a cabo en un analizador
AutoChem 1l 2920 de Micromeritics completamente automatizado para la
guimisorcion en estudios de alta precision en adsorcién quimica y reacciones a
temperatura programada. Cuando fue requerido, se le acoplé un espectrometro
de masas, Onmistar Pfeiffer, donde son analizados los gases desorbidos,
previa calibracion con gases conocidos. Para llevar a cabo este procedimiento,

se coloca la muestra sobre lana de cuarzo en un reactor de cuarzo en forma de
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U y se calienta a 1000 °C, con una rampa de 10 °C min™, bajo flujo constante
(50 ml min™) de argén como gas de arrastre.

3.6.8. Andlisis termogravimétrico (TGA)

El anadlisis termogravimétrico (TGA, del inglés Thermogravimetric
Analysis) permite registrar de forma continua la variacibn de masa que
experimenta una muestra a medida que aumenta la temperatura. De esta forma
se obtiene informacién tanto sobre la humedad retenida por las muestras como

de su estabilidad con la temperatura.

Este andlisis se llevd a cabo en un analizador TGA Q5000IR de TA
Instruments, a presion atmosférica y en flujo de aire (100 mL min™), desde
temperatura ambiente hasta 1000 °C y a una velocidad de calentamiento de 5

°C min™.

3.6.9. Espectroscopia Infrarroja por Transformada de Fourier (FTIR)

La espectroscopia infrarroja por transformada de Fourier (FTIR, del
inglés, Fourier Transform Infrared Spectroscopy) es una técnica que permite
determinar los diferentes grupos funcionales que se encuentran en la estructura
de la muestra. Al incidir la radiacion infrarroja sobre la muestra, una parte es
absorbida y otra pasa a su través, siendo detectada por el equipo que lo
traduce en forma de espectro. Cada banda observada corresponde a la
vibracion del enlace de un grupo funcional concreto, y aparece a una longitud

de onda determinada, pudiendo asi determinarse su presencia en la muestra.

Para la elaboracion de este trabajo se han obtenido espectros FTIR en
un rango de longitudes de onda de 400 a 4000 cm™ con un equipo a Nicolet IR
8700 y un deterctor DTGS (Sulfato de triglicina deuterada) a una resolucion de
4 cm™ a través de 64 barridos. Para preparar los pellets que se utilizan en esta
técnica, de mezcla la muestra en polvo y desgasificada en proporcién 1:100 con
KBr en un mortero de agata durante 10 minutos para asegurar homogeneidad.

Con aproximadamente 0.125 g de esta mezcla se hace una pastilla de 13 mm
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de didmetro por compresion a 8 Tons. La pastilla obtenida se desgasifica de
nuevo antes de realizar el andlisis para evitar bandas caracteristicas de

humedad.

3.6.10. Espectroscopia fotoelectronica de rayos X (XPS)

La espectroscopia fotoelectréonica de rayos X (XPS, del inglés X-ray
Photoelectron Spectroscopy) es una técnica semi-cuantitativa de caracter
superficial que nos aporta informacion sobre la energia de cada nivel
electrénico y, por tanto, sobre la naturaleza de cada &tomo emisor. Esta técnica
se basa en la excitacion de los niveles mas internos de los atomos mediante un
haz de rayos X, que provoca asi la emisién de fotoelectrones. Este efecto se
consigue cuando la energia del haz incidente supera a la energia de ligadura
del electron con el atomo (BE, binding energy) y a la energia de extraccion
necesaria para llevar al electron del nivel de Fermi al vacio circundante. La
energia en exceso de este proceso es transferida al electron como energia
cinética (KE, kinetic energy). De esta manera, el espectro XPS representa la

intensidad de la sefial (nimero de electrones emitidos) en funcién de la BE.

Para llevar a cabo esta técnica se ha utilizado un espectroscopio
SPECS equipado con un analizador Phoibos 100 utilizando una fuente de rayos
X Mg Ka no monocromatica (1254.6 eV) con una potencia de 100 W. Al ser una
técnica superficial que requiere del uso de alto vacio (10”" Pa) las muestras
deben ser previamente desgasificadas (segun Apartado 3.5.1.) para evitar
contaminacién de cualquier compuesto adsorbido sobre la superficie. Los
porcentajes atomicos (% en atomos) de los elementos presentes en la capa
superior del material (aproximadamente los primeros 10 nm de profundidad) se
calculan considerando las areas integradas de los picos de XPS principales.
Para obtener los espectros de alta resolucion de C;s se utilizd una energia de
10 eV. La deconvolucion de los picos se llevd a cabo utilizando la funcion

Gaussian-Lorentzian por medio del algoritmo de Marquardt.
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3.7. Estudios de interaccion xerogel/agua

3.7.1. Medidas de adsorcién de humedad

Para evaluar la capacidad de adsorcién de humedad de los materiales,
se almacenan 0.8 g de muestra en un recipiente sellado en condiciones de 100
% humedad y 25 °C y se registra el aumento de peso que experimenta con el
tiempo. Para realizar estudios comparativos es fundamental que los materiales
a estudiar tengan el mismo tamafio de particula y se utilice un volumen similar

de muestra.

3.7.2. Isotermas de adsorcion de vapor de agua

Esta técnica nos aporta informacion sobre qué cantidad de vapor de
agua es capaz de adsorber la muestra en su superficie y a qué velocidad lo
hace. La muestra se expone a cambios en la humedad relativa que la rodea,
mediante dosificacion controlada de vapor de agua, permitiendo a la muestra
alcanzar el equilibrio antes de realizar la siguiente dosificacion. Determinando la
presion de equilibrio en las condiciones del andlisis y la dosificacion de vapor
de agua realizada, se determina la cantidad de vapor de agua adsorbida (curva
de adsorcién). En este caso, la adsorcion de agua es funcién tanto de las
propiedades porosas de la muestra, como de su quimica superficial. Una vez
llegado a la presion de saturacion, se reduce paulatinamente la presion relativa

del vapor de agua, obteniéndose la curva de desorcion.

Este andlisis se llevd a cabo en un equipo multigas Hydrosorb 1000

(Quantachrome) a 25 °C.

3.7.3. Medidas del angulo de contacto

Para determinar la afinidad de una superficie con el agua liquida se
mide el angulo de contacto que forma la interfase de una gota de agua con la
superficie del material. Si el material tiene afinidad por el agua, la gota tiende a

esparcirse sobre la superficie procurando asi tener el maximo contacto entre
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ambas fases. Para estos materiales, se forman angulos de contacto de entre O
y 90 ° y se denominan materiales hidréfilos (Figura 11). Si por el contrario el
agua no tiene afinidad por la superficie del material, la gota minimiza la
superficie de contacto. Estos materiales forman &ngulos de contacto entre 90 y
180 ° y se denominan hidréfobos. Dentro de este grupo, si el angulo de
contacto es superior a 150 °© se denominan superhidrofobos y muestran una

repulsién extrema al agua.

Figura1ll. Medida del angulo de contacto de un xerogel hidréfobo (izq) y otro hidréfilo
(dcha) con una gota de agua.

Para llevar a cabo este andlisis es necesario que la superficie del
material sea totalmente plana. Para ello, el material es previamente molido por
debajo de 212 um. Con este material, se preparan pellets de 10 mm de
diametro sometiéndolos a una presion de 10 Tons durante 25 s. Sobre la
superficie de estos materiales, se deposita con una jeringuilla de vidrio una gota
de agua de aproximadamente 6 mm de didmetro (Figura 12). La determinacion
del angulo de contacto se lleva a cabo con un tensiometro Optico de la casa
Kriss 62/G40. El angulo de contacto se determina en 3 gotas diferentes, como

minimo, y se hace la media para obtener un valor representativo.
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Figura 12. Método de medida de angulo de contacto.

3.8. Estudios de interaccion xerogel/biomoléculas

En la presente tesis se explor6 la posibilidad de utilizar los xerogeles de
carbono (CX) como soportes de biomoléculas con el objetivo de obtener un
sistema biocatalitico insoluble que sea estable bajo condiciones severas y que
permita su reutilizacion durante varios ciclos de uso manteniendo su actividad.
En este sentido, se seleccioné el Citocromo C (cyt ¢) de corazon bovino (Figura
13) como proteina modelo para realizar los estudios de inmovilizacion debido a
su estabilidad y pureza.

Figura 13. Modelizacién de una molécula de Citocromo C.
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3.8.1. Inmovilizacion de citocromo C en xerogeles de carbono

Para llevar a cabo este proceso se preparan disoluciones de 0.5 g L™ de
cyt ¢ a distintos valores de pH (3, 6 y 10) utilizando disoluciones tampén con
una fuerza i6nica total de 100 mM. Previamente a los estudios de
inmovilizacion, los CX son tamizados a un tamafio de particula entre 1 y 2 mm,
y son estabilizados durante 24 h en la disolucion tampdn correspondiente. Para
los experimentos de adsorcién, 10 mg de CX se suspenden en 5 mL de
disolucién de cyt c y se agita a 200 rpm a 30 °C en una incubadora (TH 15
modelo de Edmund Buhler GmbH) durante 96 h. La cantidad de cyt c
inmovilizada es determinada mediante espectrometria UV-vis (con un
espectrofotbmetro Shimadzu UV-2401 PC) a través del cambio en el pico
méaximo de absorbancia a una longitud de onda de 410 nm (¢ = 10°> M* cm™).
También se realizaron medidas de un blanco para estudiar la estabilidad de la

proteina en la disolucién tampdn a las condiciones experimentales.

3.8.2. Estudios de actividad catalitica

La actividad peroxidica del Citocromo C es evaluada a través de la
oxidacion del ABTS™ (sal de diamonio 2,2'-azino-bis (4cido 3-
etilbenzotiazolino-6-sulfonico)). Para llevar a cabo este estudio, se preparan
disoluciones de ABTS (1 mM) a valores de pH entre 2 y 10 (todos con una
fuerza i6nica de 100 mM). Para determinar la actividad del cyt c libre se
mezclan cantidades equivalentes (1.9 mL) de ABTS y H,0O, (10 mM) en una
cubeta de UV. Sobre esta disolucion, se afiaden 0.2 mL de disolucién de cyt c
obteniéndose asi un volumen final de reaccion de 4 mL. El avance de la
reaccion es controlado mediante el aumento en la absorbancia a 420 nm (g =

36000 M* cm™) de forma continua.

Cuando el cyt ¢ esta soportado sobre los CX, se suspenden 10 mg de
biocatalizador sélido en viales que contienen una mezcla de 5 mL de ABTS (1
mM, en tampén de pH 4) y 5 mL de H,O, (10 mM, en tampon pH 4) obteniendo

un volumen total de reaccién de 10 mL, el cual es sometido a agitacion
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constante. A tiempos conocidos, se van extrayendo alicuotas de la disolucion
sobrenadante y se evalUa su absorbancia a 420 nm. Después de ser medida, la
disolucion se devuelve a su vial original. La actividad de la enzima soportada se
calcula a partir de la pendiente de la absorbancia frente a la gréafica del tiempo.
Ademas, se estudié la capacidad de reutilizacion de los biocatalizadores
derivados mediante la evaluacion de su actividad después de sucesivos ciclos
de reaccion donde se reemplazan las disoluciones de ABTS y H,O, cuando la
oxidacién ha sido completada. Previo a cada ciclo de uso, los biocatalizadores
son lavados mediante agitacion vortex con 5 mL de disolucién tamp6én de pH 6
(200 mM).
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Diseno de las propiedades porosas

Este capitulo incluye

Publicacion | Effect of methanol content in commercial formaldehyde
solutions on the porosity of RF carbon xerogels

Publicacion 1l An underrated variable essential for tailoring the structure of
xerogel: the methanol content of commercial formaldehyde
solutions

Publicacion 11l Acid-based resorcinol-formaldehyde xerogels synthesized

by microwave heating

Publicacién IV Protein adsorption and activity on carbon xerogels with
narrow pore size distributions covering a wide mesoporous
range







4. Diseno de las propiedades porosas

Una de las grandes ventajas de los xerogeles RF es la posibilidad de
disefiar sus propiedades texturales para que sean utilizados de forma éptima en
distintas aplicaciones. Aunque las variables fisicas (temperatura y tiempo de
sintesis, volumen de mezcla, etc. [12]) influyen sobre la porosidad final del gel,
no sirven para un control fino y disefio de las propiedades finales. Ademas,
permiten ciertos margenes de modificacion sin alterar la estructura del material
final. Sin embargo, pequefias modificaciones en las variables quimicas (pH,
proporcion de mondmeros R/F utilizada, etc. [12, 16, 25]) afectan de forma
directa al proceso de polimerizacién, formandose asi una estructura

tridimensional diferente dependiendo de las variables utilizadas.

Cuando hablamos de la textura porosa de los xerogeles entendemos
gue su estructura esta formada por un conjunto de esferas a las que llamamos
nédulos que se encuentran entrecruzadas entre si formando una red sélida. Los
meso-macroporos (definidos en Experimental) corresponden al espacio que se
encuentra entre estos nédulos, mientras que los microporos son huecos
localizados en su interior. De esta manera, cuanto mas grandes sean los
nédulos mayor es el espacio que hay entre ellos y mayor es el tamafio de
meso-macroporo, dando lugar a materiales poco densos; por contra, cuanto
méas cerca estén los ndédulos entre si, mas entrecruzamientos habra, y el

material resultante tendr4 mayor resistencia mecanica (Figura 14).
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Figura 14. Esquema de distintos tipos de estructuras dependiendo del tamafio de los
nédulos y sus entrecruzamientos.

Como ya se menciond en la Introduccion, el efecto de variables como el
pH, el grado de dilucién y la proporcién de mondémeros utilizada, ya han sido
anteriormente estudiadas y muestran una gran repercusion sobre la porosidad
final del material. En este capitulo se estudia el efecto de la proporcion de
metanol de la disolucién de formaldehido como nueva variable quimica a tener
en cuenta en la sintesis de xerogeles organicos, asi como el efecto de sustituir
el catalizador basico de la disolucion precursora por otro de naturaleza acida.
Este control mas exhaustivo de las propiedades porosas ha sido utilizado para

el disefio de xerogeles de carbono como soporte para biomoléculas.

El objetivo general de este capitulo es lograr el control total de las
propiedades texturales de los xerogeles de carbono para poder disefiarlos a la

medida de cualquier aplicacion.
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4.1. Efecto de la proporcion de metanol de la disolucion de
formaldehido

El formaldehido es un gas incoloro que se comercializa en disoluciones
acuosas normalmente al 37 % en peso debido a que concentraciones mayores
de este producto generarian la condensaciéon del formaldehido consigo mismo,
precipitando como para-formaldehido, y produciria enormes variaciones de la

concentracion de este compuesto en disolucion [26].

Para evitar su precipitacion, se afade cierta proporcién de metanol
como estabilizante, de forma que mediante la produccion de hemiacetales evita
la polimerizaciéon del formaldehido consigo mismo, y por tanto, mantiene

concentraciones constantes de este reactivo con el tiempo (Figura 15).

a) + +
(|3| " OH OH “ OHR OR
C s ﬂ — . N (': — C|}
Pl SONOoH -HY < NS-OH
H W N W Y Y
b)OR he BR OR S TR
| —_— Cl . B +£ —_— C\OR
C 3 R’ N
N VHOH N \\HOHz -H0 SO NI

Figura 15. Mecanismo de estabilizacién del formaldehido a través de a) hemiacetales y b)
acetales.

Entre las distintas empresas que comercializan con disoluciones de
formaldehido se observa una gran variacion en la concentracién de metanol
contenida en el producto. De hecho, algunas casas comerciales indican la
presencia de metanol con objetivos estabilizantes pero en ningln momento

indican la cantidad de este compuestos en la disolucion (Tabla 3).
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Tabla 3. Porcentaje de formaldehido y metanol de distintas casas comerciales.
Ferndndez Rapado 36.5-37.5 <13
Oxidal 37-40 10-15.0
Panreac 35-40 9-14
Solvech 35-40 9-15
Spi-Chem 37 No especificado
Merck Chemicals 37 10

Sigma-aldrich 37 10-15

Esta ausencia de homogeneidad pudiera derivar en una alteracion de la

estructura del xerogel organico disefiado debido a que el agua y el metanol

presentan propiedades fisicas y quimicas diferentes que pudieran afectar en el

proceso de sintesis, como pueden ser:

>

El valor de la_constante dieléctrica: 80.4 para el agua y 32.6 para el metanol

[27, 28]. Esta diferencia pudiera afectar a la cantidad de energia microondas

que absorbe el material durante la sintesis.

El punto de ebullicién: 100 °C para el agua y 65 °C para el metanol [29].

Esta diferencia pudiera afectar al proceso de sintesis ya que se lleva a cabo
a 85 °C, por encima del punto de ebullicion de uno de los compuestos y por
debajo del otro, lo que podria llevar a la evaporacion del metanol pero no

del agua, afectando asi a las condiciones generales de la sintesis.

La tension superficial: 75.8 para el agua y 23.8 para el metanol [29]. Esta

propiedad afecta en la fase de secado por calentamiento donde los poros
experimentan una elevada tensién superficial en la fase sol-liquido,
pudiendo causar el colapso la estructura porosa. Segun esto, los geles con
una mayor proporcion de metanol en su composicion se verian menos
afectados por este fendbmeno, produciéndose un menor colapso en la

estructura porosa.
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Las diferencias entre las propiedades del agua y el metanol, asi como la
formacion de hemiacetales en la disolucién por efecto del metanol, pudieran
traducirse en que al cambiar de casa comercial de disolucién de formaldehido
los resultados pudieran verse alterados respecto a los predecibles utilizando

una disolucién de formaldehido con una concentracién de metanol conocida.

Por estos motivos, en esta Tesis Doctoral se ha evaluado el efecto de
distintas concentraciones de metanol en la disolucion de formaldehido sobre las

propiedades porosas del gel final.

4.1.1. Objetivos
Los objetivos planteados para realizar el estudio fueron:

» Evaluar el efecto de distintas proporciones de metanol contenidas en la

disolucién de formaldehido comercial respecto a:
o Las propiedades texturales de los xerogeles obtenidos.
o Las propiedades quimicas de los xerogeles obtenidos.
o Lainfluencia de otras variables quimicas utilizadas en la sintesis.
» Encontrar una hipétesis que explique estos comportamientos observados.

» Hacer un estudio estadistico que prediga el disefio de las propiedades

porosas de nuevos materiales teniendo en cuenta esta nueva variable.

4.1.2. Estudio

Para llevar a cabo estos estudios se sintetizaron un total de 150
xerogeles de carbono variando: i) el porcentaje de metanol contenido en la
disolucion de formaldehido entre 0.6 y 12.5 %, ii) el pH de la disolucién
precursora entre 4 y 7, iii) el grado de dilucién entre 5y 8 y iv) las proporciones
R/F entre 0.3y 0.7.

Estas condiciones fueron seleccionadas acorde a estudios previos de la

bibliografia [15, 30] y las proporciones de metanol abarcan el rango de
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porcentajes que suelen emplear las distintas casas comerciales (Tabla 3). La

necesidad de realizar un namero tan elevado de experimentos reside en el

disefio de una superficie respuesta fiable para predecir nuevas recetas que nos

proporcionen la porosidad deseada para nuevas aplicaciones, considerando

esta nueva variable.

4.1.3. Resultados

se

Los detalles experimentales y la discusion de los resultados obtenidos

hallan en la Publicacién | y IlI, incluida al final de este capitulo. Los

principales resultados de este estudio se detallan a continuacion:

>

Una disminucion de la proporcion de metanol implica un aumento del
tamafio y volumen de poros, un aumento de su porosidad total y por tanto,

una disminucioén de la densidad aparente del material.

El efecto de proporcion de metanol sigue la misma tendencia, pero tiene
diferente magnitud, dependiendo de las otras variables quimicas utilizadas
en el proceso. Se propusieron diferentes hip6tesis y mecanismos de

reaccion que explican este efecto.

Este efecto es consecuencia de la formaciobn de hemi/acetales en la
disolucién consecuencia de la reaccion del metanol con el formaldehido. Un
aumento de la concentracion de metanol conlleva una menor proporcion de
formaldehido en forma libre, entorpeciendo asi la reaccion de

polimerizacion.

El efecto de la proporcion de metanol repercute Unicamente sobre la

sintesis del material organico y no sobre el proceso de carbonizacion.

La composicion quimica de todos los materiales obtenidos mostré ser muy
similar. Se observaron cambios muy sutiles que se achacaron a las
presencia de distintos grupos funcionales dependiendo de si hay mas o

menos entrecruzamientos en la sintesis.
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4.1.4. Conclusioén

La proporcién de metanol contenida en la disolucion de formaldehido
comercial afecta de forma muy relevante sobre la textura porosa del gel. Por lo
tanto, se hace necesario tenerla en cuenta a la hora de diseflar materiales a

medida de una aplicacion (Figura 16).

10 100 1000 10000

Diametro de poro (nm)

Figura 16. Efecto de la proporcién de metanol sobre dos muestras OX y CX.
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ABSTRACT

Methanol is used commercially as a stabilizer in solutions of
formaldehyde to prevent its precipitation. However, the methanol content of
commercially available formaldehyde solutions differs from one supplier to
another. The pH, dilution and R/F ratio have been demonstrated to be
interdependent variables that can be manipulated to tailor the porous properties
of RF carbon xerogels. This work considers the methanol contained in
formaldehyde solutions as a new variable to be studied in conjunction with those
just mentioned. For the purpose of this study, the influence of methanol on the
final porous properties of RF carbon xerogels has been evaluated. It was found
that carbon xerogels synthesized using formaldehyde solutions with lower
concentrations of methanol showed a higher total pore volume and pore size,
and in turn, a lower density and a greater porosity. The porosity of RF carbon
xerogels could therefore be radically modified depending on the commercial

formaldehyde solution used for their synthesis.

Keywords: carbon xerogel, formaldehyde, methanol, controlled porosity
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1. INTRODUCTION

Carbon gels are nanoporous materials obtained by the polymerization of
hydroxylated benzenes and aldehydes in the presence of a solvent following
Pekala’s method [1]. Most carbon gels presented in the literature are
synthesized using resorcinol and formaldehyde as precursors and water as

solvent [2-5], although other precursors and reaction media can be used [6-9].

The process follows four main steps from the initial mixture of precursors
to the final carbon gel [10]. First of all, polymerization and gelation take place,
causing the solution to turn gradually into a solid state. Then, an ageing step
generates crosslinking reactions that result in a stable polymeric structure. Next,
the solvent is removed in a drying step. Finally, the dry material is subjected to

high temperature treatment to produce the carbon gel.

The drying step can be performed by one of three different methods,
each of which generates different properties in the final gel: supercritical drying,
freeze-drying and evaporative drying. These give rise to aerogels, cryogels and
xerogels, respectively [5, 11-16]. In this particular study, microwave radiation
was used as heating source from the beginning to the end of the process, i.e.
for accelerating the polymerization and crosslinking reactions, and also for the
evaporative drying [17, 18]. This has been demonstrated to be a cost-effective
process since it offers the possibility of synthesizing carbon gels on a large
scale via a simple and fast procedure to yield very competitive and highly valued
materials [17-22].

Over the last ten years, carbon xerogels have emerged as materials with
a great added value owing to the fact that their porosity can be controlled and
designed by selecting the appropriate synthesis variables, both physical (i.e.
temperature, time of synthesis, etc.) [2, 19] and chemical (i.e. pH, dilution, ratio
R/F, etc) [23-26]. In addition, it has been demonstrated that all these variables
are interdependent, making it necessary to study several variables at the same
time, for which the application of statistical programs and a global assessment

of the results are required.
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Methanol is used commercially as a stabilizer in formaldehyde solutions,
and generates hemiacetal/acetal compounds which prevent the precipitation of
the formaldehyde. The study of the influence of the proportion of methanol
present in commercial formaldehyde solutions has attracted a great deal of
attention owing to the fact that these solutions differ greatly in methanol content
from one supplier to another. As an example, Table 1 shows different chemical
suppliers and the percentages of methanol in their commercial formaldehyde
solutions. It can be seen that the concentrations of methanol may differ
substantially. It is well known that the physical and chemical properties of water
and methanol also differ (i.e. dielectric constant, boiling point, surface tension,
etc.) [27], and accordingly may have an influence in certain stages of the
synthesis, such as the polymerization or drying steps. Indeed, RF gels
synthesized with methanol as solvent have already been reported in the
bibliography, and these carbon gels exhibit quite different properties to those

synthesized in water [10, 28, 29].

Thus, the proportion of methanol in the formaldehyde solution is believed
to affect the final porous properties of the RF xerogel. Accordingly, the aim of
this work is to assess the influence that methanol contained in commercial
formaldehyde solutions has on the final porous properties of RF carbon
xerogels.

Table 1. Variation of the methanol content in different available commercial solutions of

formaldehyde.

SUPPLIER Methanol concentration (wt. %)

Fernandez Rapado <1.3

Panreac 9-14

Solvech 9-15

Merck Chemicals 10

Oxidal 10-15
Sigma-Aldrich 10-15

Spi-Chem non specified
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2. EXPERIMENTAL

2.1. Synthesis of carbon xerogels

Carbon xerogels were synthesized by the polymerization of resorcinol
(R) and formaldehyde (F), using deionized water as solvent and NaOH as
catalyst of the reaction. First of all, resorcinol (Indspec, 99.6 wt. %) was
dissolved in deionized water in an unsealed glass beaker under magnetic
stirring until completely dissolved. In another beaker, formaldehyde (Quimica
S.A.U., 37 wt. % formaldehyde, 0.6 wt. % methanol, 62.4 wt. % water) was
mixed with methanol (AnalaR Normapur, 99.9 %) under stirring in order to
obtain formaldehyde solutions with different proportions of stabilizer. Afterwards,
both solutions were mixed and stirred until a homogeneous solution was
obtained. Then, two different NaOH solutions were used in order to achieve the
desired pH: a NaOH 5 M solution prepared from solid NaOH (AnalaR Normapur,
99.9 %) and a NaOH 0.1 M solution (Titripac, Merck).

The proportions of each reagent depend on the dilution ratio (D), the R/F
ratio, the pH and the percentage of methanol selected for each experiment. The
dilution ratio is defined as the molar ratio of the total solvent to the reactants.
Total solvent refers to the water and methanol contained in the formaldehyde
solution and the amount of deionized water and methanol added, whilst

reactants refers only to the resorcinol and formaldehyde.

In the present work, dilutions between 5 and 8, R/F ratios from 0.3 to 0.7,
pH values between 4 (pH with no catalyst added) and 7, and percentages of
methanol from 0.6 (already contained in the commercial formaldehyde solution
employed) to 12.5, were used. These limits were selected taking into account
other studies found in the bibliography [23]. The range of the methanol
percentages was selected from the different commercial formaldehyde solutions

available (see Table 1).
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Each precursor solution was placed in a in-lab modified multimode
microwave oven at 85 °C for the whole synthesis process (polymerization and
curing steps) during ca. 3 hours. More details about the microwave cavity and
the operating conditions used are described elsewhere [18, 23, 24]. The
polymer was then dried also by microwave heating until a mass loss of over 50
wt. % was recorded, giving rise to the organic xerogel. The xerogel was then
carbonized in a tubular reactor (Carbolite MTF 12/38/400) for 2 h at 700 °C

under a N, flow (150 mL min™) to yield the desired carbon gel end product.

The sample nomenclature selected throughout this study is as follows:
“CX-pH-D-R/F-M” where the CX is the abbreviation for the carbon xerogels and
the pH, D, R/F and M are 4 numerical values corresponding to the pH of the
precursor solution, the dilution ratio, the R/F molar ratio and the percentage of

methanol contained in the formaldehyde solution, respectively.

2.2. Sample characterization

Porosity and morphology of the samples studied were characterized by
means of nitrogen adsorption-desorption isotherms, mercury porosimetry and
scanning electron microscopy (SEM). Before any characterization, the xerogels
were outgassed (Micromeritics VAcPrep 0.61) at 0.1 mbar and 120 °C

overnight, in order to remove humidity and other physisorbed gases.

The nitrogen adsorption-desorption isotherms were measured at -196 °C
in a Tristar 3020 (Micromeritics). Sger was determined from the N, adsorption
branch and, in all cases, the number of points used to apply BET equation was
superior to 5. Vmicro was estimated by the Dubinin-Raduskevich method. N,
adsorption-desorption isotherms were only used to obtain information about
microporosity (Sger, Vmicro and mean micropore size). Parameters such as
porosity (%), pore size distribution (PSD), bulk density and
mesopore/macropore volumes (Vmeso, Vmacro), were determined by mercury
porosimetry, with the equipment AutoPore 1V 9500 (Micromeritics), which is able

to measure from atmospheric pressure to 228 MPa. In the case of mesopores

85



CAPITULO 4

characterisation, the lower limit for the apparatus used was 5.5 nm. Likewise,
Vmacro refers to porosity ranging from 50 to 10000 nm. The surface tension
and contact angle were taken to be 485 mN m™ and 130 °, respectively, and the
stem volume was between 45-58 % in all the analysis performed. Initially, in the
low pressure step, the samples were evacuated to 6.7 Pa and the equilibration
time used was 10 seconds. Subsequently, the pressure was gradually increased

to the maximum value and the subsequent mercury intrusion evaluated.

Micrograph of the carbon xerogels were also obtained on a Zeiss DSM
942 scanning electron microscopy. For this characterisation samples were
attached to an aluminum tap using conductive double-sided adhesive tape. An
accelerating voltage of 25 kV and a secondary electron detector EDT Everhart-

Thornley, was used in all analysis.

2.3. Experimental design

As is well known, the final porous properties of carbon gels are affected
by several variables which are interrelated [12, 18, 23, 24]. Therefore, the
selection of the variables for tailoring the final properties is crucial. The biggest
challenge in this study was to ensure that most of the possible combinations of
pH, D, R/F and % MeOH were covered, taking into account that this is a four-
dimensional study and an exponential number of combinations of variables is

possible for each experiment.

Accordingly, an experimental design was constructed based on
Response Surface Methodology (RSM), using a Design Of Experiments (DOE)
which allowed the largest possible number of combinations to be covered by the
smallest possible number of experiments. The range for the variables studied
were: pH values between 4 and 7, a dilution (D) between 5 and 8, a R/F ratio
from 0.3 to 0.7 and a percentage of methanol in the precursor solution from 0.6
to 12.5 %, according to the concentrations provided by different suppliers of
formaldehyde solutions (Table 1). A D-optimal design was applied to 146

experiments, from which a statistical model was obtained for the different
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responses of the system, with special attention to the characterisation of
mesoporosity by using an analysis of variance (ANOVA). The data were
adjusted to a cubic function with an R-squared value from 0.95 for samples
obtained using 0.6 % of MeOH, to 0.81 when using 12.5 %. The p-value
obtained from the ANOVA was always smaller than 0.05, indicating that the fit of
data is significant and therefore the model applied is correct. The design matrix

was generated by using a Design-Expert 9.0 Trial version from Stat-Ease Inc.

3. RESULTS AND DISCUSSION

In order to present the large amount of results obtained in a clear
manner, a sample (CX-6-5-0.3) obtained from a precursor solution with a pH of
6, a dilution ratio of 5 and a R/F molar ratio of 0.3 was taken as a reference. The
pH, dilution ratio and R/F molar ratio were varied with respect to the reference
sample. The other variables used were kept constant during the synthesis
process. Every combination of variables was prepared using four different
methanol concentrations (i.e. from 0.6 to 12.5 wt. %). A selection of the resulting

samples is presented in Table 2.

As can be seen, a decrease in the concentration of methanol leads to an
increase in the total pore volume (up to 218 %), pore size (up to 400 nm) and
porosity (up to 64 %) and, as a consequence, to a decrease in density (up to 37
%). This strong influence is graphically shown in Figure 1. The corresponding
variations for the reference samples are shown in Figure 1a, where it can be
seen that the total pore volume increases as the concentration of methanol

decreases.
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Table 2. Porosity parameters, derived from mercury porosimetry, of carbon xerogels obtained

from 4 different recipes and in each case with 4 different methanol concentrations.

Sample (c\rr/;g;g) (g/r“n“%ja) (::/FE%C/S) diapr?wreeter deBr:Js”i(tSy POE(;;,HY
(nm) (g/cm>)

T R
o> 069 069 000 14 0.70 47
Cé‘f_f‘ 0.78 0.78 0.00 15 0.64 49
LeS 089 089 0.00 18 0.59 52
Fih ow ow ow m ow
CS<.‘35_‘85' 1.37 0.82 0.54 46 0.46 64
c(>)<.-35_;15- 1.94 0.11 1.83 101 0.35 67
LoS 285 0.03 252 420 0.30 72
g;(_‘ffé 1.50 1.18 0.33 47 0.43 63
Cé‘f_f‘ 153 0.14 1.39 65 0.43 64
ax 158 0.04 1.55 124 0.42 64
CX-6-8- ] ] ] i - -
0.3-0.6

g>7<5255 0.28 0.28 0.00 13 0.95 26
CS(_'??'SS' 0.33 0.33 0.00 13 0.92 30
Céf'?ff'f' 0.46 0.46 0.00 14 0.80 36
%)(7'_60'_56' 0.89 0.86 0.03 21 0.60 52
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Figure 1. Influence of methanol concentration on the meso-macroporosity and total pore volume
developed in carbon xerogels in combination with variation of the pH, R/F ratio and dilution of the
precursor solution.

The same trend is also observed for the different pH, R/F molar ratio and
dilution ratios (Figures 1b, 1c and 1d, respectively). However, the contribution of
the mesopore and macropore volume to the total volume of pores is different as
it depends on all the other chemical variables selected. Figure la shows
mesoporous materials and, in this case, methanol only affects the volume of
mesopores, since these samples do not have any macroporosity. However,
Figure 1b shows samples with different a pH (i.e. a precursor solution pH of 5).
Here it can be seen that not only is the total pore volume three times larger
when 0.6 wt. % of methanol is applied instead of 12.5 wt. %, but also that the
type of porosity has changed radically. In this case, the sample obtained with
0.6 wt. % of methanol is a macroporous material, while that obtained with 12.5
wt. % of methanol is mesoporous. These results show that a change in the

proportion of methanol affects the porosity of the resulting material considerably.

Figure 1c displays samples where the R/F molar ratio has been
increased with respect to the reference ones. In this case, the increase in pore
volume obtained is not directly proportional to the decrease in methanol, since
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the increase, when the methanol decreases from 4 to 0.6 wt. % is higher than in
the case of the other formulations (see Table 2). In Figure 1d samples with
different dilution ratios are shown. As can be observed, the total pore volume
increases only slightly with the decrease in methanol content, but the type of
pores obtained changes drastically in that the material obtained is
predominantly mesoporous when 12.5 wt. % of methanol solution is used, but
totally macroporous when 4 wt. % of methanol is employed. It was not possible
to synthesize carbon xerogels with 0.6 wt. % of methanol under the conditions
used in this study, since gelation did not take place, and the precursor solution

remained in a sol state.

It is well known that the pH of the precursor solution has a strong effect
on the porosity of carbon xerogels. Higher pH values enhance polymerization,
leading to an increase in the number of clusters of lower size and as a
consequence, a decrease in the pore size [18, 23, 24, 27, 30, 31]. For this
reason, in Figure 2a, which corresponds to samples obtained with a pH value of
6, pore sizes are in the mesopore range (i.e. pores between 5 and 25 nm,
depending on the sample) whereas in Figure 2b, corresponding to samples with
a pH of 5, pores of hundreds of nm may develop. Therefore, as the pH of the
precursor solution decreases, not only does the pore size increase but also the
total pore volume. Moreover, in both cases, a decrease in the methanol
concentration generates an increase in the pore size, which is much higher
when a lower pH is used (i.e. the pore size can be increased from 22 to 420 nm
merely by decreasing the methanol content of the sample obtained with a

precursor solution pH of 5).
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Figure 2. Variation of the pore size distribution of carbon xerogels due to different methanol
proportions for two different precursor solution pH values: a) pH=6 and b) pH=5.

The R/F molar ratio is considered another important variable for
controlling the porosity of carbon xerogels. It has been demonstrated that,
provided that the rest of the variables are kept constant, an excess of
formaldehyde promotes the formation and growth of clusters and produces a
greater number of interconnections [12, 24]. A decrease in the R/F ratio
displaces the reaction equilibrium to the products, giving rise to an increase in
the rate of reaction and in the size of the clusters. The SEM micrographs in
Figure 3 show the effect of this variable on the size of the clusters in the carbon
xerogel and, in turn, on the final porosity. Thus, from the left to the right, it can
be seen that an increase in the R/F ratio leads to a decrease in the pore size
and smaller clusters are formed. However, when the two rows corresponding to
two different methanol concentrations are compared, it is observed that the
effect of the methanol concentration is even greater than the influence of the
R/F ratio, as it is very difficult to distinguish differences between the R/F ratios

when 12.5 wt. % is the percentage of methanol used.
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Figure 3. SEM images showing the influence of the R/F molar ratio and methanol concentration in
the formaldehyde solution on the size of the clusters formed and therefore on the final porosity of
carbon xerogels.

It has been demonstrated that chemical variables are interdependent
[23, 24] and therefore, they must be studied simultaneously. As it is not possible
to represent the variations and interdependence of four variables at the same
time (i.e. pH, dilution, R/F ratio and percentage of methanol), Figure 4 only
represents the combined effect of pH and dilution ratio on the mesopore volume

for two different concentrations of methanol.
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Figure 4. Three-dimensional surface plot and contour plot showing the combined effect of the

dilution ratio and pH on the mesopore volume for two different methanol concentrations (R/F ratio
fixed at 0.3).

The dilution ratio used in the precursor solution affects the final porosity
of carbon xerogels in that the greater the dilution ratio, the greater the distance
between the clusters of polymers formed, leading to materials with wider pores
[23, 24]. The R/F ratio was fixed at 0.3 for this study, as illustrated in Figure 4,
because it has been observed to yield a large mesopore volume, not only in this

work but also in previous published studies [24]. Figures 4a and 4b show a

three-dimensional surface plot with 0.6 and 125 wt. % of methanol,

respectively. Figure 4c and 4d display the corresponding contour plots for the
same methanol concentrations. In these graphs, it can again be observed that a
decrease in the concentration of methanol produces an increase in the
mesopore volume. Moreover, the maximum is displaced to a higher value of pH

and the area corresponding to mesopore volume has been reduced.

It is not possible to synthesize samples with 0.6 wt. % of methanol under
the conditions of this work, when the pH and dilution are low, since the

precursor solution would boil and the process would get out of control. Neither
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was it possible to synthesize samples with a low pH and a high dilution ratio
because more than 3 h would be needed to reach the gelation point, making the
process too costly. For this reason these areas are not represented on the
graph (Figure 4d).

At some points on the plot, a decrease in pore volume seems to occur.
However, the decrease observed is due to an enlargement of the pores, as a
consequence of which some mesopores become macropores, leading to a
decrease in the mesopore volume. This can also be observed in Figures 1b and
1d, where the type of porosity has been drastically modified. In other regions of
the graph in Figure 4, an increase in the mesopore volume is apparent, as

occurs in Figures 1a and 1c.

All the samples were characterized by nitrogen adsorption in order to
evaluate the microporosity developed in each case, besides the possible
influence of methanol on this type of porosity. However, the microporosity of all
the carbon xerogels remained more or less unchanged. Thus, all the samples in
Table 1 present a similar BET surface area of ca. 600 m?g, and a mean
micropore size of ca. 0.9 nm. It can be inferred from this that the presence of
methanol influences the size of the clusters and, in turn the meso-macroporosity

of the carbon xerogels, though not the micropores that form inside the clusters.

The reason for the influence of methanol content on the final size of the
clusters formed is related to the role that methanol plays in the stabilization of
formaldehyde solutions. The oxygen in the carbonyl group from formaldehyde is
protonated under acidic conditions, which leads to the formation of hemiacetal.
However, a sufficient amount of methanol allows the reaction to form acetals,
which are more stable compounds [28]. Therefore, an increase in the
concentration of methanol results in the formation of more hemiacetals, leaving
less formaldehyde available to participate in the sol-gel reaction. This result is
somewhat similar to the effect produced by the decrease in the R/F ratio in the

formulation of carbon xerogels that leads to the formation of smaller clusters.
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Polymeric structures with small clusters give rise to small voids between

clusters and hence to samples with smaller pores and a lower pore volume.

The drying step during the synthesis of organic xerogels aims the
elimination of the excess solvent used as the polymerization media. Its effect on
the porosity is due to the surface tensions occurring during solvent elimination
and the consequent shrinkage of the structure. This surface tension depends on
the kind of porosity present and on the type of solvent used during the
synthesis. Carbonization process aims to remove volatiles and labile/residual
components making the material thermally stable. The designed meso-
macroporous structure of the xerogels during the synthesis process remains
unchanged, only microporosity markedly increases due to the removal of volatile
matter that generates new micropores. Thus, Sger value is around 200-300 m?
g™ for the organic xerogels compared to about 600 m? g™ after the carbonization

process.

Regarding the influence of methanol content in the formaldehyde
solutions on shrinkage and yields during drying and carbonization steps, results
show that these depend on the kind of organic xerogel treated. The higher the
methanol content the higher the shrinkage during drying (i.e. ca. 10 and 40 % of
shrinkage when formaldehyde solutions with 0.6 % and 12.5 % are used,
respectively). This could be due to the fact that more formaldehyde is inhibited
in the presence of methanol and the structure created are less crosslinked and
therefore less mechanically resistant. In the carbonization step some further
shrinkage can occur due to the release of volatiles, however this is similar in all
cases (ca. 50 %). Concerning the vyields obtained during the synthesis and
carbonization processes, the results obtained shows that the variations are not
very relevant (i.e. all yields between 40-50 wt %) and they are dependent on the
composition of the precursor solution. The higher the R/F ratio the lower the
yield obtained in the synthesis due to the lower amount of F available. In the
same way, for the same R/F ratio used, the higher the methanol content in the
formaldehyde solution the lower the yield obtained due to the formation of more

hemiacetals inhibiting the polymerization reactions. Finally the carbonization
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process leads also slightly lower yields when methanol is included in the initial
formulation, maybe because the non-reacted molecules are lost during the
thermal process. Finally, it is worth to mention that methanol content has more
influence on shrinkage and porosity of the final materials than on carbon yield.

4. CONCLUSIONS

In this study it has been demonstrated that the concentration of methanol
present in commercial formaldehyde solutions has a significant influence on the
porosity of RF carbon xerogels synthesized in a microwave oven. Provided that
the rest of the variables used in the synthesis process are kept constant, carbon
xerogels synthesized with a lower concentration of methanol show a higher total
pore volume and pore size and, as a consequence, a lower density and a higher
porosity. This effect occurs to different degrees depending on the other
variables used in the synthesis process. In some cases, the type of porosity
changes dramatically and samples obtained by the same recipe may present
meso or macroporosity depending on the concentration of methanol in the
commercial formaldehyde solution. On the other hand microporosity does not
seem to be influenced by the presence of methanol. In short, the concentration
of methanol can be considered a highly useful novel chemical variable for

tailoring the porosity of carbon xerogels for specific applications.
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ABSTRACT

Resorcinol-formaldehyde xerogels are polymers whose porosity can be
designed for a specific application by the selection of appropriate physical and
chemical synthesis variables. Until recently, the methanol content of commercial
formaldehyde solutions has never been considered as a chemical variable that
must also be taken into account. However, it has been demonstrated that the
proportion of methanol might be even more important than other variables for
tailoring the porosity of xerogels. Different reaction mechanisms are proposed to
explain this heavy dependence of the final structure of RF xerogels. Organic
and carbon xerogels synthesized with low concentrations of methanol showed a
higher porosity with much larger pore sizes (up to two orders of magnitude) than
when using formaldehyde with high concentrations of methanol. This means
that extra caution needs to be shown in choosing these commercial products
since formaldehyde solutions differ greatly in methanol content from one

supplier to another.

Keywords: xerogel, formaldehyde, methanol, controlled porosity.
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1. INTRODUCTION

Porous carbon and organic gels synthesized by means of Pekala’s
method [1], with resorcinol and formaldehyde as precursors, and water as
solvent [2-5], have been the most common type of gels studied until now in

preference to other precursors and reaction media [6-11].

Microwave radiation is the most common method used to synthesize this
type of material since it is a highly competitive process that requires only 3 h
instead of the 5 days needed for conventional heating. Furthermore, the entire
process, from gelation and ageing to the final drying step, is carried out in the
same device (referred to as one-pot synthesis), reducing the amount of energy

needed and, therefore, making the process much more cost-effective.

However, the main attraction of these materials resides in their great
versatility. Xerogels are considered materials with a high added value due to the
fact that their porosity can be controlled and designed for a specific application
by selecting appropriate values for the synthesis variables, whether physical
(e.g. temperature, time of synthesis, etc.) [2, 12] or chemical (e.g. pH, dilution,
molar ratio resorcinol/formaldehyde, etc) [13-16]. In addition, all these variables
are interdependent and an exhaustive study of all of them together requires the
use of statistical programs [13, 14, 17].

Until recently, the role of the methanol content in commercial
formaldehyde solutions as a chemical variable has been underestimated. Every
commercial formaldehyde solution contains a certain proportion of methanol to
prevent the formaldehyde from polymerizing and precipitating, and to keep its
concentration constant. It has been demonstrated [17] that the proportion of
methanol is even more important than other variables for controlling porosity. As
formaldehyde solutions differ greatly in methanol content from one supplier to
another, this factor must be paid due attention. However, more deeply
characterization of the samples obtained only varying the composition of the
formaldehyde solution is needed in order to postulate a mechanism and a

chemical explanation of what it is occurring.
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In this work two different organic and carbon xerogels were synthesized
under the same synthesis conditions using formaldehyde solutions with different
proportions of methanol. A series of chemical, structural and morphological
analyses of the samples obtained were carried out in order to clarify the role of
the methanol content. On the basis of the results obtained, a reaction
mechanism and chemical explanation for the influence of this chemical variable

is proposed.

2. EXPERIMENTAL

2.1. Synthesis of carbon xerogels

Xerogels were synthesized by the polymerization of resorcinol (R) and
formaldehyde (F) with water as the reaction media using a solution of NaOH to
adjust the pH to the desired value. The variables selected for this study were: a
pH of 5, a dilution ratio of 8 (dilution ratio is defined as the molar ratio between
the total solvent and reactants. Total solvent refers to the water and methanol
contained in the formaldehyde solution and the deionized water that is added
and reactants refers to the resorcinol and formaldehyde), and a R/F molar ratio
of 0.7.

In order to prepare the organic xerogels, resorcinol (Indspec, 99.6 wt. %)
was dissolved in deionized water in an unsealed glass beaker under magnetic
stirring. As the formaldehyde solution used (Quimica S.A.U., 37 wt. %
formaldehyde, 0.7 wt. % methanol, 62.3 wt. % water) contains 0.7 wt. %
methanol, one of the gels was prepared using this solution directly. The other
gel, was prepared by adding methanol (AnalaR Normapur, 99.9 %) to the former
formaldehyde solution until a 12.5 wt. % methanol content was obtained. In both
cases the formaldehyde solution was then added to the rest of the precursor
mixture. It is worth noting that pure methanol was added to the above
formaldehyde solution, instead of using other commercial formaldehyde, in

order to use exactly the same reagents for the synthesis of the samples studied.
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Therefore other factors such as impurities, pH, etc. may be avoided. In order to
obtain a pH of 5 in the precursor mixture, 5 M and 1 M solutions were prepared
from solid NaOH (AnalaR Normapur, 99.9 %) and added until the desired pH.

Each precursor solution was kept in an in-lab modified multimode
microwave oven at 85 °C for the entire synthesis process (polymerization and
curing steps) i.e., ca. 3 hours. The microwave cavity and the operating
conditions used are described in detail elsewhere [13, 14, 18]. The polymer was
then dried in the same device, by microwave heating, without any pretreatment
or intermediate step until a mass loss of over 50 wt. % was reached, giving rise
to the final organic xerogel. The xerogel was then carbonized in a tubular
reactor (Carbolite MTF 12/38/400) for 2 h at 700 °C under a N, flow (150 mL
min™) to obtain the carbon gel product. Samples, either organic and carbon

xerogels were obtained in duplicate to ensure reproducibility.

In this study, the samples labelled OX refer to the organic xerogels, CX
samples to the carbon xerogels and 0.7 or 12.5 to the percentage of methanol

contained in the formaldehyde solution used in each case.

2.2. Sample characterization

2.2.1. Porosity

Before characterization, the xerogels were outgassed (Micromeritics
VAcPrep 0.61) at 0.1 mbar and 120 °C overnight in order to remove all humidity

and other physisorbed gases.

The porosity of the samples studied was characterized by means of
mercury porosimetry on an AutoPore IV 9500 (Micromeritics) device, which is
able to measure from atmospheric pressure up to 228 MPa. To characterize
mesoporosity the lowest limit of the apparatus considered was 5.5 nm. Likewise,
Vmacro refers to porosity ranging from 50 to 10000 nm. The surface tension

and contact angle were 485 mN m™ and 130 °, respectively, while the stem
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volume was between 45-58 % in all the analyses performed. Initially, in the low
pressure step, the samples were evacuated at 6.7 Pa and the equilibration time
chosen was 10 seconds. Subsequently, the pressure was gradually increased to
its maximum value, after which the mercury intrusion was evaluated. This
characterization yielded data about pore size distribution, pore volume and bulk
density.

2.2.2. Microscopy

Micrographs of the carbon xerogels were obtained on a Zeiss DSM 942
scanning electron microscope (SEM). For this characterization the samples
were previously dried overnight and then attached to an aluminum tap using a
conductive double-sided adhesive tape. A voltage of 25 kV and a secondary
electron detector EDT Everhart-Thornley, were used in all the analyses.

Transmission electron microscopy (TEM) was carried out on a Jeol 2000
at 180 kV. A very dilute ethanolic suspension was prepared and then deposited
on a 200 mesh copper grid with carbon membrane.

2.2.3. X-ray photoelectron spectroscopy (XPS)

The X-ray photoelectron spectra (XPS) of the carbonised xerogels (CX
samples) were carried out in a SPECS Phoibos 100 analyser using MgKa X-
rays (1254.6 eV) at a power of 100 W and in a residual vacuum of 10-7 Pa.
Analyser pass energy of 50 eV has been used to collect broad scan spectra (0—
1100 eV). The atomic percentages (atom %) of the different elements present in
the approx. 10 nm upper layer probed by XPS were calculated from the survey
spectra by considering the integrated areas of the main XPS peaks. High
resolution spectra of C (1s) were performed using a pass energy of 10 eV. Cls
peaks were deconvoluted fitting Gaussian-Lorentzian functions by means of
Marquardt algorithm by using proprietary software. The number of peaks
considered in the fitting procedure was, on one hand, sufficient to attain a sound

fitting [19], and on the other, to account for the different contributions with
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physical meaning. The assignment of such contribution was done following
previous studies in carbon materials [20-21]. Samples were dried overnight
before characterization.

2.2.4. Nuclear Magnetic Resonance (NMR)

The samples were analyzed directly after synthesis and also after being
dried overnight under vacuum at room temperature by *H and *3C solid state

NMR spectroscopy and *H NMR imaging (MRI).

The 'H and *C NMR measurements were performed on a Bruker
Avance 400 spectrometer (Bruker BioSpin, Rheinstetten, Germany) equipped
with a 89 mm wide bore, 9.4 T superconducting magnet (at *H and **C Larmor
frequencies of 400.14 and 100.61 MHz, respectively). All the reported data were
obtained at room temperature. Powdered samples were placed in 4 mm zirconia
rotors and a standard Bruker double resonance 4 mm cross-polarization
(CP)/magic angle spinning (MAS) NMR probe head was used. The 'H MAS
spectra were recorded using single pulse excitation and the '*C CP/MAS
spectra were obtained by applying a 3 ms CP contact time and sideband
suppression (seltics). The recycle delays in the *H and **C experiments were 5
and 3 s, respectively. The MAS spinning rates varied between 5.0 and 7.0 kHz.
3C NMR spectra were obtained by high-power proton decoupling at 75 kHz. In
all cases, the NMR spectra were evaluated using the manufacture’s Top-Spin™
spectrometer software package. All the free-induction decays were subjected to
the standard Fourier transformation procedure with line broadening (**C: 50-100
Hz; 'H: 20 Hz) and phasing. The chemical shifts were externally referenced to
adamantane (**C &: 29.5 ppm; 'H &: 1.63 ppm) secondary to tetramethylsilane
(**C and 'H &: 0.0 ppm).

The proton NMR imaging measurements were performed on the
spectrometer described above fitted with a microimaging accessory. The
maximum possible amplitude available for the magnetic field gradients was 97.3

G cm™. Cylindrical monoliths of each sample cut into pieces of about 10 mm in
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length were prepared and analyzed by 'H MRI after being dried overnight under
vacuum at room temperature (Figure 1). Glass tubes with an outer diameter of
20 mm and a height of 8 cm were employed as sample holders. The cylindrical
samples were fully impregnated with cyclohexane under vacuum, and loaded
into an NMR probe fitted with a radiofrequency coil insert of diameter 25 mm. All
measurements were performed at 25 + 0.2 °C.

OX-0.7 OX-12.5 CX-0.7 CX-12.5

,mou“og“‘“,m.'.;n......- ' T ..u:malumammrmrn
. !

| . i »
) 1 2 3 ‘1 =8 9’

=

Figure 1. Samples of the xerogels prepared for the MRI study.

Scout images were recorded using a two-dimensional multislice
gradient-echo pulse sequence with an echo time (TE) of 1.86 ms and a
repetition time (TR) of 300 ms. The images were obtained in three orthogonal
planes, 1 mm thick, with a field of view (FOV) of 25 x 25 mm? and an isotropic
resolution of 128 x 128 pixels. To characterize the morphological features of the
xerogels, fully relaxed (TR > 5 x T1) multislice/multispin-echo images at echo
times between 5 and 40 ms were recorded. Eight transaxial images with a slice
thickness of 0.5 mm, a gap between slices of 0.4 mm, and an in-plane isotropic
resolution of 78 x 78 ym? were obtained. T1 measurements were performed
using an inversion-recovery pulse sequence. The images were processed using

ImageJ software (National Institute of Health, Bethesda, US).

2.2.5. Fourier Transform Infrared Spectroscopy

The chemical surface characterization of the powdered samples was
carried out by Fourier Transform Infrared Spectroscopy (FTIR). Samples were

dried overnight before characterization. The spectra were recorded in the 525
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and 4000 cm™ range on a Nicolet IR 8700 spectrometer fitted with a DTGS
detector (deuterated triglycine sulphate) at a 4 cm™ resolution in 64
accumulated scans. The samples were analyzed twice. In order to prepare the
tablets, the samples and KBr (previously dried overnight) were mixed in a
proportion of 1:100 in an agate mortar for 10 minutes until a homogeneous
mixture was obtained. Around 0.125 g of this mixture was subjected to 8 tons of

pressure in a 13 mm diameter matrix.

3. RESULTS AND DISCUSSION

Two samples synthesized under the same conditions, except for the
methanol content in the formaldehyde solution (i.e., 0.7 and 12.5), were studied
by means of different techniques. The pore size distribution of each sample,
both before and after carbonization: OX and CX respectively, is shown in Figure
2. It can be seen that a decrease in the methanol content of the formaldehyde
solution causes an increase in the pore diameter of up to two orders of
magnitude. Moreover, an increase in the methanol content produces an
increase in the bulk density of the material from 0.34 to 0.41 g/cm?® for OX-0.7
and OX-12.5, respectively (Table 1), leading to radically different material.
These variations may result from a change of supplier or if a different batch of
formaldehyde from the same supplier is used. The differences in methanol
content are of crucial importance since the main advantage of organic and

carbon gels are that they allow porosities to be tailored for specific applications.

Table 1. Textural properties of the samples obtained by mercury porosimetry.

Pore

volume S denasity % Porosity
emégh ™)
0X-0.7 2.02 0.34 69
OX-12.5 1.61 0.41 66
CX-0.7 2.13 0.32 69
CX-12.5 1.53 0.43 65
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Pore Size Distribution
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Figure 2. Pore size distribution obtained by mercury porosimetry for the samples studied.

To investigate possible differences in the chemical structure of xerogels,
solid state NMR spectroscopy and FTIR measurements were carried out. Figure
3a shows the *C CP/MAS NMR spectra corresponding to samples OX-0.7 and
OX-12.5. The spectra are not significantly different and show 5 main
resonances centered at 151.7; 132.4; 120.5; 103.7, and 28.3 ppm. The 151.7
peak corresponds to phenolic carbons from the substituted resorcinol. Due to
the fact that aromatic rings can be substituted by one, two or three bridges with
respect to the adjacent rings, this gives rise to asymmetric resonances. The
peak at 132.4 corresponds to carbons in meta position with respect to both
phenols, whereas the peak at 120.5 ppm corresponds to mono and bi-
substituted aromatic carbons in ortho position relative to the phenol group. The
peak at 103.7 ppm corresponds to the carbons between the phenolic OH and

the wide peak at 28.3 is assigned to different CH, bridges [22].
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Figure 3. ®C CP/MAS NMR spectra with proton decoupling and sideband suppression
corresponding to the samples studied: a) organic xerogels and b) carbon xerogels. Asterisks
indicate residual spinning side bands and the structures assigned to the peaks appear in the inset.

The *C CP/MAS NMR spectra of samples CX-0.7 and CX-12.5 are
shown in Figure 3b. In this case, there is only one peak centered at ca. 127 ppm
that can be assigned to C-C sp® bonds (the other peaks in the top trace are
spinning sidebands that have not been completely suppressed). As CP/MAS
experiments favor the detection of carbons with nearby protons, a comparison
of the spectra of samples OX and CX, suggests that the CX samples have a
lower proton density than the OX ones, especially, sample CX-12.5 (which has
lower signal intensity than the rest). It should also be pointed out that the
spectra of the OX samples are the result of averaging 1,000 scans, while those

of CX represent an average of 10,000 scans.

Figure 4 shows the 'H MAS spectra of the organic samples (OX)
analyzed before and after drying. The spectra in Figure 4a correspond to
sample OX-0.7. A narrow peak at 4.62 ppm only appears in the sample prior to
drying (top trace), and the broad peak at 3.94 ppm shifts to 3.49 after drying
(bottom trace). Likewise, Figure 4b illustrates the spectra corresponding to

sample OX-12.5. In this case, only one peak at 4.06 ppm is visible before
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drying. After drying, there is only one broad peak at 3.87 ppm is observed. In
both cases, the narrow linewidth of the peaks observed in the xerogels before
drying suggests that they are associated to protonated species with a high
mobility. The broad peaks observed in the dried samples (bottom traces in
Figure 4) could be associated to protons with a low mobility (protons bound to
the polymer network). The carbonized samples were also characterized.
However, the differences between the pristine and dried samples are very small,
reflecting the weak hydrophilic character of the CX samples due to the absence

of surface groups (Figures S1 and S2 in the supplementary material).

14 12 10 8 6 4 2 0 -2 ppm 14 12 10 8B 6 4 2 0 =2 ppm

Figure 4. 'H MAS NMR spectra corresponding to a) OX-0.7 and b) OX-12.5 samples, before (top
trace) and after (bottom trace) drying.
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14 12 10 8 6 4 2 0 -2 ppm

Figure S1. 'H MAS spectra corresponding to sample CX-0.7 before (top trace) and after (bottom
trace) drying. The spectra were acquired with the same conditions and are plotted with the same
vertical scale. A broad peak centered at about 6 ppm is observed in both spectra. The narrow
peak shows changes after drying, the peak at 0.13 ppm is observed in the two spectra, while the

peak at -0.71 ppm is only visible in the untreated sample.

14 12 10 8 6 4 2 0 -2 ppm

Figure S2. 'H MAS spectra corresponding to sample CX-12.5 before (top trace) and after (bottom
trace) drying. The spectra were acquired with the same conditions and are plotted with the same
vertical scale. A broad peak centered at about 5.5 ppm is observed in both spectra. The intensity

of the narrow peak decreases after drying, and shifts from -0.99 to 0.02 ppm.
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The FTIR spectra of the OX xerogels are presented in Figure 5. Both
spectra exhibit a broad band between 3700 and 3000 cm™ associated with O-H
stretching vibrations, due to phenol groups with a high concentration of hydroxyl
groups on their surfaces, providing these materials with a high hydrophilicity.
The band at 2931 cm™ can be assigned to aliphatic stretching vibrations (CH,).
The band located at 1474 cm™ corresponds to CH, deformation vibrations and
the one at 1613 cm™ to the aromatic ring stretching vibration (C=C). Stretching
vibration bands at 1217 and 1092 cm™ indicate the presence of methylene ether
bridges C-O-C) [23, 24]. It should also be noted that, in the case of NMR, FTIR
revealed identical bands in both organic samples, indicating similar chemical
compositions. Elemental chemical analysis also (Table 2) corroborated the
similar compositions of the OX samples. The carbonized samples (CX) were
also analyzed, and again their chemical composition seems to be independent
of the amount of methanol used (Table 2). The CX samples have a carbon
content of ca. 95 wt %. The FTIR spectra of the CX samples reveal a poor
surface chemistry, a feature typical of a carbonized material (see Figure S3). It
is also worth noting that in no case do these xerogels (OX and CX samples)

show signs of impurity content.

—0X-0.7
—0X-12.5

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavelenght (cm™)

Figure 5. Chemical characterization of the organic samples from FTIR spectra.
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Table 2. Elemental analysis results for the organic and carbon xerogels (dry basis).

OX-0.7 | OX-12.5 CX-0.7 CX-12.5

C (0.2, wt. %) 62.5 63.2 937  93.4

H (£0.2, wt. %) 5.0 4.8 1.8 1.7
N (£0.2, wt. %) 0.3 0.3 0.5 0.6
O (0.2, wt. %) 32.2 31.7 4.0 4.3
----CX-0.7 ----CX-12.5
--------- ~ ——’——___~~_--__________________-_-------,_\—,“----~-—\—-‘—/,_----_-,______-

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavelenght (cm?)

Figure S3. FTIR spectra for the carbonized samples CX-0.7 and CX-12.5 (note, it was used the
same scale as Figure 5 for comparison proposes).

It is clear from Figure 4 that all of these organic materials are sensitive to
air humidity since water is easily absorbed by their surfaces. Furthermore,
Figure 5 shows a high hydroxyl group content on the surface of these organic
materials which endows them with a high hydrophilicity. What is more, their
porosity provides them with a good water storage capacity, giving rise to a

material with outstanding desiccant properties [25]. The FTIR spectra of the CX
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samples (data not shown) were characteristic of high temperature carbon
materials, i.e., there being no bands detected.

As differences in porosity are a result of different reaction mechanisms,
and possibly different functional groups in the chemical structure, XPS was also
performed as being a more sensitive technique for the characterization of the
surface chemistry of the materials. It should be noted that the OX samples could
not be characterized by this technique, due to their high volatiles content (i.e. 50

wt %) which may cause damage to the XPS equipment.

XPS analyses of the CX carbons brought about a similar atomic
composition, namely 89.5 % of C and 10.5 % of O. As expected, a higher
concentration of oxygen is thus present on the outermost layers of the carbon
materials when compared to the bulk, as probed by the elemental analysis
shown in Table 2. This higher surface oxygen content helps to depict some
differences between the two CX materials, hence on the possible influence of
the methanol content on the final properties of the materials. The deconvolution
process of the high resolution C1s profiles is shown in Figure 6. Four different
peaks were considered for the fitting of the original signals (cross symbols). The
main peak corresponding to C (sp?) was located at 284.5 eV (B.E.). C-OR (R
including H) moieties are known to give a peak displaced by approx. 1.5-2 eV of
the C (sp?) band. Two additional peaks could be present at +3.5 and +4.5 eV of
the main band, normally assigned to R-C=0 and O=C-OR (R including H)
species, respectively. The convolved profile of all these components is also
included in Figure 6 (continuous line) to indicate the soundness of the fitting
procedure. The relative areas of the different components are collected in Table
3.
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Figure 6. C1s high resolution XPS spectra of CX-0.7 (a) and CX-12.5 (b).

Table 3. Analysis of the C1s high resolution XPS of the carbonised gels.

Relative contribution of the fitting peaks (%)

C=C C-OR
CX-0.7 68.2 20.4 4.4 7.0
CX-125 64.9 22.2 3.5 9.4

It was notice that both samples (CX-12.5 and CX-0.7) present a very
similar chemistry. The most relevant difference between them is the relative
contribution of O=C-OR functionalities, with a higher presence in the sample
CX-12.5. These would suggest that this carbon material, prepared using the
formaldehyde solution containing a higher content of MeOH, leads to the
formation of a slightly higher number of ester bonds which are most likely
related to high levels of crosslinking between the nodules. This would agree with
a more condensed structure, leading narrow pores as it is observed in the
porosity characterization mentioned above, besides the SEM and TEM

observations that would be discussed later.

Figure 7 shows structural differences between the carbonized samples.

These differences arise from the polymerization process, and so are also
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observed in the OX samples. However the RF xerogels (i.e. OX samples)
provide photographs of a much lower quality as they contain nearly 50 wt %
volatiles and are not good conductor materials. Consequently, only photographs
of CX are shown in this study. The SEM photographs reveal significant
differences between their internal structures since, on the same scale, large
well-defined clusters are recorded for CX-0.7 whereas only small nodules are
observed in the case of CX-12.5. TEM also reveals very different patterns, as it
is difficult for electrons to penetrate through the sample in the analysis of CX-0.7
due to the large size and thickness of the nodules. Nevertheless this technique
is suitable for the characterization of CX-12.5 as its nodules are thinner and
homogeneous throughout the sample and therefore, electrons are able to pass
through the sample. All of the techniques applied show clearly that these two

samples have totally different structures.

SEM TEM

Figure 7. Microphotograhs of the carbon xerogels obtained from SEM and TEM characterization.
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Magnetic resonance imaging (MRI) methods allow the non-destructive
evaluation of a specimen, providing contrasting images based on its chemical,
structural and morphological characteristics [26-28]. Moreover, longitudinal
studies and a direct comparison between the results obtained by means of MRI
and other techniques applied to the same set of samples are also possible.

In this work, the proton MRI study of carbon xerogels impregnated with a
fluid (cyclohexane) provides valuable information about their morphological
characteristics and could contribute to a better understanding of the effect of the
initial concentration of methanol on the synthesis of carbon xerogels. Although
MRI is not a very sensitive technique and the degree of spatial resolution does
not allow a satisfactory discrimination between submicron structures, it
nevertheless enables the open porosity (the porosity in the sample connected to
the outside) and, therefore, its regional variations at a macroscopic scale to be
mapped [29-31]. Figure 8 shows four representative transaxial proton images
corresponding to the four types of synthesized xerogels vacuum impregnated
with cyclohexane. In these images, the sample is at the centre, surrounded by
cyclohexane. The values of image signal intensity reflected in the different
shades of grey are proportional to the amount of cyclohexane protons at each
location. Thus, the contrasting shades of each image represent regional
variations in the amount of cyclohexane and, in turn, in the open porosity of the
sample. The bright rim around the samples corresponds to 100 % cyclohexane.
It can be seen that the images corresponding to the xerogels prepared with an
initially lower content of methanol (0.7 % w/w) have a courser appearance than
those prepared with higher methanol content (12.5 % w/w). This is in agreement
with the electron microscopy observations (TEM and SEM) described
previously, and with the data in Table 1, since an increase in the methanol
content indicates an increase in density, which naturally entails a decrease in

porosity.
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Figure 8. Proton MRI of xerogels vacuum impregnated with cyclohexane. Images acquired with
an echo time of 5 ms and a repetition rate of 6 s. The images represent transaxial cross-sections
of the cylindrical xerogel samples.

Different reaction mechanisms are proposed based on a detailed
chemical and structural analysis. First, however, it should be mentioned that
methanol is added to the formaldehyde solutions in order to prevent the
formaldehyde from polymerizing itself and subsequent precipitation. As
illustrated in Figure 9, the reaction of methanol with formaldehyde is favored in
acidic media, giving rise to mainly hemiacetals (Figure 9a) and to acetals
(Figure 9b) if the reaction continues any length of time. The reaction between
resorcinol and formaldehyde only takes places if the formaldehyde remains in its
free form or in other words, when it is not in a hemiacetal or acetal form. An
increase in the methanol content leads to an increase in the hemiacetal form,
preventing the resorcinol molecules from finding free formaldehyde molecules to

react with (Figure 9b).
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Figure 9. Reaction mechanisms proposed for the stabilization of formaldehyde by the addition of
methanol and the formation of hemiacetals (a) and acetals (b).

Furthermore, the greater the amount of free formaldehyde available, the
smaller the number of interconnections formed between large-size nodules, as
is corroborated by Figures 5-6. On the other hand, the smaller the concentration
of free formaldehyde, the larger the number of interconnections formed between
the small size nodules. It can also be said that, a similar pattern is observed
when there is a reduction in the R/F molar ratio [14]. The lower the R/F ratio is,
the higher the proportion of methanol present since more formaldehyde is
consumed in the reaction media which will lead to the effects of the methanol

being more prominent.

It is well known that all chemical variables involved in carbon xerogel
synthesis are interdependent. However, although the effect of methanol is
always apparent, the extent of the effect depends on the other variables. For
example, the start of the reaction is favored when the pH of the initial precursor
solution (ca. 3) is increased due to the addition of the basic catalyst. The
formation of the resorcinol anions to initiate the addition reaction is favored (see
Figure 10). As the kinetics of the reaction increases, small clusters are formed,
giving rise to materials with a small pore size. If the kinetics of the reaction is
increased, the methanol content is not as important as it would be at a low pH.
In this case, crosslinking reactions that counteract the growth of nodules are
favored. Consequently the availability of formaldehyde due to methanol content

has less influence on the porosity of the material. In short, methanol content has
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more effect when the kinetics of the reaction is slow or,
low amount of catalyst is used.

in other words, when
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Figure 10. Polymerization steps of resorcinol and formaldehyde with basic catalyst.

The effect of the dilution ratio has also been widely studied in the
literature. However, there are some differences between authors possibly due to
the different synthesis methods or drying methods employed [13, 32, 33]. Under
microwave heating, the sol-gel reaction proceeds faster than under conventional
heating, leaving the solvent no time to evaporate and so it is retained inside the
structure and this may alter the structure somewhat. A lower dilution degree
implies a higher proportion of reactants in the solution and, therefore, an
increase in the number of smaller size nodules formed. On the other hand, an
increase in the dilution ratio will cause the formation of a smaller number of
nodules of larger size. Furthermore, a high dilution ratio will lead to a lower

degree of crosslinking and materials with poorer mechanical properties. If the
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dilution ratio is increased even further, gel will not be able to form since the
nodules will be too far apart to crosslink [34].

CONCLUSIONS

The concentration of methanol present in commercial formaldehyde
solutions has a significant influence on the porosity of RF xerogels. The bulk
chemical composition remains analogous in spite of some differences in the
structure and possibly some functional groups. Different reaction mechanisms
have been proposed to explain the strong dependence of the final structure of
RF xerogels on the presence of methanol. Methanol reacts with formaldehyde,
generating hemiacetal molecules which are not able to react with resorcinol.
Therefore, the greater the amount of methanol, the smaller the amount of
formaldehyde that will be available to participate in reactions, which means that
resorcinol molecules will have difficulty finding formaldehyde in its free form to
react with. In short, organic and carbon xerogels synthesized with a lower
concentration of methanol show a higher level of porosity with larger pore sizes
(by up to two orders of magnitude) than when formaldehyde with high
concentrations of methanol is used. Consequently, in order to obtain accurate
bespoke materials, apart from the already established chemical variables (i.e.,
pH of the precursor solution, R/F ratio, dilution ratio, etc) it is necessary to take
into account the composition of the formaldehyde solution and especially the

percentage of methanol.
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4.2. Utilizacion de catalizadores acidos en la disolucion precursora

Los xerogeles RF se sintetizan a través de una reaccion de
polimerizacién entre el resorcinol y el formaldehido que se suele favorecer
mediante la adicion de compuestos que aceleran la reaccion y que, en
consecuencia, modifican la estructura porosa del gel orgéanico final [31]. La
disolucion precursora tiene un pH inicial de alrededor de 3. Mediante la adicion
de un catalizador basico, siendo NaOH y Na,CO3; los mas comunes [32-36], el
pH se puede aumentar hasta un valor maximo (en torno a 7) que da lugar a un

material no poroso [30].

Existen en la bibliografia estudios [37-40], aunque escasos, que utilizan
acidos en vez de bases como catalizadores de la reaccién de polimerizacién
con el fin de reducir de forma significativa los tiempos de sintesis del material
organico. Sin embargo, estos materiales son exclusivamente macroporosos, y

gran parte de las aplicaciones requieren de mesoporosidad.

En esta Tesis Doctoral se ha evaluado el efecto de sustituir el
catalizador basico comun por uno de naturaleza acida sobre las propiedades

porosas y quimicas de los xerogeles obtenidos mediante radiacion microondas.

4.2.1. Objetivos
Los objetivos planteados para realizar el estudio fueron:

» Evaluar el efecto de la adicién de un &cido en la disolucién precursora sobre

la porosidad de los xerogeles sintetizados con radiacion microondas.

» Evaluar el efecto de la adicién de un &cido en la disolucién precursora sobre

la quimica de los xerogeles sintetizados con radiacién microondas.

» Evaluar las diferencias entre la utilizacién de un catalizador basico o acido

sobre las variables quimicas que afectan en la porosidad de los materiales.

» Evaluar la posibilidad de disefiar materiales con mesoporosidad a medida

con catalizador acido.
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4.2.2. Estudio

Para llevar a cabo este estudio se compararon xerogeles organicos
catalizados con acido nitrico e hidréxido sédico a diferentes valores de dilucion,
proporcion de mondémeros R/F y porcentajes de metanol de la disoluciéon de

formaldehido.

4.2.3. Resultados

Los detalles experimentales y la discusién de los resultados obtenidos
se hallan en la Publicacién lll, incluida al final de esta seccién. Los principales

resultados de este estudio se detallan a continuacion:

» La adicion de un catalizador basico o acido desarrolla la red tridimensional
del material a través de distintos mecanismos de reaccidn que se observan

a escala macroscopica.

> El efecto de cada una de las variables quimicas que repercuten sobre la
porosidad final de los xerogeles sigue la misma tendencia

independientemente del catalizador utilizado.

» Los materiales obtenidos muestran la misma composicion quimica

independientemente del catalizador utilizado.

» La adicién de un catalizador &cido logra tamafios de poro mayores que uno
basico.
» La obtenciébn de materiales mesoporosos solo se logra incrementando la

concentracion de metanol de la disolucion de formaldehido.

» El control de las propiedades porosas es menos minucioso con la adicion de
acidos, ya que ligeras variaciones en cualquiera de sus variables implican

grandes cambios en la porosidad.

> La utilizacién de catalizadores acidos evita la introducciéon de heteroatomos

metalicos (impurezas) en la estructura del gel.

» La reaccion con catalizadores acidos es mas rapida.
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4.2.4. Conclusion

Es posible obtener materiales con propiedades porosas y quimicas
similares independientemente de la naturaleza del catalizador utilizado en la
disolucion precursora, a pesar de que sigan diferente mecanismo de reaccion.
El disefio de la porosidad a través del control de las variables quimicas es
mucho mas preciso cuando se utilizan catalizadores basicos. Sin embargo, con
catalizadores acidos no se introduce ningun heteroatomo metalico en la
estructura del gel (impurezas), la reaccion se produce mas rapidamente y se
pueden obtener materiales mesoporosos en muy poco tiempo variando la

concentracién de metanol (Figura 17).

Catalizador basico

_Catalizador bisico 2
| Catalzador icido 38

Catalizador acido

H/C\H
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Figura 17. Esquema resumen del efecto de utilizar un catalizador basico o acido en la
sintesis de xerogeles RF.
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ABSTRACT

The polymerization reaction that takes place between resorcinol and
formaldehyde is spontaneous but slow. For this reason, compounds are often
used to increase the reaction rate and reduce the synthesis time. These
compounds can be basic or acidic and their nature and concentration can be
used to modify the mechanisms of the reaction and the final properties of the
materials. In this work the differences in the final properties of the organic
xerogels obtained with basic or acid boosters have been studied. It was found
that, irrespective of the nature of the booster, none of the end-product materials
showed any differences in their chemical properties. Moreover, the
concentrations of the components of the precursor solution (i.e. monomers,
water and methanol) were observed to have the same effect on the porous
properties of the materials regardless of whether an acidic or a basic booster
was used. However, differences in the porous properties were observed. It was
found that the methanol content was crucial to tailor the porosity over the entire
nanoscale when an acidic booster is used. These results are of great
importance as acidic boosters allows to decrease synthesis time and, hence, to

produce more competitive materials.

Keywords: Organic xerogels, pH, microwave heating, porosity, resorcinol,

formaldehyde
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1. INTRODUCTION

Resorcinol-formaldehyde (RF) gels are porous materials obtained by
means of a polymerization reaction [1-3]. These materials have aroused
widespread interest among the scientific community over the past two decades
due to their excellent properties and diverse applications [3-8]. Some of the
most notable features of these materials include their high purity, low density,
controllable porous structure and the possibility of doping them with metals or
other substances [6, 8-10]. Another reason for the growing interest in these
polymeric materials has been the development of a simple and fast synthesis
process based on microwave technology, which has led to a reduction in the
synthesis time and manufacturing costs [11, 12]. From this process, the so-
called xerogels are obtained instead of the well-known aerogels, which are
unfeasible to synthesize at an industrial scale [3]. Therefore, it is now possible
for companies to take benefit from the advantageous characteristics of RF
xerogels without incurring excessive production costs. However, as in all
industrial processes, more research is needed to further reduce the synthesis
time and, in turn, increase the competitiveness of the material produced. In the
context of microwave-assisted synthesis, one of the possibilities to further
minimize production time is to accelerate the chemical reaction that takes place

during the synthesis process [13].

Generally, RF gels are synthesized by a sol-gel process via the
polycondensation of resorcinol and formaldehyde in an aqueous solution [3].
Another compound, the so-called booster throughout this publication, is
commonly used to regulate the pH of the precursor solution and accelerate the
formation of the polymeric structure [3, 9, 14]. Usually, the compounds
employed to promote the polymerization reaction between the resorcinol and
formaldehyde are basic, being Na,CO; and NaOH the most widely used bases
[4, 15-18]. However, some acid compounds such as perchloric, acetic, nitric or
oxalic acids have also been employed in the synthesis of RF gels [4, 16, 19-21].

Some of these studies have demonstrated that acidic boosters lead to an
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increase in the reaction rate in comparison with basic boosters and, hence, the
synthesis time is reduced [16, 20]. Another factor to bear in mind is the
incorporation of impurities in the carbon structure [13, 17-19]. Calvo et al.
recently shown that the most common basic boosters provide impurities, which
cause corrosion and slagging in steel reactors operating at high temperatures
[18]. These reactors are typically employed in the carbonization process of RF
gels, which give rise to carbon gels. Therefore, the selection of an acid booster

may contribute to avoid the incorporation of metals.

Nevertheless, despite the abovementioned advantages, the vast amount
of literature on basic boosters overshadows the few reports focused on acidic
boosters (the reader is referred to some of these relevant publications on acid-
based RF gels [1, 13, 16, 19]). From those studies, two main items should be
highlighted: i) almost all acid-based RF gels synthesized are mainly
macroporous materials but with lower densities than that of basic-based gels,
and ii) from the best of our knowledge, all the studies reported to date, are
based on the synthesis of aerogels rather than xerogels, the latter being those
currently synthesized at an industrial scale by means of microwave heating.
Consequently, although several attempts to synthesized acid-based aerogels
have been made, there is still an ongoing need for a method for producing RF
xerogels using acidic boosters, which gives rise to materials with tailored

porosity over the entire nanoscale.

Therefore, the aim of the present work is to synthesize acid-based RF
xerogels by means of microwave heating in order to i) obtain materials with
tailored porosity and ii) increase the competitiveness of these materials by
reducing synthesis time. It is well-known that the porosity of basic-based RF
xerogels can be minutely tuned by selecting the appropriate composition of the
precursor solution: pH, dilution ratio, R/F molar ratio and even, as recently
demonstrated, the methanol content in commercial formaldehyde solutions [14,
21-25]. Accordingly, in this work the influence of the aforementioned variables
on the chemical and porous properties of acid-based RF xerogels synthesized

by microwave heating has been studied. All of the synthesized xerogels were
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characterized from the point of view of their chemical and porous structure to
determine the effect of each variable. Moreover, basic-based RF xerogels have
also been synthesized to ascertain possible differences in properties due to the
booster employed.

2. EXPERIMENTAL SECTION

2.1. Synthesis of organic xerogels

A wide spectrum of resorcinol-formaldehyde xerogels was synthesized
by microwave heating and by modifying chemical variables such as the pH of
the precursor solution, the amount of solvent (water), the R/F molar ratio and
the amount of methanol contained in the commercial formaldehyde solution.
Briefly, the synthesis of the organic xerogels proceeded as follows: a mixture of
resorcinol (Indspec, 99.6 wt. %), distilled water, formaldehyde (Quimica S.A.U.,
aqueous solution with 37 wt. % formaldehyde and 1.5 wt. % methanol), and
some extra methanol, if necessary (AnalaR Normapur, 99 %) was prepared.
The initial pH of the precursor solution, which had a value of ca. 3.0 in almost all
cases, was measured and then adjusted to the desired final pH in order to
obtain acid-based and basic-based xerogels. To this end, nitric acid (Merck, 65
wt. % HNO3) and sodium hydroxide (1 M NaOH made up of solid NaOH, AnalaR
Normapur, 99.9 %) were used as boosters to adjust the pH of the precursor

solutions, respectively.

Resorcinol, formaldehyde, methanol and water were added in the
required proportions depending on the values of dilution ratio (D = total solvent /
reactant molar ratio), R/F molar ratio and percentage of methanol desired.
These values were selected on the basis of results reported in previous
published works on the synthesis of basic-based RF xerogels, in order to obtain

materials with different porous properties [14, 25].
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Each precursor solution prepared was introduced into the microwave
oven at 85 °C for about 5 hours, following the experimental method describe
elsewhere [11]. Once the synthesis was completed, the organic xerogels were
subjected to a heat treatment at 100 °C overnight to remove any traces of
reagent and obtain completely stable samples.

The nomenclature of each sample indicates the synthesis conditions
employed; OXA and OXB denoting Organic Xerogel prepared with an Acid
booster and Organic Xerogel prepared with a Basic booster, respectively, and
the following numbers referring to the pH, dilution ratio, R/F molar ratio and the

percentage of methanol content, in that order.

2.2. Characterization techniques

The chemical composition of the RF xerogels was evaluated in order to
identify possible discrepancies between the samples synthesized via the acid
and basic routes. Therefore, ultimate (i.e. carbon, hydrogen, nitrogen and
oxygen contents) and proximate (i.e. moisture, ash and volatile matter contents)
measurements were carried out in a LECO-TF-900 and LECO-CHNS-932

microanalyzer, respectively.

Fourier Transform Infrared Spectroscopy (FTIR) was also performed.
The spectra were recorded in the 525 and 4000 cm™ range on a Nicolet IR 8700
spectrometer fitted with a DTGS detector (deuterated triglycine sulphate) at a
resolution of 4 cm™ over 64 accumulated scans. All the samples were analyzed
twice. In order to prepare the pellets, the samples and KBr (previously dried
overnight) were mixed in a proportion of 1:100 in an agate mortar for 10 minutes
until a homogeneous mixture was obtained. Around 0.125 g of this mixture was

subjected to 8 tons of pressure in a 13 mm-diameter matrix.

In addition, in order to study the chemical properties of the xerogels in
greater depth the pH of the point of zero charge (pHpzc) was determined by the

reverse mass titration method described elsewhere [26].
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The porous structure of the RF xerogels was evaluated by the following
techniques: (i) nitrogen adsorption-desorption isotherm analysis and; (ii)
mercury porosimetry. Prior to performing these analyses, the samples were
degassed at 120 °C under a vacuum of 0.1 mbar overnight. N, adsorption-
desorption isotherms were performed at -196 °C using a Tristar I 3020
(Micromeritics) analyzer. The specific surface area was calculated by the
Brunauer-Emmett-Teller (BET) method. The Dubinin-Raduskevich (D-R) model
was used to obtain information about the microporosity (Vpus.n2). The total pore
volume (Vp) was calculated from the amount of nitrogen adsorbed at a relative
pressure of 0.99. The mesopore volume obtained by this technique (Vmeso-N,)
was calculated as the difference between Vp and the Vpysne. The pore Size
Distribution (PSD) of the RF xerogels was determined by applying the DFT
method to the nitrogen adsorption branch. However, as several of the samples
displayed large mesopores and in some cases, macropores, mercury intrusion
porosimetry was also used to obtain a more reliable measurement of the pore
size distribution. The device used was an AutoPore IV 9500, Micromeritics that
is able to operate in a pressure range from atmospheric pressure to 228 MPa.
The surface tension and contact angle values for Hg in all the characterizations
were 0.485 N m™ and 130 ©, respectively. By means of this technique, based on
the Washburn intrusion theory, the following parameters were calculated:
mesopore and macropore volume (Vmeso and Vmacro, respectively), average
pore size (dyoe), percentage of porosity and bulk density. It should be noted that
the lowest detectable limit of the device is 5.5 nm, so that, Vmeso refers to a

pore size range of between 50 and 5.5 nm.

The morphology of all samples was examined using a Quanta FEG 650
scanning electron microscope. Samples were previously attached to an
aluminum tap using conductive double-sided adhesive tape. An accelerating
voltage of 25 kV and a secondary electron detector EDT (Everhart-Thornley)

were used in all analysis.
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3. RESULTS AND DISCUSSION

3.1. Chemical properties

The chemical composition of acid-based (OXA) and basic-based (OXB)
RF xerogels synthesized was analysed. Given that, as expected, the
composition of all materials studied was similar, only the results of four samples

are shown in Table 1, as an example.

Table 1. Elemental analysis of the acid and basic RF xerogels.

Booster Acid (HNO>) Basic (NaOH)
Sample OXA-2.0- OXA-2.0- OXB-5.4-7.7- OXB-6.5-6.0-
3.7-0.5-12.5 2.7-0.5-1.5 0.3-12.5 0.5-12.5
C (0.3, wt. %) 65.8 66.1 64.7 66.3
H (£ 0.3, wt. %) 4.3 4.6 4.9 4.5
N (x 0.3, wt. %) 0.3 0.3 0.3 0.3
O (+ 0.3, wt. %) 29.6 29.0 30.1 28.9

All samples contain c.a. 65.5 wt. % of carbon, 4.5 wt. % of hydrogen and
30 wt. % of oxygen. No nitrogen is considered to be present since 0.3 wt. % is
within the range of analysis error and the precursors (i.e., R and F) have no
nitrogen. It should also be noted that the same nitrogen content was obtained
for all the samples which means that the nitrogen content did not increase (at
least substantially) as a result of using HNO; for the synthesis. Moreover, all the
samples showed c.a. 46 % of volatile material, 5 % of moisture and no mineral
residue at all. Therefore, irrespective of the nature of the booster employed to fix
the pH, the chemical composition obtained was similar for all samples,
inasmuch as the same main reagents were used to prepare the precursor
solutions. However, it is well-known that the nature of the booster modifies the
mechanism of the polymeric reaction [3, 10]. Accordingly, structural differences
may be expected between OXA and OXB samples. Conversely, as shown in

Figure 1, the FTIR spectra of acid (series OXA) and basic (series OXB) samples
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are quite similar (note that only four samples are shown in Figure 1, as an
example).

— OXA-2-7.7-0.5-125 ceeee- 0OXB-4.5-7.7-0.5-12.5
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Figure 1. FTIR spectra of the RF xerogels synthesized by the addition of an acid (HNO3) or basic
(NaOH) booster.

All the samples exhibit a wide band between 3700 and 3000 cm™,
associated with O-H stretching vibrations, while another band located at 1474
cm™, corresponds to CH, deformation vibrations [5]. Moreover, the band at 1613
cm™ is due to aromatic ring stretching vibrations (C=C) whereas the bands at
1217 and 1092 cm™ indicate the presence of methylene ether bridges C-O-C.
These similarities found in the chemical properties of the RF xerogels
synthesized from precursor solutions with boosters of different nature can be
attributed to the two steps involved in the polymerization reaction between
resorcinol and formaldehyde: (i) addition and (ii) condensation reaction [2]. In
general, the mechanism of the addition reaction depends largely on the nature
of the compound used to adjust the pH of the precursor solution, whilst the

condensation reaction is independent of the booster, as shown in Figure 2.
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Figure 2. Mechanism of the polymerization reaction between resorcinol and formaldehyde under
basic and acid routes.

When a basic booster is used, the resorcinol is deprotonated (Figure 2a),
giving rise to resorcinol anions which trigger a nucleophilic attack from the
second, fourth or sixth positions of the resorcinol towards the formaldehyde [2,
3, 23]. On the other hand, when an acid compound is used, the first step is
favoured by the protonation of the formaldehyde (Figure 2b), which makes the
carbonyl carbon more electrophilic and causes an identical SN, attack from the
resorcinol [1]. As a result of these two mechanisms, hydroxymethyl derivatives
are obtained, which are the necessary monomers for polymerization to occur. A
series of consecutive condensation reactions then take place, in which the
hydroxymethyl derivatives lose OH groups and form benzyl-type cations [24].
Each cation reacts with a benzene ring of another molecule, giving rise to
methylene and ether bonds until a three-dimensional cross-linked polymer is

formed, as shown in Figure 2c. The results of FTIR shown in Figure 1, are in
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good agreement with the above detailed mechanisms, as all the materials have

similar chemical properties, whichever booster was used.

3.2. Porous properties

The most interesting characteristic of basic-based RF xerogels is that it
is possible to design their porous properties to fit the requirement of specific
applications, by modifying the main chemical variables: pH, D, R/F molar ratio
and % of methanol. The effect of the pH is the most studied variable [9, 12, 14,
16]. Values of pH usually ranged between 3.0, which is the initial pH value of
most of the precursor solutions, and 7.0 [12, 24]. Generally, an increase in the
concentration of the basic booster, i.e. an increase in the pH value, results in
materials with smaller pore size, as shown in Figure 3a. Therefore, one might
assume an increase in pore size as the pH drops below 3.0. However, contrary
to expected, pore size of samples synthesized with an acidic booster decreases
with pH, as shown in Figure 3b. It is evident from these results that the
polymerization reaction depends largely on the amount and nature of catalyst
added. Each booster favours its corresponding addition reaction (Figure 2a and
2b), which leads to the formation of a large number of clusters and, hence, to
materials with pores of smaller size. However, it should be noted that the use of
a basic or an acidic booster results in meso-macroporous materials or
exclusively macroporous materials, respectively. These results are consistent
with other published studies where it was shown that the use of acidic booters
gives rise to materials of larger pore size [13]. Therefore, it seems necessary to
modify the concentration of the remaining reagents (i.e. R/F molar ratio, D and
percentage of methanol) to find out if it is possible to obtain porous materials

over the entire nanoscale by using acidic boosters.
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Figure 3. Influence of the pH value on the pore size distribution of RF xerogels synthesized by
adding basic (a) or acid (b) boosters.

Initially, two set of samples (OXB and OXA) were synthesized from
precursor solutions with different R/F molar ratio. The effect of this variable on
pore size and total pore volume is shown in Figure 4. Regardless of the nature
of the booster, a decrease in the concentration of either of the main reagents
(resorcinol and formaldehyde) leads to a decrease in the reaction rate since the

143



CAPITULO 4

precursors are prevented from locating each other. As a consequence, an
increase in the pore size is observed, and a minimum value of pore size is
obtained when the stoichiometric ratio (R/F = 0.5) is employed. On the other
hand, an excess of formaldehyde (i.e., a low R/F molar ratio) creates more
interconnections between clusters, leading to a highly branched structure [14,
21]. The mechanical strength of these RF xerogels is greater so that no
shrinkage occurs during the drying step, which results in a larger total pore
volume (Figure 4). Therefore, whereas same pore size can be obtained using
different R/F molar ratios, large pore volumes are achieved only if the R/F molar
ratio is below 0.5. The effect of modifying the R/F molar ratio is similar for both
the OXA and OXB series. However, the porous properties of samples
synthesized by using an acidic booster are within the range of macroporosity,
while OXB are within the range of mesoporosity. This effect, as explained
above, is due to the amount and nature of the booster, which means that pH

value has more effect on the porous properties than the R/F molar ratio.
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Figure 4. Effect of the variation of the R/F molar ratio on the pore size (A) and total pore volume
(®) when (a) a basic (NaOH) or (b) an acid (HNOg3) booster is used to prepare the precursor
solution.

Another important chemical variable which must be taken into account
when designing the porosity of RF xerogels is the dilution ratio (D). In order to
evaluate the effect of this parameter, the pore size distribution obtained by
subjecting the samples with different dilution ratios to mercury porosimetry is
shown in Figure 5. The same trend can be observed by both the OXA and OXB
series: the larger the dilution ratio is, the larger the pore size obtained. This is
because an increase in the dilution ratio leads to a greater volume of water
among the clusters, which in turn, results in an increase in the distance between
clusters, and therefore, larger pores [22, 24]. As in the case of basic
compounds, the OXA series shows an upper limit for D values and, when it is
exceeded, the sol-gel reaction fails to take place as the large amount of water

prevents the precursor solution from reaching its gelation point [24].
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Figure 5. Influence of the dilution ratio on the pore size distribution of RF xerogels synthesized by
adding basic (a) or acid (b) boosters.

Finally, the influence of the concentration of methanol on the porous
properties of RF xerogels prepared from acidic and basic precursor solutions
was evaluated. Methanol is added to formaldehyde solutions in order to prevent
the formaldehyde from polymerizing and subsequently precipitating. It was only
recently that the methanol content of the formaldehyde solution was recognised
as a chemical variable that affected the porosity of RF xerogels [25].

Hemiacetals and acetals are formed in a reversible reaction that prevents the
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formation of clusters owing to the fact that the reaction between resorcinol and
formaldehyde only takes place if the formaldehyde remains in its free form [3].
Consequently, an increase in the methanol content leads to an increase in the
formation of hemiacetals which prevents the resorcinol molecules from finding
free formaldehyde molecules to react with. Moreover, the formation of
hemiacetal compounds is favoured in acidic media [25], which suggest that the
formation, growth and crosslinking of the polymeric structure depend to a great
extent on the methanol content and the booster used to prepare the precursor
solution. In fact, structural differences were observed by SEM images, as shown
Figure 6. In Figure 6a and 6b it can be appreciated the characteristic
morphology of basic-based RF xerogels. However, by using an acidic booster,
the typical morphology is replaced by a capsule-like or cellular morphology with

pores enclosed by thin polymeric walls.

Figure 6. SEM images of RF xerogels synthesized from precursor solutions with different
concentration of reagents: (a) OXB-5.4-7.7-0.3-12.5, (b) OXB-6.5-6.0-0.5-12.5, (c) OXA-2.0-2.7-
0.5-1.5 and (d) OXA-2.0-2.7-0.5-20.0.

However, even though differences in the polymeric structures have been
found, the effect of methanol content on the reactivity of resorcinol (or the
availability to polymerize) is independent of the nature of the booster used
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(acidic or basic). Therefore, similar effects on the final porous properties are
observed, as shown in Figure 7. Materials synthesized with low concentrations
of methanol have larger pore volumes both in the OXA and OXB series of
samples.
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Figure 7. Influence of the methanol content of the formaldehyde solutions on the porosity of RF
xerogels synthesized using a basic (NaOH) or an acid (HNO3) booster in the precursor solution.
As explained in detail in previous studies [10, 14, 24, 25], the formation,
growth and crosslinking of the polymeric structure depend on the concentrations
of all the reagents used to prepare the precursor solution. Accordingly, it is
possible to obtain RF xerogels with a desired pore size whether an acid or basic
booster is used, if the concentration of all the reagents are properly selected, as
shown in Table 2. However, it is worth noting that the variation of the
percentage of methanol in OXA series, results in mesoporous materials, which
are generally achieved only by using basic boosters. In other words, the
variation of the methanol content is essential in the case of acid-based RF

xerogels in order to obtain mesoporous materials.
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Table 2. The porous properties of the RF xerogels synthesized under different chemical
conditions

a a
a Pore Bulk .
Viot Vmeso Vmacro *Poros 13% SgeT Vimeso-N2

diameter  density 7 2 3 4
) (g cmd) (%) (m°g™)  (em’g™)

SAMPLE

em®g? (em’g?) (cm®g?)

OXB-4.5-

XSS . 267 003 264 775 0.2 86 120 0.5
X8 o 147 081 065 41 0.44 65 180  0.36
X . 064 051 013 22 0.61 53 260  0.47
OXBoS . 04l 036 004 14 0.76 40 303 052
e s 101 0 101 735 056 56 0 0

oxAeC. 081 065 017 41 0.63 50 110 0.33
2 s 073 067 006 26 0.67 49 226 0.66
OXA20 054 048 006 14 0.70 37 354 0.73

“obtained from mercury porosimetry

Pobtained from N, adsorption isotherms

In short, an appropriate combination of pH, R/F molar ratio, dilution ratio
and methanol content leads to materials with similar porous properties
irrespective of the mechanism of the polymerisation reaction (Figure 2).
However, acidic boosters, should result in lower synthesis time and, hence, in to
more competitive materials. In order to verify this advantage, the evolution of the
pH of 4 precursor solutions was registered at ambient temperature and plotted
in Figure 8.
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Figure 8. Evolution of the pH of the precursor solutions with time up to the point of gelation for the
following initials pH: 1.5, 3 (with no compound to modify the pH), 4.5 and 6.5.

From Figure 8 it can be inferred that, even at ambient temperature, the
precursor solution reacts and its pH value changes with time. Moreover,
although each solution has a different initial pH, the general trend is for all of
them to acquire the same final pH (c.a. pH of 3), which can be considered as
the equilibrium pH for this type of materials. This pH value matches the pHp,c of
all the final RF xerogels obtained (i.e. pHpzc=3 for all organic xerogels),
indicating that, although the type and concentration of the booster may have a
great effect on the mechanism and rate of the polymerisation reaction,
respectively, the final nature of the material obtained is similar. It can also be
observed that the acidic solutions get to the gelation point faster than the basic
ones even if they are farther from the equilibrium pH (e.g., the precursor mixture
with a pH = 1.5 only shows a few points in Figure 8). In fact, a solution with a pH
of 0.85 was prepared and no data at all could be recorded owing to its instant
gelation. Therefore, the main difference between what an acid or a basic
booster has to offer is that the acid mechanism (Figure 2b) is more favoured
and so the reaction is much faster than when a basic one is used. Extra

evidence for this is provided in the video of the supplementary material.
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5. CONCLUSIONS

In this work resorcinol-formaldehyde (RF) xerogels have been
synthesized by means of microwave heating and by using basic and acidic
booster to adjust the pH of the precursor solutions. It was found that, regardless
of the booster used, materials with similar chemical composition were obtained.
Conversely, the nature of the booster had a great influence on the porous
properties. It has been observed that basic boosters led to meso-macroporous
materials while acid boosters resulted in exclusively macroporous materials.
However, it has been demonstrated that the properties of acid-base RF xerogels
can be also tailored by the appropriate selection of the concentration of all
reagents, which are defined by the R/F molar ratio, the dilution ratio and the
methanol content. Among these three variables, the methanol content has
shown to be crucial to obtained mesoporous materials via an acid route.
Moreover, acid boosters has the advantage that it prevents the incorporation of
impurities into the carbonaceous structure (i.e. alkaline metals) and accelerates

the polymerization reaction, leading to more competitive materials.
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4.3. Xerogeles de carbono como soportes de biomoléculas

Los materiales carbonosos son frecuentemente utlizados como
soportes para catalizadores [21, 41]. Sin embargo, el papel que desempefan
estos materiales en el campo de los biocatalizadores es muy limitado, ya que la
mayoria de estos materiales porosos se centran en el desarrollo de su
microporosidad, cuyo tamafio de poro es demasiado pequefio para poder
soportar biomoléculas [42, 43].

La posibilidad de poder obtener xerogeles RF en el rango de los meso-
macroporos, donde las biomoléculas pueden ser depositadas, abre una nueva
via para su utilizacién en este tipo de aplicaciones. Ademas, el tamafio de poro
puede ser disefiado a medida para cada tipo de enzima de forma especifica y
asegurar asi una funcionalidad 6ptima. La necesidad de su soporte reside en: el
alto precio de las biomoléculas, asi como su reutilizacién y recuperacién de

forma sencilla [44-46].

Por lo tanto, en esta Tesis Doctoral se ha evaluado la posibilidad de
inmovilizar Citocromo C en los poros de xerogeles de carbono con distintas

propiedades porosas, asi como su actividad catalitica y su reutilizacion.

4.3.1. Objetivos
Los objetivos planteados para realizar el estudio fueron:

» Evaluar la inmovilizacion de Citocromo C en xerogeles de carbono con
diferente tamafio de poro y determinar cual es el material 6ptimo para este

fin.
» Evaluar la actividad del Citocromo C una vez depositado en el material.

» Evaluar la reutilizacion de esta biomolécula una vez depositada en el

material.
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4.3.2. Estudio

Para llevar a cabo este estudio se sintetizaron cuatro xerogeles de
carbono que cubren practicamente el rango de mesoporos (desde 5 nm a 55
nm) y se estudié la inmovilizacion de Citocromo C a tres pHs distintos (3, 6 y

10) para posteriormente evaluar su actividad.

Se selecciond Citocromo C como molécula modelo debido a su alta
pureza, su utilizacibn en otros estudios de la bibliografia [47] y su amplio

conocimiento sobre su estructura y propiedades fisicoquimicas [48].

4.3.3. Resultados

Los detalles experimentales y la discusion de los resultados obtenidos
se hallan en la Publicacién VI, incluida al final de este capitulo. Los principales
resultados de este estudio se detallan a continuacion:

» El pH de la disolucién tampén utilizada no afecta a la inmovilizacion de

Citocromo C en xerogeles de carbono.

» A mayor fuerza ibnica de la disolucibn tampo6n, mayor cantidad de

Citocromo C es inmuvilizado en los xerogeles de carbono.

» CX-30 mostrd ser el material con mayor capacidad de adsorcién mientras

que CX-5 el que menor.

» Todos los materiales mostraron  similar  actividad catalitica
independientemente del material soporte utilizado y, en consecuencia, de la

cantidad de proteina inmovilizada.

» CX-5 mostré un comportamiento similar al de la proteina sin soporte, siendo
este distinto al del resto de materiales de este estudio. Se concluyé que
toda la proteina estaba depositada en la superficie externa y no en el

interior de los poros.
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» Para CX-15, CX-30 y CX-55 un aumento de la concentracion de ABTS o su
reutilizaciéon durante varios ciclos implica un aumento en su actividad

catalitica.

4.3.4. Conclusioén

El Citocromo C se deposita de forma efectiva dentro de la porosidad de
los xerogeles de carbono con tamafio de poro entre 15 y 55 nm, mostrando
ademas una mayor actividad enzimatica cuando esta soportada en el interior de
los poros que cuando se encuentra en su superficie externa, o lo que es lo
mismo, en su forma libre. Por lo tanto, los xerogeles de carbono son materiales
factibles para ser utilizados como soportes de biomoléculas ya que su

porosidad puede ser disefiada a medida de la proteina que se quiera soportar.
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ABSTRACT

Four carbon xerogels (CXs) were used to study the effect of the average
pore size (APS) on the adsorption and activity of cytochrome c (cyt c). Pore size
distributions of the CXs were relatively narrow with APSs covering the whole
mesoporosity range (5, 15, 30 and 55 nm), as determined by mercury
porosimetry. Selected techniques verified that all carbons were identical in
terms of composition and surface chemistry. The best APS for cyt ¢ adsorption
(in terms of capacity) was 30 nm, with loadings of 180 mg of protein (g of
support)’. The CX with APS of 15 nm also hosted high amounts of cyt c,
followed by the material with 55 nm. The CX with 5 nm APS did not adsorb cyt
c. The pH of adsorption had little effect on the final amount adsorbed, thus
stressing the hydrophobic nature of the protein/carbon surface interaction. The
activity of the resulting materials towards the ABTS oxidation was similar
regardless the amount of cyt ¢ adsorbed on their surface/pores. Their
performance in successive cycles of re-use was different depending on the
carbon support; xerogels bearing APSs = 15 nm presented an increasing

activity with increasing the number of cycles.
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1. INTRODUCTION

The interaction of proteins with porous substrates is crucial for a number
of applications [1,2]. It is however appalling the little role that porous carbons
play in this area. A possible explanation might be linked to the scientific and
technical interest of the carbon community being traditionally focused on the
production of (microporous) activated carbons [3]. Due to the size of most
biomolecules of interest, microporosity seems not relevant [3,4]. This situation
could be reverted as an increasing interest on protein/porous carbons systems
is steadily shown [5,6]. Actually, it was the development of the so-called
nanostructured mesoporous carbons [7-9] what steered the scientific research
on this particular issue [10-13]. Still, studies on mesoporous carbons are few
compared to those carried out on mesoporous silicates or aluminosilicates [14-

19], in spite of the well-known strengths of the carbon supports [20,21].

Nevertheless, most studies on the interaction of proteins with
mesoporous materials concentrate in a rather narrow range, normally below 20
nm of average pore size. These pore sizes are well below those used in
commercial supports (> 50 nm) and there are already studies questioning the
suitability of nanostructured mesoporous materials to support proteins for real
applications [22-24]. The debate on the effect of pore size on the performance
of supported proteins is still far from conclusion due to two different factors.
First, there is a lack of studies that evaluate the adsorption of biomolecules on
similar supports with pore size distributions (PSDs) covering wider ranges of
average pore sizes. Second, most studies focus only on the adsorption process
rather than also accounting for the activity of the supported enzymes. The
possibility of using a set of carbon materials to evaluate the effect of the pore
size on the adsorption and activity of the resulting materials is not
straightforward. It should be pointed out here that, due to the sensibility of the
protein activity to the surroundings, changes on the surface chemistry or
composition of the carbon materials could hinder the effect of their different

textural properties [21,22].
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Carbon xerogels obtained by the carbonisation of resorcinol
(R)/formaldehyde (F) organic gels could be ideal candidates for this purpose
[25]. Specifically, it has been demonstrated that the macro and mesoporosity of
the carbon xerogels mimics those of the RF organic xerogels, which in turn can
be tuned precisely over the entire nanoscale (from 2 nm to 1000 nm) by
controlling a number of variables during their synthesis [26]. Microwave heating
can be used to speed up the gelation and curing processes of the RF sols, thus
lowering costs. Carbon materials resulting from the carbonisation of the RF
organic xerogels are highly reproducible solids of very high purity, with

negligible ash contents [27].

This work studies the effect of the pore size on the protein loading and
activity using four carbon xerogels with relatively narrow PSD. The maxima of
such PSD cover the whole range of mesoporosity (from 5 nm to 55 nm).
Cytochrome ¢ (cyt c) has been selected as a protein model due to the high
purity of the product commercially available, its use in other immobilisation
studies [19], and the deep knowledge of its structure and physicochemical
properties [18]. Factors that are known to affect the adsorption process and the
activity of the supported cyt ¢ have been considered.

2. EXPERIMENTAL

2.1. Synthesis of the carbon xerogels

Four different carbon xerogels (CXs) were prepared for this study by
using a method reported previously [25,26]. Essentially, organic xerogels were
first synthesised by the polycondensation of resorcinol (Indspec, 99.6 % purity)
and formaldehyde (Merck, 37 % aqueous solution, including 0.7 % methanol)
(RF) in deionised water and methanol (VWR Chemicals, Normapur >99.9 %
purity) using selected conditions (see below). A lab-made microwave device
was set to heat the solutions up to 85 °C for 3 h. Excess water was afterwards

eliminated by continuing to heat the gel in the microwave oven until a mass loss
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of over 50 % of the initial weight was achieved. Finally, organic xerogels were
converted into CXs by heating them (25 g) in a quartz reactor (i.d. 30 mm)
placed in a horizontal electrical tube furnace (Carbolite Type MFT 12/38/400),
under a nitrogen flow rate of 100 ml min™ up to 700 °C at 50 °C min™ and 2 h
dwell time. The carbonised RF carbon xerogel particles were cooled down to
room temperature under the same nitrogen flow rate. Carbon xerogels were

finally milled and sieved down to 1-2 mm patrticles.

Following previous studies, four variables related to the RF solutions are
known to affect the porosity of the organic xerogels OXs (hence of the carbon
xerogels CXs). These variables include the R/F ratio, the dilution ratio D
(defined as the molar ratio between the total solvent and reactants, see [25]),
the pH of the sol and the amount of MeOH contained in the formaldehyde
solution (MeOH %). Table 1 gives the values of each variable for the different
supports.

Table 1. Experimental variables used in the preparation of the organic xerogels (OXs) that were

carbonised to obtain the different carbon xerogels (CXs).

Sample R/Fratio D* pH MeOH (%)°

CX-5 0.5 57 6.5 20
CX-15 0.1 6.7 6.25 10
CX-30 0.15 6.7 54 10
CX-55 0.3 8 6 12.5

@ Dilution ratio (see text)

® Methanol content of the formaldehyde solution
2.2. Characterisation of the carbon xerogels

N, adsorption-desorption isotherms were performed at -196 °C in a
Micromeritics Tristar Il volumetric adsorption system. Prior to measurement,
samples were outgassed by heating overnight at 120 °C under vacuum. The
Brunauer—Emmett-Teller and Dubinin-Radushkevich models were selected to
determine the BET surface area and micropore volume of the CXs from the
nitrogen adsorption data, respectively.
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The true density of the CXs (pne) Was measured with a Micromeritics
AccuPyc 1330 pycnometer, using helium as the probe gas. The samples were
outgassed at 120 °C overnight prior to analysis. The apparent density (png) Was
determined with mercury on a Micromeritics AutoPore IV apparatus. The
samples were also outgassed at 120 °C overnight. The pore volume
distributions were evaluated with a mercury porosimeter with a maximum
operating pressure of 227 MPa. The percentage of open porosity (s) was

calculated as:
s = [1-(pHg/pHe)] x 100 D

Elemental analysis of the samples was carried out in LECO apparatuses
(LECO CHNS-932 and LECO VTF-900 to determine the oxygen content). The
characterisation of the surface chemistry of the CXs included the determination
of their point of zero charge (pHpzc) [28], as well as XPS and TPD analyses.
XPS measurements were carried out in a SPECS Phoibos 100 analyser using
MgKa X-rays (1253.6 eV) at a power of 120 W and in a residual vacuum of
10-7 Pa. Measurements were made with the analyser in fixed transmission
mode and normal to the plane of the sample. Analyser pass energy of 80 eV
was used to collect broad scan spectra (0—1100 eV). The atomic percentages
(atom %) of the different elements present in the approx. 10 nm upper layer
probed by XPS were calculated from the survey spectra by considering the
integrated areas of the main XPS peaks. Representative amounts (around 100
mg) of the CXs were tested. Typical standard deviation of the measurements is
within + 0.5 atom % of the reported values. C (1s) high resolution spectra were
obtained using a pass energy of 25 eV. Peaks were deconvoluted fitting
Gaussian-Lorentzian functions by means of CasaXPS software. Peak

assignment was carried out following previous studies [29,30].

For TPD experiments, ca. 20 mg of the CXs were heated at 10 °C min™
under a He flow of 50 ml min™ in the quartz reactor of an Autochem Il apparatus
(Micromeritics). Desorbed gases were analysed using an Omnistar (Pfeiffer
Vacuum) mass spectrometer. TPD curves were obtained by plotting the

desorbed CO and CO, (umol g* s™) vs. the temperature (°C). TPD curves were
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deconvoluted using homemade software, following the criteria reported in
previous studies [31,32].

2.3. Immobilisation of biomolecules

Cytochrome ¢ (cyt ¢) from bovine heart (Sigma-Aldrich, ref C2037) was
selected for the immobilisation experiments due to its high purity (= 95 %; 12327
Da). Solutions of cyt ¢ (0.5 g L") were prepared in different pH buffers:
phosphoric acid/sodium phosphate (pH 3), sodium phosphate (pH 6) and
sodium carbonate (pH 10). The total ionic strength of all buffer solutions was set
to 100 mM. CXs particles of 1-2 mm in size were suspended in the buffer
solutions 24 h prior their use as biomolecules supports. In a typical
immobilisation experiment, 10 mg of a CX were suspended in 5 mL of the cyt c
solution prepared in the selected buffer. This was done in screw top vials that
were then orbitally shaken at 200 rpm and kept at 30 °C in an incubator shaker
(TH 15 model form Edmund Bihler GmbH)) for up to 96 h. Aliquots were
periodically withdrawn from the supernatant solution to quantify the cyt ¢ content
remaining in the liquid phase. Quantification of the cyt c in the solutions was
performed by UV-vis spectrometry (Shimadzu UV-2401 PC scanning
spectrophotometer). Absorbances at ca. 410 nm (¢ = 105 M™ cm™) were used to
determine the concentration of cyt ¢ in a given solution. In addition, Bio-Rad
protein assays (Bio-Rad Labs, ref. 500-0002) were carried out to determine the
amount of protein present in the initial and final (equilibrium) solutions [33]. This
protein quantification methodology is a standard procedure that was performed
on separate experiments after 24 h and 96 h of immobilisation time. At least,
duplicates of each immobilisation experiment were carried out simultaneously to
attain statistical soundness. Also, blank tests (i.e., cyt ¢ solutions without carbon
supports) were also performed in order to test the stability of the proteins under
the immobilisation test conditions. Once prepared, the resulting solids were
maintained in buffer suspensions (pH 6) inside a refrigerator (4 °C) for further

use.
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2.4. Activity assays

Cytochrome c, which is known to present peroxidic activity, was tested
on the oxidation of 2,2’-Azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)
diammonium salt (ABTS™) (Sigma-Aldrich, = 98 % HPLC) by following
spectrophotometrically the absorbance of the band at 420 nm (¢ = 36000 M*
cm™) [32-34]. Unsupported protein assays were carried out with cyt ¢ solutions
(0.5 g L") in pH 3, 6 and 10 buffers (see above). ABTS solutions (1 mM) were
prepared in buffers covering a wider pH interval, from 2-10 (pH 2 and 3 buffers:
phosphoric acid/sodium phosphate; pH 4 and 5 buffers: sodium acetate; pH 6, 7
and 8 buffers: sodium phosphate; and pH 10 buffer: sodium carbonate; all 100
mM total ionic strength buffers). Equal amounts (1.9 mL) of the ABTS (1 mM)
and H,O, (VWR Chemicals, Normapur, about 30 %) (10 mM) solutions buffered
at pH 4 (100 mM total ionic strength) were mixed in a UV cuvette. 0.2 mL of the
cyt ¢ solution was finally added to sum a total reaction volume of 4 mL. The
change in the absorbance at 420 nm was measured continuously. The activity
of the unsupported cyt ¢ was calculated from the slope of the linear part of the
absorbance vs. time plot. One unit of cyt ¢ activity (U) is defined as the amount
of protein that oxidises 1 ymol of ABTS to coloured products per minute. At

least, two experiments under the same conditions were carried out.

In the case of the cyt ¢ supported on the carbon xerogels, 10 mg of the
solid particles loaded with cyt ¢ (see Section 2.3) were suspended, at a
controlled time, in screw top vials containing a mixture of 5 mL of ABTS (1 mM,
pH 4 buffer) and 5 mL of H,O, (10 mM, pH 4 buffer) (i.e., total volume of
reaction = 10 mL). Aliquots of the supernatant solution were extracted at
selected times to measure the absorbance at 420 nm. After measuring, volumes
were returned to the original solution. At least 6 points (i.e., 6 extractions) were
carried out in every activity assay. The activity of the cyt c/CX materials was
then calculated from the slope of the absorbance vs. time plot. A minimum of

two experiments were run in parallel for each activity test.
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The reusability of the materials was evaluated by measuring the change
in activity after successive cycles of reaction using ABTS as substrate. Both
ABTS and H,0O, solutions were replaced in each cycle, which was carried out
until complete ABTS oxidation. Two successive washes of the biocatalysts were
performed under vortex shaking (30 Hz) for 5 min in 5 mL pH 6 buffer (100 mM)
before each cycle.

3. RESULTS AND DISCUSSION

3.1. Carbon xerogels characteristics

Figure 1 shows the nitrogen isotherms of the four CXs synthesised in
this study. They are all type IV isotherms, which are characteristic of
mesoporous materials. The hysteresis loop of samples CX-15, 30 and 55 is very
similar, with a sharp decrease of the desorption branch (H1 hysteresis loop
type) at p/p° values well over 0.8. The hysteresis loop of the CX-55 sample is
hardly perceptible, which indicates that mesopores in this sample are too wide
to be detected by N, adsorption. On the other hand, the hysteresis loop closing
point gradually moves to lower p/p° values from CX-55 to CX-5, suggesting a
decrease of the average mesopore size of those samples. The desorption
hysteresis in the isotherm of sample CX-5 is however much less steeper
resembling a H4 loop-type. This denotes a wider distribution of mesopores for
this particular carbon xerogel. Selected textural parameters obtained (or
calculated) from the adsorption isotherms are presented in Table 2. As expected
from the isotherms (Figure 1), the micropore volumes (VDR) of all samples are
almost identical. Hence, since the BET surface area is mainly controlled by their

microporosity, the Sger values of the CXs are very similar.
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Figure 1. N> adsorption/desorption isotherms at -196 °C of the CXs.

Table 2. Textural parameters of the carbon xerogels.

Sample  Seer Viotal” Vbr /" PHg

m?gh (em’g") (cm’g?) (em’g?) (@cm?) (em’g?) (gem?)
CX-5 660 0.71 0.23 0.48 1.69 - 1.05 38
CX-15 679 1.16 0.26 0.90 1.75 0.88 0.61 65
CX-30 625 1.42 0.24 1.18 1.78 1.32 0.46 74

CX-55 640 0.78 0.24 0.54 1.74 1.48 0.43 75
2 Calculated at p/p° = 0.99

® DR: Dubinin-Radushkevich model
€ Vimeso = Viotal - Vor
d Hg intrusion pore volume corresponding to the pore size distributions shown in Figure 2

€ Open porosity (eq. 1)

Due to the mesoporous nature of the CXs under study, Hg intrusion was
considered a more adequate technique than N, adsorption at -196 °C to
ascertain the pore size distributions of the samples (Figure S1 and Figure 2).
The mercury pore size distributions of Figure 2 reflect the versatility of the here
reported route for the preparation of designed carbon xerogels. Thus, relatively
narrow pore size distributions were obtained for the CX-55, CX-30 and,
especially, CX-15. The maximum of those distributions (in nm) were used for
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sample labelling, i.e., CX-30 corresponds to the carbon xerogel having a pore
size distribution with a maximum centred at ca. 30 nm. The pore size distribution
of the CX-5 sample reaches the lower limit of the technique (5.5 nm, Figure 2).
Still, assuming a curve with a normal distribution shape (similar to those
obtained for the rest of carbon xerogels), it seems that the maximum of the
mesopore size distribution would be located near 5 nm (see inset in Figure 2). A
DFT pore size distribution derived from the nitrogen isotherm of this particular
sample would corroborate this (Figure S2), although, as expected from the
shape of the isotherm (Figure 1), the N, PSD of CX-5 (Figure S2) is wider than
that of Hg intrusion (Figure 2). The volume of the pores with sizes comprised
within the Hg PSD of Figure 2 was also calculated for CX-15, -30 and -55.
Results are included in Table 2. For CX-15, the mesopore volume estimation
from N, adsorption isotherms agrees very well with the pore volume calculated
from Hg intrusion. Those pore volumes start to deviate as the PSD moves to
higher values (CX-30). For CX-55, such comparison makes little sense since the

maximum of the Hg PSD is located in the macropore region (Figure 2).

10
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T

Log differential intrusion (cm® g’

Pore diameter (nm)

Figure 2. Pore size distributions of the CXs as measured by Hg intrusion porosimetry.
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Figure S1. Hg intrusion volumes of the CXs.
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Figure S2. Pore size distribution of the CXs as determined by DFT modelling of the N, adsorption
isotherm.
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The different synthesis conditions of the organic xerogels counterparts
brought about materials with RF condensed clusters increasing in size and/or
having higher inter-cluster distances from CX-5 to CX-55 [35]. As a
consequence, the apparent density (pyg) of the carbon xerogels decreases from
CX-5 to CX-55 (Table 2). Since the true density (pue) is very similar for all the
carbons, the percentage of open porosity differs strongly from CX-5 to CX-55
(Table 2).

As for the chemical properties, all techniques rendered similar, if not
identical results for all CXs. Thus, starting with the elemental analysis results, all
materials were mainly composed of carbon (approx. 95 % for all samples), with
small amounts of oxygen (ranging from 3-3.5 %) and hydrogen (1.5 % for all

samples). The pHpzc of all carbons was around 8.5.

XPS analyses also showed very similar compositions on the surface of
all carbon xerogels (Table 3). Differences in C and O atom% on three of the
carbon supports (CX-15, -30 and -55) are within the experimental error of the
technique. CX-5 seems to have a slightly higher oxygen concentration on its
surface than the rest of CXs. In spite of such a rather low surface oxygen
concentration, carbon chemical bonding environment information was obtained
by measuring C1ls high resolution XPS profiles of the carbon xerogels. They
were found to be almost identical for all samples (Figure 3). Figure S3 shows
the deconvolution of one of those Cls profiles (that of CX-5), where
contributions from C-OR (R including H), C=0O and O=C-OR (R including H)
were included at +1.5, +2.6 and +4.5 eV of the C(sp?) peak at 284.4 eV,
respectively. The last contribution (O=C-OR) which amounts for ca. 5 % of the
total Cls area is possibly overestimated since it exhibits a rather higher peak
width (FWHM) than the rest of contributions.
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Figure 3. High resolution C1s XPS profiles of the four carbon supports.
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Figure S3. Deconvolution of the high resolution C1s XPS profile of CX-5.
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Table 3. XPS and TPD results on the composition of the carbon xerogels.

TPDCO TPD CO,
Sample XPS Atom%

(umol g™)  (umol g™)

C @)
CX-5 94.2 5.8 243 159
CX-15 96.0 4.0 255 247
CX-30 95.8 4.2 277 283
CX-55 95.8 4.2 260 217

TPD analyses were also carried out. The CO and CO, profiles of all
carbons are shown in Figure 4. The total amounts of CO and CO, obtained by
integration of the emission profiles for the different carbon xerogels are also
collected in Table 3. Values are again very similar between samples. They are
very low when compared with the emissions measured for other carbon
materials, including activated carbons [30]. Figure S4 shows the deconvolution
of the CO and CO, profiles of CX-55, which is representative for the rest of
them. In the case of the CO TPD profile, five different peaks were selected to
contribute to the overall signal. The two peaks at temperatures below 400 °C are
more likely related to the decomposition of carbonyl groups in ketones and
aldehydes [30,36]. The three peaks contributing to the maximum CO emission
signal (> 400 °C) are normally ascribed to the decomposition of carboxylic
anhydrides (600-610 °C), phenols (ca. 730 °C) and carbonyl/quinones (ca. 830
°C). Analysis of the CO, emission signal included four peaks, the main one at
250 °C corresponding to strongly acidic carboxylic groups. The peaks at approx.
400, 550 and 740 °C are normally assigned to the decomposition of less acidic

carboxylic groups, carboxylic anhydrides and lactones, respectively [30].
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Figure 4. TPD (a) CO and (b) CO; profiles of the CXs.
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Figure S4. Deconvolution of the TPD (a) CO and (b) CO, profiles of the CX-55.

In summary, the characterisation of the CXs points out that they differ in
their textural properties, i.e., mesopore size distribution and mesopore volumes,
but do not differ on their surface properties. The surface chemistry of the

supports should be considered almost identical. Minor differences should be
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attributed to the carbonisation process rather than to the synthesis of the
organic xerogels. Therefore, eventual differences in the cyt ¢ adsorption
capacities of the CXs and/or the activity of the immobilised cyt ¢ should be
ascribed to differences in the textural properties of the carbon supports.

3.2. Immobilisation of Cytochrome c on the carbon xerogels

The adsorption of biomolecules on porous supports could be affected by
a number of factors including ionic strength, particle size, temperature, shaking
conditions and pH. In order to minimise the number of influencing factors and to
concentrate on the effect of pore size of the carbon xerogels, preliminary tests
were carried out to fix some of the experimental conditions for the
immobilisation tests. Accordingly, ionic strength, temperature, shaking, cyt ¢
concentration, mass of the support/solution volume ratio and particle size were
set for all immobilisation experiments, as detailed in Section 2.3. Only the
influence of the pH of the cyt ¢ solution on the performance of the supports was

thus considered.

Figure 5 shows the capacities of the different supports when using cyt ¢
solutions (0.5 g L) in three different buffers (pH 3, pH 6 and pH 10). The
protein loadings reported in Figure 5 were measured after 24 and 96 h of
immersion of the CXs particles in the cyt c solutions. Both values are
spectroscopic determinations, i.e., calculated from the absorbance of the
supernatant liquid at 410 nm. Protein uptake values measured by using the Bio-
Rad method were found to match the spectroscopic determination (both at 24 h
and 96 h, Figure S5), within experimental error. The adsorption experiments
were carried out up to 96 h in most cases due to practical considerations, i.e.,
the increase on the support capacities at higher times of exposure was very low
(less than 5 % of the values at 96 h) as tested randomly using some of the
carbon xerogels. It should be also noted that the stability of pH 10 unsupported
cyt ¢ solutions is compromised beyond 96 h, under the experimental conditions

of adsorption used.
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Figure 5. Cyt c loadings (average values and errors), expressed as mg of biomolecule per gram
of support, on the four CXs after 24 and 96 h of adsorption. Experimental conditions: initial
concentration of the solutions, 0.5 g cyt ¢ L temperature, 30 °C; ionic strength of the different
buffers, 100 mM.

200

[_24h)| 1
180 | { 19 h —
160 | 4
R "o
140 il -l J

o % |
E 120 |- ‘} 1l B ]
- all - j
E 100 | H &
g j
o 80 J

9 N
e T p
T 60 4
[ j
o 40} 4
20 | 4
= r*{.] =5
CX-5 CX-15CX-30CX-55|CX-5 CX-15CX-30 CX-55 |CX-5 CX-15CX-30CX-55
pH 3 pH 6 pH 10
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of support, on the four CXs after 24 and 96 h of adsorption as determined by the Bio-Rad method.
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Results of Figure 5 indicate that cyt c is hardly adsorbed at all in CX-5,
with capacities well below 10 mg g™. For this particular support, immobilisation
time was extended up to 144 h at pH 6, but the amount adsorbed was virtually
the same. In this case, pores of 5 nm seem too tight to host cyt ¢ (4 nm of
spherical diameter) [18]. Results obtained on the immobilisation of cyt ¢ on
nanostructured mesoporous carbons would contradict this finding. Thus, values
as high as ca. 230 mg g™ were obtained on a CMK-3 mesoporous carbon with
an average pore size of 4.5 nm [10]. However, a closer inspection of the results
reported in that work reveals that such high values were obtained when using
solutions with a very high cyt ¢ concentration (4 g L™). The capacity of the same
support when using 0.5 g L™ solutions of is lower, between 150-190 mg g™.
Those values are still more than an order of magnitude higher than the loadings
of CX-5. Cyt ¢ loadings on mesoporous silica with average pore sizes around 5
nm are in the 40-80 mg g™ interval [15,18], albeit the pioneering work of Balkus
Jr. group [16] reports loadings very similar to ours (6-10 mg g™). It should be
clear that one main difference in our adsorption studies with respect to the use
of nanostructured mesoporous systems is the particle size of the supports, i.e.,
tens of microns in the case of nanostructured mesoporous carbons or silicas vs.
1-2 mm for the CXs used in this work (see Experimental Section). Particle size
and even particle shape are known to affect strongly the adsorption of
biomolecules [37]. Furthermore, compared with carbon xerogels, the diffusion of
the biomolecules in ordered mesoporous carbons would be enhanced by
elimination of pore tortuosity. The straight mesoporous channels present in
those ordered mesoporous carbons would facilitate the diffusion of the

molecules and, therefore, could increase the adsorption capacity of the support.

The maximum capacities (at 96 h) were attained when using the CX-30
carbon xerogel in the three different pH environments; next comes CX-15 and,
finally, CX-55. Although the adsorption studies on carbon materials with average
pore sizes > 30 nm are very scarce, Vijayaraj et al. found capacities of less than
10 mg g* for a series of nanostructured carbon materials with average pore

sizes of 30, 50 and 150 nm [38], much lower thus than the capacities of the CX-
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30 and CX-55 (Figure 5). As just mentioned in the case of CX-5, the
immobilisation conditions, particularly the particle size and pore geometry might
be crucial to understand the differences between the capacities of CXs and the
supports of [38].

Since the CXs differ not only in their average pore size but also in the
pore volume, protein adsorption results expressed in a volumetric basis are
relevant (Table 4). Pore volumes calculated from Hg intrusion (Vy,, Table 2)
were selected for such calculations for all supports but CX-5, for which the
mesopore volume estimation from the N, isotherm was used (Vmeso, Table 2).
An alternative, more intuitive way of depicting the influence of the different pore
volumes of the supports is the calculation of the pore filling percentages. An
estimation of the cyt ¢ density can be drawn from the protein volume and its
molecular mass [39,18]. Thus, taking values of the unit cell of the horse heart
cyt ¢ (and assuming that they are essentially the same for the bovine heart cyt ¢
used here) [39], a density of 0.17 g cm™ results. Pore filling percentages can be
thus estimated for the different carbon xerogels (Table 4, values in
parentheses). These new values indicate that not only CX-30 but also CX-15
are very effective supports for cyt ¢ hosting in terms of pore filling, with values =
75 % for the three pH conditions. The porosity of CX-55, on the other hand, is
only partially filled by cyt c.

Table 4. Average values of the protein loadings (volumetric basis) on CXs at 96 h. Pore filling

percentages are in parentheses.

Protein loading

Sample (p—

pH 3 pH 6 pH 10
CX-5 8 (5%) 12 (7%) 4 (2%)
CX-15 123 (73%) 174 (100%) 144 (85%)
CX-30 137 (80%) 120(70%) 114 (70%)
CX-55 103 (61%) 71 (42%) 61 (36%)
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Results of Figure 5 do not show a clear effect of the pH of the cyt c
buffer solution on the final protein uptakes of the carbon xerogels. In any case,
the maximum adsorption capacities are not happening at pHs close to the
isoelectric point of cyt ¢ (pl = 10.5). This finding contradicts previous results of
different proteins adsorption on nanostructured mesoporous carbons [10,11,40].
The little effect of the solution pH on the final cytc loading on the CXs suggests
that electrostatic interactions are not playing a significant role in the adsorption
in this particular biomolecule/support system. If electrostatic interactions were
governing the adsorption, in accordance with the cyt ¢ isoelectric point and the
carbon xerogels pHpzc (ca. 8.5), maximum and minimum protein loadings would
be expected at pH 10 and pH 3, respectively, which is not the case (Figure 5).
At pH 10, the solid surface is negatively charged whereas the cyt ¢ molecules
are positively charged. On the other hand, at pH 3, both CXs surface and cyt ¢
molecules would be positively charged. The irrelevance of the electrostatic
interactions here might be understood in terms of the high carbon content of the
carbon xerogels or, alternatively, the lack of a rich surface chemistry despite of
its basic character [41]. For these particular materials, protein/carbon surface
hydrophobic interactions would control the adsorption process. Such
hydrophobic interactions are known to be strongly affected by the total ionic
strength of the protein solution, the higher the ionic strength the higher the level
of interaction [42]. To confirm this hypothesis, further immobilisation
experiments were carried out on the CX-15 carbon xerogel using cyt c dissolved
in a pH 3 phosphoric acid-sodium phosphate buffer of 1 mM ionic strength. The
amount adsorbed at 96 h decreased dramatically from 111 mg g™ (100 mM,
Figure 5) to 36 mg g* (1 mM). A similar effect has been reported for the
adsorption of cyt ¢ on a nanostructured organosilicate [18]. In any case, this
very same argument should be valid for the adsorption of cyt ¢ on
nanostructured mesoporous carbons, since they are virtually pure carbon
materials with hydrophobic surfaces [8,9,13]. The maximum loadings obtained
on those materials when working with solutions pH near the isoelectric point of
the proteins is ascribed to the effective molecular diameter of the adsorbate

[10,11]. Thus, charged biomolecules would experience adsorbate-adsorbate
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repulsive forces that would reduce the amount of protein adsorbed on a given

volume.

A final comment on the adsorption results of cyt ¢ on the carbon xerogels
shown in Figure 5 is devoted to the differences observed in the protein uptakes
measured at 24 h and 96 h. Excluding CX-5 from this discussion, CX-15 and
CX-30 show higher protein loadings at 96 h, whereas CX-55 values at 24 h and
96 h are very similar at the three pH buffers, thus suggesting a more favourable
kinetics of cyt ¢ adsorption on this meso-macroporous carbon. Results of a
more detailed study carried out at pH 10 are shown in Figure 6. Adsorption of
cyt ¢ on the three supports was relatively fast during the first hours and slowed
down to attain the equilibrium (or, at least, to observe minimum variations in the
quantity of protein adsorbed) [43]. The time required to attain the adsorption
equilibrium is considerably shorter for CX-55 than for the other two CXs. A
closer inspection of the early stages of adsorption is shown in Figure S6. During
the first hour of adsorption, the rate of protein loading on both CX-55 and CX-30
is very similar, and significantly faster than the cyt ¢ adsorption on CX-15.
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Figure 6. Kinetics of adsorption of cyt c on CX-15, CX-30 and CX-55. Experimental conditions:
initial concentration of the solutions, 0.5 g cyt ¢ L™ temperature, 30 °C; pH 10 (100 mM ionic
strength).
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Figure S6. Detail of Figure 6 corresponding to the initial stages of adsorption.

Assuming that the adsorption of the cyt ¢ on the CXs was diffusion
controlled, two relatively simple models were used to fit the experimental results

of Figure 6, namely the homogeneous diffusion model [43,44]:

In(1-F)= In(611-2) - T2DptR-2 )

and the parabolic diffusion model [44]:

Ft-1= 4Dp1/21-1/2R-1t-1/2 - DpR-2 3)

where F is the fractional loading of cyt C on the CX at time t, Dp is the
diffusion coefficient of cyt ¢ on the adsorbent and R is the particle radius (0.05
cm for the CXs, assuming spherical particles). The homogeneous diffusion
model (eq. 2) was found to fit reasonably well the experimental points of Figure
6 obtained at t = 60 min, whereas the parabolic diffusion model (eq. 3) fitted well
almost the whole set of points (Figure S7). Results of the Dp values obtained

using both models are collected in Table 5. All coefficients are much lower than
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that of unsupported cyt ¢ in aqueous solution (2 10-6 cm? s™ at 30 °C and 100
mM ionic strength) [45]. The information of the two models is quite different. The
homogeneous model establishes no significant differences between the
diffusion coefficients of the cyt ¢ on the three supports. This situation
corresponds to the last stages of adsorption in which diffusion of cyt ¢ is most
likely hindered by previously adsorbed biomolecules. On the other hand, the
estimation of the Dp based on the parabolic diffusion model reveals a clear
difference between the supports, which in turn correlates with the pore size
distributions of the CXs. These Dp values would be then closely linked to the

pore diffusion of the cyt ¢ on the supports.

WCX-30
@15

+CX55

» e

t(min)

0.002

oS 01 015 0z 025
23 (min?*)

Figure S7. Curve fitting of the kinetic experimental results of Figure 6: a) homogeneous diffusion

model (eq. 2); b) parabolic diffusion model (eq. 3).
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Table 5. Diffusion coefficients of cyt ¢ adsorption on CXs calculated from the homogeneous and
parabolic diffusion models Correlation coefficients of the model fitting are also included.

Homogeneous Diffusion

a Parabolic Diffusion (eq. 3)
Sample (eq. 2)

D, x 10°cm?s® R®  Dpx10°cm’s™

CX-15 3.8 0.994 14 0.995
CX-30 3.1 0.991 7.7 0.996
CX-55 2.5 0.982 25 0.999

# For experimental points obtained at t = 60 min (see text)
3.3. Activity of the supported cyt c

Cyt ¢ is known to catalyse the oxidation of different substrates by H,O,
[32-34]. Figure S8 shows the activity profiles of the cyt ¢ used in this work when
dissolved in pH 3, pH 6 and pH 10 buffers. Maximum activity values were
obtained for the substrates solution buffered at pH 4 [33]. Solutions of cyt ¢ with
different pH were tested since it is known that enzymes preserve “memory” of
the last aqueous solution they had been dissolved in [46]. As a consequence, in
spite of the pH of the solution of the substrates, different enzymatic activities are
expected from solutions of the same enzyme prepared at different buffers. This
can be seen in Figure S8; the effect of the pH of the cyt ¢ solution is clear, with
pH 10 cyt ¢ solutions showing a significantly better performance (using a pH 4

reactants solution) than unsupported cyt ¢ at pH 6 and pH 3.
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Immobilised catalysts reproduced such trend (Figure 7), i.e., maximum
activities (at pH 4) were obtained when the adsorption of the cyt ¢ on the CXs
was carried out at pH 10. It should be noticed that the activities of cyt ¢c/CX-5
were also tested in spite of the very low protein uptakes on this particular
material (Figure 5). This leads us to point out a startling result. For a given
immobilisation pH, the activity (per gram of support) of all the cyt c/CXs systems
is very similar (Figure 7) regardless the huge differences in their protein
loadings (Figure 5). In other words, most of the immobilised cyt ¢ on CX-15, -30
and -55 is not operational. In order to clarify this, increasing amounts of cyt ¢
were loaded on the CX-15 and CX-30 supports and the activities of the resulting
materials were tested. Activity results (Figure 8) are expressed both in U (g of
support)® and U (mg cyt c)™. The activity results expressed per gram of support
were similar for both supports regardless the amount of cyt ¢ adsorbed on them.
However, when Units per mg of cyt ¢ are used, the activities improved
significantly at low loading values, especially for the CX-15 materials. These
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activity values are still very far from those of unsupported cyt ¢ solutions, ca. 1 U
(mg of cyt c)*. Actually, only CX-5 biocatalysts have similar activities per
milligram of cyt ¢ than that of unsupported cyt ¢ (Figure S9 and Figure S8). It
should be mentioned here that blank tests were also carried out with unloaded
(pristine) CXs and no activity was detected. These observations would indicate
that either there is a limited accessibility of the substrates to the immobilised
proteins or that inactivation of cyt ¢ occurs after immobilisation. A series of tests
were then devised to understand the lack of activity of most of the cyt ¢ on the
CX-15, 30 and 55.
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Figure 7. Activities expressed as Units per gram of support. The biocatalysts were prepared by
immobilisation of cyt ¢ on CXs at different pH (pH 3, 6 and 10). All the activity tests were carried

out at pH 4.
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Two cycles of reuse were carried out with the biocatalysts prepared by
immobilisation of cyt ¢ solutions buffered at pH 10 (see Section 2.3). Results are
also shown in Figure 7. The activity values followed a clear trend, hence
increasing substantially after every consecutive cycle for CX-15, CX-30 and CX-
55, but decreasing in the case of the CX-5 support. This suggests that
successive washings of the heavily loaded supports would “clean” the access to
the cyt ¢ stored in the pores. However, it should be mentioned here that such
“cleaning” effect would entail a partial lixiviation of the supported enzyme. The
amounts of cyt ¢ in the lixiviates were close to the detection limits of the
spectrophotometry method used in this work, amounting less than 0.001 mg cyt
c mL" in every wash for all the materials tested. In other words, the amount of
cyt c lixiviated from the supports was less than 1 mg of cyt ¢ per gram of
support. This number is only relevant for the CX-5 biocatalysts, whose loadings

are below 10 mg of cyt ¢ g™ (Figure 5)

A final experiment was carried out with all supports loaded at pH 10 in
which the amount of ABTS was increased by an order of magnitude (10 mM) in
order to ease the diffusion of the (relative) big reactant inside the porous
network. The activity values obtained (Figure 9) show a trend that mimics that
already described when successive cycles of reuse were carried out (Figure 7,
pH 10). Thus, the CX-15, -30 and -55 systems were more active at higher
concentrations of ABTS, whereas the activity of the CX-5 clearly decreased. On
the other hand, the activity of unsupported cyt ¢ diminished as the ABTS

concentration in the solution increased (see inset in Figure 9).
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Figure 9. Effect of the ABTS concentration on the activity (expressed as Units per g of support) of
CXs biocatalysts prepared at pH 10. Inset: effect of the ABTS concentration on the activity of
unsupported cyt c (0.5 g L™, 30°C, pH 10, 100 mM). All the activity tests (including unsupported
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The outcomes of these two experiments, i.e., the increase of the activity
of the CX-15, -30 and -55 in successive re-use cycles (Figure 7) and when, in
the first use, the concentration of ABTS is 10 mM (Figure 9), led us to propose
the following model of cyt ¢ adsorption. Minimum quantities (ca. 5 mg g™, Figure
5) of cyt c are adsorbed on the external (geometrical) surface of CX-5 patrticles.
These biomolecules behave essentially as unsupported cyt ¢, hence the similar
dependence on ABTS concentration and the reduction of the supported cyt ¢
activity with reuse due to progressive leaching, which although being very low is
more significant for the CX-5 systems. For the rest of supports, the explanation
is a bit more complex. Thus, the improvement of the activity of the immobilised
cyt ¢ when working at high concentrations of ABTS (Figure 9) would support, in
principle, the hypothesis of the limited accessibility of the reactants to the cyt ¢
hosted within the pores. Certainly, an increase of ABTS concentration in the
solution should favour the diffusion of the ABTS molecules inside the pores.
This simple explanation, however, does not fit with the behaviour observed for

the unsupported cyt ¢ solutions (inset of Figure 9). If the activity of the cyt ¢
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located in the pores of the CX-15, -30 and -55 were similar to that of
unsupported cyt c, the activity values of the resulting materials should not
increase when the concentration of ABTS increases. Moreover, if partial pore
clogging is responsible for the low activity (per mg of cyt c) of the supports with
pores = 15 nm, this effect should be affected by the relative pore filling
percentages (Table 4), with CX-55 biocatalysts having much less restrictions

than CX-15 ones, which is not the case.

A model that would explain the activity results observed for the cyt ¢
supported on CX-15, -30 and -55 should include both a gradient in the
concentration and in the activity of the adsorbed cyt ¢ molecules. Hence, in all
these systems a given amount of cyt ¢ would be adsorbed on their geometrical
(external) surfaces, in a similar fashion (and possibly quantity) than in CX-5.
Under the initial selected conditions of operation, at relatively low (1 mM) ABTS
concentration, the activity of the materials would also be determined by that
external layer of adsorbed cyt c. When the ABTS concentration increases (10
mM, Figure 9) diffusion of the substrate is favoured, and trapped cyt ¢ would
oxidise ABTS faster. This suggests a high stabilisation of the biomolecules
inside the pores that would show a higher activity than cyt ¢ in solution [47].
Alternatively, when successive reuses of the CX-15, CX-30 and CX-55 help to
remove the cyt ¢ adsorbed on the outer layers of the carbons (as in the case of
CX-5), ABTS (1 mM) would have access to cyt ¢ biomolecules having higher
activity as a consequence of their confinement inside the pore network, hence

the increase observed (Figure 7, pH 10).

4. CONCLUSIONS

The synthesis of carbon xerogels with narrow PSDs and the control of
their average pore size over the whole mesopores range provide an ideal set of
materials for studying the interaction of carbon surfaces with proteins. Several
novel outcomes derived from this study. Pore sizes well over the size of the

protein are more indicated for hosting biomolecules, both in terms of quantity
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adsorbed and favourable kinetics. Accordingly, the CX-5 materials (with 5 nm
average pore size) adsorbed very little amounts of cyt ¢ (below 10 mg g™),
which was expected to lay on the external surface of the carbon particles. This
result is at odds with several studies carried out on nanostructured mesoporous

carbons with similar average pore sizes.

The interaction of the basic, highly pure carbon surfaces of the CXs with
the proteins was essentially hydrophobic, i.e., it was independent of the pH of
the solution used for the immobilisation. This also contradicts previous studies
that claimed maximum adsorption capacities when using cyt ¢ solutions buffered
at pHs close to the isoelectric point of the protein (10.5 for cyt c¢). On the
contrary, the ionic strength of the cyt ¢ solution influenced considerably the

adsorption of the protein on the CXs.

Finally, high protein loadings on the CXs did not entail high catalytic
activities of the resulting materials. The activity of cyt ¢ supported on all CXs
was essentially the same regardless the pore size and/or pore volume (hence
the protein uptakes) of the four supports. Additional studies, however,
demonstrated a very different behaviour of the cyt ¢ supported on CX-5, on one
side, and on the rest of systems (CX-15, -30 and -55) on the other. Thus, cyt ¢
adsorbed on CX-5 behaved like unsupported cyt c. In the case of the cyt ¢
adsorbed on the rest of CXs, the situation is more complex. Under conventional
test conditions, the catalytic activity of all the systems studied was highly
controlled by the biomolecules adsorbed on the external surface of the
materials. However, when higher concentrations of the substrate (ABTS) were
used or when successive cycles of reuse were carried out, a rise on the activity
of the cyt c/CX-15, -30 and -55 systems was observed. The combination of
results from these last experiments suggested that not only the access of ABTS
to the cyt c adsorbed on the pores was favoured, but that the activity of those
“trapped” cyt ¢ molecules was higher than that of the protein adsorbed on the

external surface of the support and, hence, of the unsupported protein.
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5. Diseno de la quimica superficial

A la hora de disefar xerogeles para una aplicacion concreta, ademas de
una porosidad apropiada, se requiere de una quimica superficial adecuada, la
cual va a repercutir notablemente sobre la efectividad de los materiales. La
mayoria de las aplicaciones que se encuentran en la bibliografia [21-23, 49, 50]
utilizan xerogeles de carbono en vez de su homologo organico, lo que requiere
de una etapa de carbonizacién, que cambia totalmente la quimica del material,
y encarece el producto final [2]. Los xerogeles organicos tienen una porosidad
parecida a los carbonizados pero con una quimica superficial diferente, lo que
les dota de propiedades finales distintas. Ademas, gracias al uso de la
tecnologia microondas durante la sintesis, los costes de produccion son
relativamente bajos, siendo asi materiales mas que interesantes para ser

utilizados en multiples aplicaciones [1].

Por lo tanto, este capitulo esta enfocado al estudio de la aplicabilidad de
los xerogeles organicos como materiales desecantes y a la modificacion de su
quimica superficial para obtener materiales hidréfobos aplicables como

materiales adsorbentes de aceites.

El objetivo general de este capitulo es lograr el control de la quimica

superficial de los xerogeles RF.
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5.1. Xerogeles resorcinol-formaldehido como materiales desecantes

Se entiende por materiales desecantes aquellos que eliminan la
humedad que les rodea [51]. De forma general, estos materiales se dividen en
2 grandes bloques dependiendo del mecanismo que utilicen para la adsorcion
de agua : i) a través de reacciones quimicas o ii) a través de interacciones
superficiales, como es el caso de los xerogeles RF. Para que los materiales de
este segundo bloque funcionen de forma efectiva necesitan tener una
superficie hidréfila y una gran capacidad de adsorcion, dos conceptos muy
diferentes [51]. La hidrofilia hace referencia a la atraccion que tiene el material
por el agua (del griego, hydros = agua + philia = amistad) mientras que la
capacidad de adsorcion depende principalmente de su porosidad.

Los xerogeles RF son materiales altamente porosos cuya quimica
superficial es rica en grupos funcionales oxigenados que atraen hacia si las
moléculas de agua que les rodean a través de puentes de hidrégeno, siendo

asi materiales potenciales para su utilizacion como desecantes.

Por lo tanto, en esta Tesis Doctoral se ha evaluado la capacidad de los
xerogeles RF para ser utilizados como materiales desecantes y se ha
optimizado el tamafio de poro para lograr una maxima capacidad de adsorcion.
El estudio exhaustivo de esta aplicacién ha derivado en una Patente que se

encuentra al final de este capitulo.

5.1.1. Objetivos
Los objetivos planteados para realizar el estudio fueron:

» Evaluar la capacidad de adsorcion de humedad de los xerogeles RF con

respecto a otros desecantes comerciales.

» Determinar las propiedades texturales 6ptimas para obtener una maxima

capacidad de adsorcion.

» Evaluar la capacidad de regeneracion y reutilizaciéon de los xerogeles

organicos.
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5.1.2. Estudio

Para llevar a cabo el primer estudio se sintetizaron dos geles, uno
Mesoporoso y otro macroporoso, y se compard su capacidad de adsorcion de
humedad con respecto al gel de silice utilizado comunmente en los
desecadores de los laboratorios. Tras determinar que el tamafio de poro 6ptimo
se encontraba en el rango de los mesoporos, para el segundo estudio se
sintetizaron seis xerogeles RF con tamafio de poro entre 0 y 80 nm, obtenidos
mediante la variacion de la concentracion de metanol en la disolucion de

formaldehido utilizada para la sintesis.

5.1.3. Resultados

Los detalles experimentales y la discusion de los resultados obtenidos
se hallan en la Publicacion V y VI, incluidas al final de este capitulo. Los
resultados obtenidos de este estudio derivaron en una Patente que se
encuentra a continuacion de las publicaciones anteriormente mencionadas. Los

principales resultados de este estudio se detallan a continuacion:

» La quimica superficial de los xerogeles RF es la misma independientemente
de la composicion de la mezcla precursora utilizada durante su sintesis. Por
lo tanto, las diferencias observadas en la adsorcion de humedad son

consecuencia exclusivamente de sus propiedades porosas.

» Los xerogeles RF muestran mejores resultados como materiales
desecantes que el gel de silice comunmente utilizado en los laboratorios

con este mismo fin.

» El tamafo de poro éptimo para esta aplicacion es en torno a 8 nm, logrando

una ganancia de mas de un 80 % de su peso en humedad.

> En contra de lo observado en estudios anteriores, la concentracion de

metanol utilizada afecta sobre la microporosidad del xerogel RF.

» Aunque la microporosidad pudiera contribuir a la adsorcion de humedad,

son los mesoporos los que juegan un papel relevante en esta aplicacion.
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> Los materiales han

mostrado ser facilmente regenerables (temperaturas

moderadas) y su eficiencia no disminuye con los ciclos.

5.1.4. Conclusioén

Los xerogeles RF han mostrado ser unos excelentes materiales

desecantes que absorben mas de un 80 % de su peso en humedad, con las

ventajas afladidas de que son facilmente regenerables, ligeros en su utilizacion,

baratos en su produccién y resistentes a acidos debido a su nhaturaleza

organica (Figura 18).

Adsorcion
de humedad
XEROGELRF

ALTARELEVANCIAPARALOS DESECANTES

MESOPOROS aprox.8 nm
SUPERFICIE HIDROFILA

-* 80 % peso
RELEVANCIA MED N\

) GEL DE SILICE

40 % peso

AREA SUPERFICIAL MACROPOROS

Figura 18. Esquema resumen del estudio de xerogeles RF como materiales desecantes.
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ABSTRACT

Resorcinol-Formaldehyde xerogels are organic polymers that can be
easily tailored to have specific properties. These materials are composed of
carbon, hydrogen and oxygen, and have a surface that is very rich in oxygen
functionalities, and is therefore very hydrophilic. Their most interesting feature is
that they may have the same chemical composition but a different porous
texture. Consequently, the influence of porous characteristics, such as pore
volume, surface area or pore size can be easily assessed. In this work, a
commonly used desiccant, silica gel, is compared with organic xerogels to
determine their rate and capacity of water adsorption, and to evaluate the role
of surface chemistry versus porous texture. It was found that organic xerogels
showed a higher rate of moisture adsorption than silica gel. Pore structure also
seems to play an important role in water adsorption capacity. The OX-10
sample, whose porosity was mainly composed of micro-mesoporosity displayed
a water adsorption capacity two times greater than that of the silica gel, and
three times higher than that of the totally macroporous xerogel OX-2100. The
presence of feeder pores (mesopores) that facilitate the access to the
hydrophilic surface was observed to be the key factor for a good desiccant
behaviour. Neither the total pore volume nor the high surface area (i.e. high
microporosity) of the desiccant sample, is as important as the mesopore

structure.
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1. INTRODUCTION

Organic gels are nanoporous materials that are obtained by the
polymerization of hydroxylated benzenes and aldehydes in the presence of a
solvent following Pekala’s method [1]. Most organic gels presented in literature
are synthesized using resorcinol (R) and formaldehyde (F) as precursors and
water as solvent [2-5], although other precursors and reaction media can be
used [6-9], to produce materials with different properties. In general, three main
steps are involved in the formation of the organic gel: gelation, curing and the
drying step. Depending on the drying method applied to remove the solvent,
gels are classified into three main categories: aerogels, cryogels and xerogels
where supercritical drying, freeze-drying and evaporative drying are employed,
respectively [5, 10-15]. In this study, microwave radiation was used as heating
source throughout the entire synthesis process to produce RF xerogels by
means of a simple, fast and cost-effective methodology [16,17].

Over the last few years, organic and carbon xerogels have been
demonstrated to be materials of great added value owing to the fact that their
porosity can be controlled and designed by adjusting the synthesis variables,
both physical (i.e. temperature, time of synthesis, etc.) [2, 16] and chemical (pH,
dilution, R/F ratio and percentage of stabilizer contained in the formaldehyde
solutions) [17-22]. In addition to the large number of variables that need to be
controlled, it has been shown that there exists a synergy between them. For this
reason, statistical programs have been applied to allow the simultaneous study
of all of these variables, allowing to designed porous properties for specific

applications [18, 21].

Not only is an appropriate porosity necessary for obtaining an optimum
material for a specific application, but the surface chemistry also plays an
important role. Most of the applications of RF xerogels are based on its

carbonized form, for example: electrode material for supercapacitors, hydrogen
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storage, catalysis, heavy metal adsorbents, etc. [3, 23-28]. As the structure of
carbon xerogel is mainly made up of carbon colloidal chains (with a C content of
up to 95 %), sometimes the material is doped with heteroatoms, or chemically
treated to change the surface chemistry and improve its behavior for a specific
application [29-32].

The surface chemistry of organic xerogels is different to that of their
carbonized counterparts [20]. When polycondensation between resorcinol and
formaldehyde takes place, a high concentration of hydroxyl groups remains on
their surfaces. Thus, the chemical composition of a generic RF organic xerogel
could be 65 % wt. C, 5 % wt. H and 30 % wt. O. However, heat treatment of
organic xerogels to obtain a thermally stable material (i.e. carbon xerogel)
causes these labile oxygen surface groups to be released, leading to a more
condensed carbonaceous structure consisting of about 95 % wt. C, the
remaining being divided between H and O [23]. Therefore the surface
chemistries of organic and carbon xerogels are totally different, even though

their designed porosities may be similar [33, 34].

Desiccant materials are hygroscopic solids that induce or sustain a state
of dryness in the surrounding air [35]. In order to be considered a good
desiccant porous material, it not only needs to be hydrophilic but also highly
adsorbent, which are two different concepts [35]. Its hydrophilicity refers to its
affinity to water, while its adsorption capacity depends mainly on its porosity.
For example, some carbon-based materials, though considered as hydrophobic,
nevertheless have a high water sorption capacity due to their high porosity, but
their rate of adsorption is low because their surface chemistry is not appropriate

for attracting moisture.

Generally speaking, there are two types of desiccant materials: (i)
substances whose desiccant behavior originates from a chemical hydration
reaction, such as P,015, MgSQO,, and (ii) substances whose desiccant behavior
is based on surface interactions like adsorption processes. The latter category
includes molecular sieves, silica gels, clays and starches [35-37]. The water

adsorption behavior of a sorbent depends on many factors, such as the porous
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structure, chemical composition, surface functionality content, presence of

charged species, etc. [32].

Desiccants have been used in recent times for a wide range of
applications, with the aim of controlling the humidity in the air when a moisture-
free ambient is necessary. Other examples include the use of desiccant
materials for controlling the level of water in industrial gas streams, in air
conditioner systems, for storing and protecting goods in shipping containers

against moisture damage (e.g., electronic devices, foods, clothes, etc.) [38].

As mentioned above, silica gel is the most common desiccant as its
chemical behavior has been known since the XVII century and it has been used
as a dehumidifier since the beginning of the XX century up to this day. Its good
moisture adsorption capacity is due to its porous properties and the presence of
hydroxyl groups on its surface which give it a hydrophilic nature. Water

molecules are attracted by its surface chemistry which is rich in oxygen.

Due to the physical and chemical similarities between silica gels and RF
organic gels, the aim of this work is to evaluate the desiccant behavior of two
bare RF xerogels with different porosities. The interest shown in these RF
xerogels is due to a series of advantages that they offer, such as their light
weight, the possibility of modifying their surface chemistry to enable them to
adsorb (and eliminate) components other than moisture, their chemical
resistance to acids that may be present in the fluids to be treated, and the fact
that they do not require neither doping or post-treatment processes, such as

carbonization or activation, which makes them more cost-effective.

2. EXPERIMENTAL SECTION

2.1. Synthesis of organic xerogels

The organic xerogels used in this study were synthesized by the

polymerization of resorcinol (R) and formaldehyde (F), using deionized water as
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solvent and NaOH as catalyst. First of all, resorcinol (Indspec, 99.6 %) was
dissolved in deionized water in an unsealed glass beaker under magnetic
stirring until completely dissolved. Then, a formaldehyde solution was added
until a homogeneous solution was obtained. The R/F molar ratio used was 0.15
and 0.70 for the synthesis of the samples OX-10 and OX-2100, respectively.
NaOH solution (0.1 M, Titripac, Merck) was added in each precursor solution
dropwise until the desired pH was reached. In this case, a pH of 5.8 and 4.8
were selected for the preparation of samples OX-10 and OX-2100, respectively.
The precursor solutions were placed in an open vessel inside a microwave oven
at 85 °C for about 3 hours in order for gelation and ageing to take place. The
polymers were then dried also by microwave heating, in the initial vessel, until a
mass loss of over 50 % were recorded, the total time of synthesis being less
than 5 h. As a result two different organic gels were obtained with a total yield in

the whole process of 45 wt%.

2.2. Sample characterization

Before characterization, the xerogels were outgassed (Micromeritics
VacPrep 0.61) at 0.1 mbar and 120 °C overnight in order to remove any
humidity and other physisorbed gases.

2.2.1. Porous properties

The porosity of the samples was characterized by means of nitrogen

adsorption-desorption isotherms and mercury porosimetry.

The nitrogen adsorption-desorption isotherms were measured at -196 °C
in a Tristar 3020 (Micromeritics) device. Sger was determined from the N,
adsorption branch and, in all cases; the number of points used to apply the BET
equation was higher than 5. Vmicro was estimated by the Dubinin-Raduskevich
method [39]. This method only takes into account micropore surfaces. The
external surface area (Sgxr) was determined by applying the t-plot method

developed by Lecloux et all. [40], which measures the external surface of the
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meso-macropores but excludes the microporous surface area. These two
techniques are therefore complementary. N, adsorption-desorption isotherms
were only used to obtain information about microporosity (Sger, Vmicro and
mean micropore size) and the Sgxr. Parameters, such as porosity (%), pore size
distribution (PSD), bulk density and mesopore/macropore volumes (Vmeso,
Vmacro), were determined by means of mercury porosimetry, using an
AutoPore IV 9500 (Micromeritics), which is able to measure from atmospheric
pressure up to 228 MPa. In this study, the lowest limit of mesopores detected
by this apparatus was 5.5 nm, whereas Vmacro referred to porosity ranging
from 50 to 10000 nm. The surface tension and contact angle were 485 mN m™
and 130 °, respectively, and the stem volume was between 45-58 % in all the
analyses performed. In the low pressure step, the samples were evacuated up

to 6.7 Pa. The equilibration time used was 10 seconds.

2.2.2. Elemental analysis

Determination of C, H and N was carried out in a LECO CHNS-932
analyzer. The oxygen content was determined using a LECO VTF-900

analyzer.

2.2.3. TPD analysis

The typology of the surface oxygen groups contained in the RF xerogels
was evaluated by temperature programmed desorption (TPD) using a
Chemisorption Autochem Il 2920 device from Micromeritics. This equipment is a
fully automated chemisorption analyzer, which includes a gas feeding system, a
temperature-controlled reaction zone and a gas analyzer (mass spectrometer,
OmniStar TM, Pfeiffer Vacuum). The amount of CO and CO, released was
registered while the samples were subjected to heat treatment from room
temperature to 1000 °C at a heating rate of 10 °C min™ under an Ar flow of 50

mL min™.

208



PUBLICACION V

2.2.4. FTIR analysis

Surface chemistry was also characterized by Fourier transform infrared
spectroscopy (FTIR) in a Nicolet FTIR 8700 with DTGS detector. The data were

recorded between 4000-400 cm™, using 64 scans and a resolution of 4 cm™.

2.2.5. Water vapour adsorption experiments

The procedure for measuring the capacity of water vapour adsorption
and kinetics consisted in placing 0.6-0.8 g of sample inside a hermetic vessel at
25 °C and 100 % humidity and recording changes in mass with time until

constant values were reached.

Water vapour adsorption-desorption isotherms were obtained using a
Hydrosorb 1000 multigas instrument (Quantachrome) at 25 °C.

3. RESULTS AND DISCUSSION

3.1. Porous properties

For comparative purposes a commercial silica gel, commonly used as
desiccant in laboratories, was selected (Sigma-Aldrich, 2-6 mm particle size).
The data relating to the textural properties of the two RF organic xerogels and
the selected desiccant reference (i.e. silica gel) are presented in Table 1. These
differences on the porosity between these xerogels are consequence of the
variables used for each sample during the synthesis process, as can be found
in literature [17, 18, 21]. Differences between the micro-mesoporosities of the
samples were determined from N, adsorption-desorption isotherms, as shown
in Figure 1. The silica gel used for this study is a micro-mesoporous material
with an average mesopore size of ca. 4 nm, a value extracted from the PSD
obtained by applying the DFT method to the adsorption branch of the nitrogen
isotherm (data not shown). The OX-10 xerogel yields an isotherm that can be

classified as type I-IV according to the BDDT classification, although the
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presence of a hysteresis loop at high relative pressures denotes the presence
of a certain macroporosity (a deduction supported by the results of mercury
porosimetry). Although the surface area of the silica gel is higher than that of
OX-10 (338 versus 214 m® g respectively), the total pore volume and the Sext
of OX-10 is higher than that of the silica gel (Table 1), due to the differences in
the pore size distributions. According to the N, adsorption isotherm
corresponding to OX-2100, this sample shows almost no adsorption at all,
which does not necessarily mean that it is a non-porous material, but the pore
size is too large to be determined accurately by this technique. In this case,

porosity was characterised by mercury porosimetry

Table 1. Textural properties of the two RF xerogels and the reference silica gel.

OX-10 0X-2100 Silica gel

Sger (5, m?g?) 214 9 338
N, Isotherm Vous-n2 (iO.053: CT3g'1) 0.08 0.00 0.12
V, (£0.05, cm® g*) 1.38 0.02 0.23
Sext (25, m?g™) 187 12 170
p? (+0.05, g cm™) 0.47 0.34 -
Hg Vmeso (£0.05, cm® g™%) 0.78 0.00 -
porosimetry  Vpaeo (¥0.05, cm® g™) 0.56 2.15 -
dpore (£2, NM) 10 2100 -
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Figure 1. N, adsorption—desorption isotherms of the organic xerogels and the reference silica gel

sample.
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Figure 2 illustrates the cumulative volume vs. pore size obtained from
the mercury porosimetry experiments. As the Autopore IV porosimeter cannot
detect pores smaller than 5.5 nm, silica gel was not analysed by this technique
since it has a narrower pore structure. In Figure 2a, it can be observed that the
cumulative volume falls to a pore size of 10-20 nm, which implies that most of
the pores in OX-10 are in the mesopore range. However, a small volume of
pores larger than this are observed as well corresponding to the macropore
range up to 120 nm. From Figure 2b, on the other hand it is clear that the OX-
2100 xerogel has a larger pore size, due to a change in cumulative volume
corresponding to a pore size of ca. 2100 nm, which denotes a macroporous

material. (Figure S1 in Supplementary Material shows the pore size distributions
for both RF xerogels: OX-10 and OX-2100).
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Figure S1. Pore size distribution of the organic xerogels obtained by mercury porosimetry.
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In short, the three samples used in the present study possess totally
different porous structures, as the silica gel is a micro-mesoporous material with
narrow mesopores, OX-10 is micro-meso-macroporous while OX-2100 is

entirely macroporous.

3.2. Chemical properties

The data obtained from the elemental analysis of the organic xerogels
are presented in Table 2. As can be seen, the chemical composition is very
similar in both samples. From the elemental analysis data it can be inferred that
the O/C molar ratio for the organic xerogels is 0.35. Their high oxygen content
makes it necessary to examine the typology of these groups in order to
determine whether the different synthesis conditions affect the nature of the

oxygenated groups.

Table 2. Elemental analysis results for the two organic xerogels (dry basis).

OX-10 0OX-2100

C (x0.2, wt. %)  64.7 66.3
H (0.2, wt. %) 4.9 45
N (0.2, wt. %) 0.3 0.3
O (0.2, wt. %)  30.1 28.9

The quantity and type of oxygen functionalities in the organic xerogels
can be determined from the TPD curves, since the oxygen groups decompose
into CO and CO, upon heating. According to Figure 3, the evolving CO and CO,
groups are virtually identical in both cases, which implies that not only is the
proportion of oxygen very similar in both samples but that the type of oxygen
functionality is practically identical as well. Therefore, to obtain RF xerogels with

different surface chemistries, some post-treatments must be performed.
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Figure 3. CO and CO; TPD spectra of the two organic xerogels OX-10 and OX-2100.

In general, it can be observed that both organic xerogels have a larger
guantity of oxygen groups desorbing as CO, namely, neutral or basic groups
(phenols, alcohols) [41, 42], which is in agreement to the most abundant oxygen
surface groups in RF xerogels. In the CO evolution curves of Figure 3, both
samples show a very pronounced peak centred at ca. 650 °C, which can be
assigned to phenols (-OH), since according to the literature groups of this type

evolve as CO in a temperature range of 500-750 °C [42].

The less stable and more acidic functionalities (carboxylic acids,
anhydrides, lactones) produce CO, when the material is subjected to thermal
treatment. The CO, spectrum indicates a clear less presence of the oxygen
functionalities that release as CO,. Two peaks can be recognized, one whose
maximum is around 350 °C, can be attributed to a small presence of carboxylic
acids whereas the other centred at around 550 °C, suggests the presence of
carboxylic anhydride and/or lactone-type groups [41, 42]. These functionalities
may be produced, in a small extent, during the drying step in air by microwave

heating.
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FTIR may also provide some information about the functionalities
present in the samples studied. Figure 4 shows analogous spectra for the two
organic xerogels, confirming the similar composition and functionalities of both
samples. In both cases, there is a broad band between 3600 and 3000 cm™
associated to the O-H stretching vibrations, originating from the phenol groups.
Aliphatic stretching vibrations can be assigned to the band at 2900 cm™, whilst
the corresponding aliphatic deformation vibration is located at ca. 1400 cm™.
The well defined band at around 1600 cm™ corresponds to the aromatic ring
stretching vibration C=C. Bands at 1100 and 1200 cm™ are assigned to
methylene ether bridges C-O-C stretch and =C-O-C symmetric and asymmetric
stretch. C-O stretching from alcohols also contribute with bands at 1100 cm™,
whilst and small contribution from C=0O carbonyl stretching from carboxylic
acids, anhydrides, ester and ketones are assigned to band ca. 1700 cm™. All

these oxygen functionalities are in agreement with the TPD results mentioned
above.
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Figure 4. FTIR spectra of the two organic xerogels and the silica gel.
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On the other hand, silica gel obviously presents a different spectrum. It
can be observed a broad band at around 3400 cm™ due to the hydroxyl group
on the surface of the silica. The well defined bands at 470 and 790 cm™ are
ascribed to the Si-O-Si bending vibrations, whilst the broad band at ca. 1100
cm™ is due to the Si-O stretching.

3.3. Desiccant behaviour

The desiccant properties of silica gel are due to the presence of hydroxyl
groups in the surface of the material that endow it with a hydrophilic nature.
Moreover, its porosity gives it a high water adsorption capacity so that moisture
is attracted and retained in the surface of the material. The results of this study
show that organic xerogels are materials with a potential desiccant capacity
since they contain mainly phenolic groups on their surface (see Figures 3 and
4), and have a porous structure that can be tailored to optimize the adsorption

of water.

The desiccant behaviour of the samples at 25 °C under atmospheric
pressure and 100 % humidity is illustrated in Figure 5. As can be observed, the
slope of the organic xerogels curves during the first few hours is steeper, which
implies that the speed of adsorption is faster in both samples. Taking into
account that all the oxygen content may contribute to the hydrophilic character
in a sample, it can be made a rough estimation of the oxygen content ratio in
the samples studied. Thus, from the theoretical formula of silica gel (i.e., SiO,
nH,O) it can be estimated that the O/Si molar ratio may be considered as 2. In
spite of the fact that the proportion of oxygen is lower in the case of xerogels
(O/C = 0.35 for organic xerogels and O/Si = 2 for silica gel), water is more easily
attracted to the surface of organic xerogels than in the case of silica, due to
either their surface chemistry or their different porous structure which is
characterised by the presence of feeder pores, or to a combination of both of

these factors.
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Figure 5. Moisture adsorption isotherms at 25 °C, atmospheric pressure and 100 % humidity

corresponding to OX-10, OX-2100 and the silica gel.

Once the first hours (ca. 48 h) have elapsed, greater differences
between the samples become apparent. The RF xerogel labelled OX-2100,
which is a totally macroporous sample, allows water molecules easy access to
its surface but, once all of the surface is covered, the speed of adsorption
decreases drastically and saturation point is reached at ca. 10 mmol/g. Silica
gel starts with a lower rate of adsorption, and its capacity of adsorption is
sharply reduced at around 14 mmol/g after 250 h. This could be because the
water molecules experience greater difficulty accessing the narrow pores.
Nevertheless its large surface area provides a readily available surface area

covered with hydroxyl groups with an affinity for water molecules.

Not only does sample OX-10 show a faster rate of water adsorption but
it also has a better water adsorption capacity than the other two samples.
Although the rate of adsorption decreases progressively, the sample keeps
adsorbing moisture for more than 1200 h. The OX-10 sample adsorbs ca. 27

mmol/g which amounts to 50 % of its own weight in water.
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The desiccant materials employed in this study are substances whose
performance as desiccants is based on surface interactions like those of
adsorption processes. It is for this reason that these materials can be
regenerated merely by heating, enabling them to be reused several times.
Accordingly, the temperature of regeneration is a factor that must be taken into
account especially when their application is intended for industrial scale. The
advantage of silica gel and RF organic xerogels is that they can be regenerated
by heating at relatively low temperatures (i.e.120 °C), whilst other desiccants

commonly used, such as alumina require higher regeneration temperatures.

It is well known that at ambient pressure water molecules do not
condense in pores and fill the entire pore volume. This would suggest that the
total pore volume is not the main factor that determines the desiccant behaviour
of these materials. Nevertheless, despite the importance of hydroxyl surface
groups in determining the hydrophilic character of the material, the pore
structure is also relevant as this affects the rate of adsorption and the

availability of the hydrophilic surface in desiccants.

Further insights into the hydrophilic behaviour of the materials were
obtained from the water adsorption isotherms at 25 °C (Figure 6). As expected,
the maximum water uptakes measured during the dynamic (Figure 5) and
equilibrium (Figure 6) experiments agree reasonably well (i.e. 27 vs 20 mmol g
! 14 vs 11 mmol g*, 10 vs 8 mmol g for OX-10, Silica gel and OX-2100 in the
dynamic vs equilibrium experiments). At low relative pressures (p/p0 < 0.25,
Figure 6), the amount of water adsorbed on both the organic xerogels and the
silica gel is essentially the same. This result indicates that differences in
microporosity (see Table 1) are not determinant for the adsorption of water
molecules. Adsorption by the silica gel increases smoothly from p/p® > 0.25,
whereas the water adsorption isotherms of the two OXs remain identical up to
p/p° = 0.9, probably due to the presence of wider pores in the organic xerogels.
The silica gel has a narrow mesoporosity (mean pore size 4 nm according to
DFT calculations), that comes into play at lower relative pressures. The

presence of wider mesopores (i.e. mean pore size 10 nm according to mercury
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porosimetry) in the OX-10 sample causes its water capacity to increase
dramatically in the 0.9 < p/p° < 1 interval, whilst sample OX-2100 displays the
lowest total water adsorption capacity of the series studied due to the fact that
its pores are too wide to play an important role in the adsorption of water. The
water vapor adsorption isotherm obtained for this sample (OX-2100) is
corroborated by others in the literature [43] corresponding to RF-xerogels with
similar porosity that is not adequate for water adsorption applications.
Therefore, although all RF-xerogels present hydrophilic character, not all of

them can be used as desiccants but only the ones with the proper porosity.
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Figure 6. Water adsorption isotherms at 25 °C of the two organic xerogels and the reference

silica gel.

4. CONCLUSIONS

The desiccant behaviour of two organic xerogels with different porosities
was studied and compared using silica gel as reference material. Although the
presence of hydroxyl groups in the organic xerogels may be lower than in the

silica gel, the former showed a higher rate of moisture adsorption. Pore
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structure seemed to play an important role in water adsorption capacity. The
OX-10 sample, whose porosity was mainly composed of micro-mesoporosity
displayed a water adsorption capacity two times higher than the silica gel, and
three times higher than OX-2100, a totally macroporous xerogel. Although the
presence of oxygen surface groups is important as it determines the hydrophilic
character of the material, the presence of feeder pores (mesopores) that
facilitates access to the hydrophilic surface was found to be the key factor for
ensuring a good desiccant behaviour. Neither the total pore volume nor the high
surface area (i.e. high microporosity) of the desiccant sample has a greater

influence than the mesopore structure.

Moreover, organic xerogels offer a series of important advantages: their
light weight, the possibility of modifying the surface chemistry to adsorb (and
eliminate) components other than moisture, chemical resistance to acids that
may be present in the fluids to be treated, and the possibility of being applied
without the need for a doping or carbonization/activation step, making them

cost-effective materials.

In short, all organic xerogels are hydrophilic materials since its surface is
absolutely covered by oxygenated groups, independently of the variables used
during synthesis. The water absorption capacity, which endows these materials
of a desiccant behaviour, depends on the porosity of the material which can be
controlled with the variables used during the synthesis process. Therefore, not
all of them can be used as desiccants since only a proper porosity provides
them of this capacity. If porosity is properly designed, organic xerogels are
efficient desiccant materials which offer a fast rate of adsorption, a good water

adsorption capacity, and can be easily regenerated at low temperature.
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ABSTRACT

Resorcinol-formaldehyde xerogels are ideal desiccant materials since
the high concentration of hydroxyl groups on their surfaces confers on them a
high hydrophilicity, which adsorbs moisture from their surroundings and their
large porosity provides them with a high water sorption capacity. In this study,
the porosity of organic xerogels was tailored by adjusting the proportion of
methanol in the precursor solution in order to optimize their desiccant capability.
It was found that, although an increase in microporosity improves the
performance of the desiccant, mesoporosity is a more important property for
this application. Organic xerogels are excellent desiccants which are able to
adsorb more than 80 % of their own weight in moisture and function efficiently
for more than 3000 h, when their porosity is optimized. This is a great
improvement on the commonly used silica gels that become saturated after only
150 h and can only adsorb a maximum of 40 wt % of their own weight in
moisture. Moreover, RF xerogels have the advantage that they are organic
materials resistant to acid attack and this allows them to be used in processes

where conventional inorganic desiccants would rapidly deteriorate.

Keywords: water sorption; desiccant materials; xerogels; hydrophilic materials
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1. INTRODUCTION

Resorcinol-formaldehyde (RF) gels have been the most widely studied
nanoporous organic gels in recent years [1-3]. However, other precursors can
be used to produce materials with similar properties [4-9]. The synthesis
process of these polymers consists of three steps: gelation, curing and drying.
Depending on the type of drying method used in the synthesis process, (i.e.,
supercritical drying, freeze-drying or evaporative drying), they are classified as
aerogels, cryogels or xerogels, respectively [10, 11]. In this study, microwave
radiation was used as heating source to synthesize the xerogels described, as it
is a simple, fast and cost-effective method to fabricate RF-xerogels in just one
step using only one device [12].

The widely recognized advantage of RF xerogels is that it is possible to
obtain materials whose porosity can be designed for a specific application by
adjusting the variables used during the synthesis process (i.e., the pH of the
precursor solution, dilution ratio, RF molar ratio, etc.) [13-16]. This versatility, in
combination with the fact that they are light and cheap to produce, makes them

suitable for a wide range of applications [17-21].

As already pointed out in a previous study, organic xerogels can be used
as desiccant materials [22]. Any desiccant material, whose behaviour is
determined by surface interactions and not by chemical reactions [23-25],
requires two main properties to ensure its effectiveness [26]: i) hydrophilicity,
i.e., its high affinity towards water and ii) a good sorption capacity, i.e., an ability
to retain a large volume of water. In the case of RF xerogels, the high
concentration of hydroxyl groups on their surfaces provides them with a high
hydrophilicity that attracts surrounding moisture through hydrogen bonding, and
their large porosity gives them their high water sorption capacity. Their
hydrophilicity and suitability for use as desiccant materials have been
demonstrated in a previous work [22]. However, in that study only two samples
were evaluated and compared with a silica gel, a mesoporous xerogel and a
macroporous RF xerogel with pore sizes of 10 and 2100 nm, respectively.

There is a huge difference in pore size between 10 and 2100 nm, and although
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pore size would seem to be the determinant factor for the performance of a
desiccant, mesopores being more effective than others, there is still a need for
pore-size optimization. Therefore, further studies on the influence of mesopore
size on the desiccant behaviour of RF xerogels are required, as optimization of
the mesopores is essential in light of the increasing use of desiccant materials
for different applications in recent years [25, 27-29]. Moreover, the optimization
of desiccant performance in combination with the chemical resistance of these
RF xerogels (i.e. in acid or basic media), their light weight and their production
in just one-step (without the need for any post-treatment or a large number of
steps in the production line), make these materials highly cost-effective and

competitive for scaling up.

Accordingly, in this work the influence of porous properties, in the
mesopore range, on the water adsorption capacity of RF xerogels is studied in

order to optimize their effectiveness as light-weight organic desiccants.

2. EXPERIMENTAL

2.1. Synthesis of organic xerogels

Organic xerogels were obtained by a process described in detail
elsewhere [22]. Briefly, resorcinol (R), and formaldehyde (F) were mixed at a
R/F molar ratio of 0.3. Water was added at a dilution ratio of 5, and the pH of
the precursor solutions was adjusted to 5 using a 0.1 M NaOH solution (Titripac,
Merck). As previously reported, the methanol (MeOH) content of formaldehyde
solutions plays a determinant role in the formation of the porosity [14]. For this
reason, formaldehyde solutions with: 2, 4, 13, 20, 30 and 40 % of MeOH were
used in order to obtain different porosities. As the MeOH content is the only
difference between the samples, the percentage of methanol is used in the

nomenclature proceeded by OX in reference to the organic xerogel.
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2.2. Sample characterization

Before characterization, the samples were outgassed (Micromeritics
VacPrep 0.61) at 0.1 mbar and 120 °C overnight in order to remove any

humidity and other physisorbed gases.

2.2.1. Porous properties

The porosity of the samples was characterized by means of nitrogen
adsorption-desorption isotherms and mercury porosimetry.

The nitrogen adsorption-desorption isotherms were measured at -196 °C
in a Tristar 3020 (Micromeritics) device. Sger, micropore volume and pore size
distribution were determined from the N, adsorption branch, by applying the
Brunauer-Emmett-Teller equation, Dubinin-Raduskevich equation and DFT
method, respectively. Total pore volume was estimated from the amount of

nitrogen adsorbed at p/p°=0.99.

Total pore volume and pore size were determined by means of mercury
porosimetry, using an AutoPore IV 9500 (Micromeritics), which is able to
measure from atmospheric pressure up to 228 MPa. In this study, the lowest
limit of mesopores detectable by this apparatus was 5.5 nm. In accordance with
the findings of previous studies [10], no alterations in the macro and
mesoporosity were observed during the carbonization process (Figure Sla).
Therefore, the organic xerogels were thermally treated under an inert
atmosphere (700 °C, 2 h) before mercury porosimetry characterization in order
to avoid compression problems arising from the low mechanical resistance of
these materials [30]. Figure S1 in the supplementary material shows the
problems of mercury porosimetry characterization of the organic samples due to

their poor mechanical properties.
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Figure S1. N, adsorption-desorption of an organic xerogel and its carbonized counterpart (a)
showing that the carbonization process only affect to the microporosity of the samples and has no
influence on the meso-macroporosity; mercury porosimetry cannot be used as porosity
characterization technique for organic xerogels due to their low mechanical properties and the
compression problems shown (b).

The bulk density and percentage of porosity of all the samples studied
were determined by means of a Geopyc 1360 (Micromeritics) densitometer. A
chamber with an internal diameter of 12.7 mm and a strength of 28 N over 20

cycles with conversion factor of 0.1284 (cm® mm™) was employed. The chamber
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was filled with 0.8 g of Dryflow and a sample volume of ca. 50 % of the total

volume.

2.2.2. Moisture adsorption capacity

For measuring the overall capacity of water vapour adsorption and
kinetics, samples with a 2-3 mm particle size were kept in a sealed vessel in
conditions of 100 % humidity at 25 °C. Weight changes were recorded until a

constant value was obtained.

On the other hand, water vapour adsorption-desorption isotherms were
also evaluated by a volumetric method at 25 °C using a Hydrosorb 1000
multigas instrument (Quantachrome). These isotherms were repeated five times
for each sample in order to evaluate its regeneration capacity and the potential
influence on moisture adsorption of the re-used desiccants. Samples were
outgassed at 100 °C under vacuum for 3 hours in the same analysis tube

between subsequent water vapour isotherms.

2.2.3. Microscopy

A Zeiss DSM 942 scanning electron microscope was used to obtain
micrographs of the RF xerogels. The samples were attached to an aluminium
tap using conductive double-sided adhesive tape. An EDT Everhart-Thornley
secondary electron detector, programmed to operate at an accelerating voltage

of 25 kV, was employed for all the characterizations.

2.2.4. FTIR analysis

Fourier transform infrared spectroscopy (FTIR) was applied to evaluate
the surface chemistry of the RF xerogels. A Nicolet FTIR 8700 fitted with a
DTGS detector was employed. The data were recorded between 4000-400 cm’

! over 64 scans at a resolution of 4 cm™*.
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3. RESULTS AND DISCUSSION

In a previous work [22] it was observed that xerogels of large pore size
(macropores of ca. 2100 nm) show a poorer water adsorption capacity than
those with a narrow mesoporosity (ca. 10 nm). Nevertheless, there are many
possible pore sizes between these two options, and given that optimal water
adsorption capability seems to be in the mesopore range, the search for a good

desiccant should be based on finding the optimal mesopore size.

Table 1 shows the porous properties of RF xerogels synthesized with
formaldehyde solutions with different concentrations of methanol. It can be
observed that just by varying the methanol content mesopore materials with
pore sizes of 8, 22 and 51 nm for samples OX-20, OX-13 and OX-4,
respectively, can be obtained as well as a macroporous sample with narrow
macropores centred at 79 nm (OX-2). Thus, the lower the concentration of
methanol used, the higher the total pore volume and pore size achieved with
the result that the density of the materials is reduced and their porosity is
increased. The role of the methanol in the formaldehyde solution is to serve as
a stabilizer, i.e. to prevent the formaldehyde molecules from precipitating.
However, the methanol also acts as a retardant of the polymerization reaction
between formaldehyde and resorcinol, which delays the crosslinking step and
causes an increase in the size of the nodules (Figure 1a), generating wider pore
inter-clusters and therefore less dense materials. As the methanol content
increases, the nodules formed during the polymerization also decrease (Figures

1b and 1c) together with the pore size, resulting in denser materials.
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Table 1. Porous properties of the RF xerogels studied and the silica gel used as reference.

Mergury Densitometer N, adso.rptlon—desorptlon
porosimetry isotherms
Pore Pore Bulk . Micropore Total
. . Porosity SgET pore
Sample volume size density 0 > 1 volume
em’eh) @m) @emy ¥ (MO gy volume
(cm”g™)
OX-2 2.07 79 0.30 79 169 0.07 0.38
OX-4 1.53 51 0.39 72 204 0.09 0.59
0OX-13 0.98 22 0.48 66 261 0.10 0.88
0OX-20 0.35 8 0.73 48 350 0.15 0.58
0OX-30 0.33 7 0.70 50 600 0.23 0.72
0OX-40 0 0 1.10 18 28 0.01 0.02
SG-760 n.a. n.a. 1.21 42 760 0.28 0.42
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Figure.1l. SEM images showing the decrease in nodule size when the methanol content is

increased for: a) OX-2, b) OX-13 and c) OX-20.

It should also be mentioned that an excess of methanol during the
synthesis of RF xerogels may result in such a weak structure that it may
collapse during the drying step. This is the case of sample OX-40, which shows
no porous properties (see Table 1).

Previous studies suggest that the methanol concentration has an
influence only on meso and/or macroporosity, but not on micropore volume [14].
However, the nitrogen adsorption-desorption isotherms in Figure 2 show that
the samples synthesized with very high concentrations of methanol experience
an increase in volume adsorbed at low relative pressures, which indicates an
increase in micropore volume and therefore, in the BET surface area (see Table
1), except for the sample with an excess of methanol (OX-40) that shows no N,
adsorption. This effect on microporosity seems to be greater when larger
concentrations of methanol are used. For example, an increase in methanol
content of 11 wt% from OX-2 to OX-13 entails an increase of 92 m? g'l in Sger
(Table 1). However, an increase of only 7 wt% of methanol from OX-13 to OX-
20 also leads to an increase in Sger of 91 m? g'l. This could be due to the fact
that the higher the concentration of methanol in the precursor mixture, the
higher the concentration of residual methanol in the polymer that does not take
part in the polymerization reaction. This residual compound may affect the
drying step process, causing defects in the polymeric structure and in an

increase in microporosity and Sger. On the other hand, an excess of methanol
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may result in such a weak structure that collapses, like OX-40. It is worth to be
noted that the total pore volume determined by N, adsorption isotherms is
underrated for samples with macroporsity (i.e. OX-2 and OX-4) as it is not the
proper technique for these kind of pore characterization. On the other hand,
samples with narrow mesoporosity may be underrated by the mercury
porosimetry because this technique only characterizes pores bigger than 5.5
nm, and samples such as OX-20 and OX-30 have a considerable micropore
volume (Table 1) and mesopores lower than 5 nm (Figure S2). Therefore, the
combination of both techniques is mandatory for a complete porous properties

characterization of series of samples with very different porosity.

Figure.2. N, adsorption-desorption isotherms of the samples synthesized with different

concentrations of methanol.
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Figure S2. Pore size distribution of the organic xerogels obtained from N, adosroption-desorption
isotherms.

In spite of all of the variations in the porosities of the samples
synthesized with different methanol contents, the surface chemistry of the
samples is almost identical in all cases. In Figure 3, the FTIR spectra of just two
RF xerogels randomly selected are shown for purposes of clarity (all the
samples studied show analogous spectra). It can be observed that the samples
have similar functional groups. Both groups of spectra show two bands fixed at
2900 and 1400 cm ™ which correspond to aliphatic stretching and deformation
vibrations, respectively. The stretching vibration from the aromatic ring of
resorcinol is fixed at 1600 cm™. Moreover, the bands at 1100 and 1200 cm™
correspond to methylene ether bridges formed during the polymerization. The
wide band between 3600 and 3000 cm™ is associated to O-H stretching
vibrations from the phenolic groups of the resorcinol. These functional groups
are the cause of the hydrophilicity of these materials since water molecules
from the air are attracted by their surfaces through hydrogen bonding.
Therefore, as the surface chemistry is the same in all the samples studied, any
difference in their water sorption capacity must be caused by differences in their

porous properties.
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Figure. 3. FTIR spectra of two RF xerogels: OX-2 (top trace) and OX-20 (bottom trace).

Regarding the desiccant capability of these materials, Figure 4 shows
that water adsorption performance at the beginning of the experiment is the
same for all the samples, if they are exposed to the same humidity conditions
(i.e. 100 %). This agrees with the fact that all the samples have the same
surface chemistry (Figure 3), and therefore the same water affinity. It can be
inferred therefore that, at the beginning of the experiment the porous properties,
which differ significantly between samples, have no influence. However, as
moisture adsorption takes place over the surface of the adsorbent, the role of
the porous properties becomes more relevant. It is clear that samples with wider
pores (i.e. 79 and 51 nm from OX-2 and OX-4, respectively), caused by
introducing a lower methanol content, prove to be poorer desiccants because
they become saturated even at very low percentages of moisture adsorption
(ca. 20 wt%). It can be therefore affirmed that a good desiccant is characterized
by its mesopore content and not by its macroporosity. Samples OX-13 and OX-
20 show a greater water adsorption capacity, and the smaller the mesopore

size is, the more water they adsorb (75 wt% and 83 % for 22 and 8 nm,
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respectively). According to these results therefore, the water adsorption
capacity is not favoured by a greater pore volume or greater percentage of
porosity, but by the mesopore size. The sample with a pore size of ca. 8 nm
(OX-20) seems to exhibit the highest adsorption capacity, although its pore
volume is nearly 3 times lower than that of OX-13 (0.35 vs 0.98 cm® g for OX-
20 vs OX-13, respectively). However, this enhancement in desiccant
performance could also be due to the micropore volume, as sample OX-20 also
presents a higher Sger (350 vs 261 m? g™ for OX-20 vs OX-13).
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Fig. 4. Moisture adsorption isotherms at 25 °C, atmospheric pressure and 100 % humidity for
organic xerogels with different pore sizes and the silica gel used as reference.

The Sger (Table 1) and water adsorption data in Figure 4, indicate that
the microporosity has no influence if the samples have wide pores (i.e.
macropores). Thus, samples OX-2 and OX-4 have different Sger values (169
and 204 m® g*, respectively), but their adsorption capacities (Figure 4) are
almost the same. However, if these samples are compared with OX-13 and OX-
20, which have surface areas of 261 and 350 m? g™, it can be seen that the
higher the microporosity is (i.e. the higher the Sger) the greater the water

adsorption capacity.
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In order to determine the effect of microporosity on the desiccant
performance an extra sample was synthesized and compared with the OX
series. As mentioned before, all the RF xerogels have similar chemical
compositions and so their surface chemistry cannot be considered a
determinant variable in the water adsorption process. It is also well known that
one of the main advantages of RF xerogels is that their porosity can be tailored
by modifying the synthesis conditions. Therefore, a sample (OX-30) with the
same surface chemistry and same mesoporosity as OX-20 was synthesized so
that the only difference was in their microporosities. The porous characteristics
and water adsorption performance of the OX-30 sample are shown in Table 1
and in Figure 4, respectively. It can be observed that the adsorption profile for
the OX-13, OX-20 and OX-30 samples is very similar up to 500 h. At this stage
the different microporosities of the samples have no influence at all on
adsorption capacity. However, over longer periods of time the adsorption
profiles of OX-20 and OX-30 increase more quickly than those of OX-13 due to
the narrow mesoporosities of the former samples. Therefore, mesopores ca. 8
nm are preferable for this application. The adsorption profiles of OX-20 and OX-
30 are very similar up to 1200 h of experimentation, due to their similar
mesoporosities. At this point sample OX-20 shows a higher adsorption capacity
than OX-30, even though its Sger is smaller.

It is apparent that, although microporosity is important for the water
adsorption, it is not the most important parameter. An increase in microporosity
does not imply an increase in water adsorption capacity (see comparison of OX-
20 profile to that of OX-30 in Figure 4). Like surface chemistry it is important for
desiccant performance but it is not the most important parameter (see the OX-
20 profile compared to the OX-2 profile in Figure 4). It is the presence of feeder
pores in the mesoporosity range that is the most important parameter for

optimal desiccant performance.

This implies that, although the micropore volume is important for this
type of materials, it is the size and volume of the mesopores that make RF

xerogels useful for water adsorption purposes. It is also worth pointing out that
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sample OX-20, with mesopores of ca. 8 nm, adsorbs more than 80 % of its own
weight in moisture and up to 20 % is adsorbed during the first 48 h. As one
might expect, the rate of adsorption slows down with time as the surface
becomes covered with water molecules; nevertheless it works effectively for
more than 3000 h.

For comparative purposes, a new commercial silica gel from Sigma-
Aldrich with a 2-6 mm particle size (SG-760), commonly used as desiccant
material, was purchased. As the rest of the samples used in this work, this
material was not previously used but outgassed, as described in the
experimental section, before to carry out any experiment. The porous properties
of this reference gel were also determined by N, adsorption-desorption
isotherms (Figure S3). This material which is predominantly microporous has a
pore volume of 0.32 cm?® g, a narrow mesopore size of 3 nm, and a Sger of 760
m? g* (see Table 1). The water adsorption capacity of this reference gel was
also evaluated in the same conditions as the series of RF xerogels (Figure 4).
The results show that the commercial desiccant adsorbs less than 40 wt% and
becomes saturated after 200 h of experimentation. It is clear that it is not the
high microporosity of this sample that gives it its high water adsorption capacity,
which suggests that microporosity is not the determinant factor here for
producing an effective desiccant. However, it has to be taken into account that
in this case the reference gel has a different chemistry to the RF xerogels, and
therefore only a tentative comparison of the water adsorption process can be

made.
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Figure S3. N, adsorption-desorption isotherm for the silica gel used as reference commercial
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and regenerating the sample for 5 consecutive cycles, in the volumetric
equipment mentioned in section 2.2.2. Given that part of the water retained in
the porous structure of the sample cannot be desorbed by simply decreasing
the pressure (see desorption branch in Figure 5), the sample was heated for
regeneration at 100 °C for 3 hour between cycles. The adsorption-desorption
isotherms corresponding to cycles 1 and 5 are shown in Figure 5. As it can be
observed, OX-20 preserves virtually intact its adsorption capacity after these 5

cycles. Therefore, it seems reasonable to assume that the optimised RF-

The regeneration capacity of sample OX-20 was tested by saturating
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xerogels have a good regeneration capacity.
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Fig. 5. Water adsorption-desorption isotherms of sample OX-20 (pristine and after 5 cycles of

adsorption/regeneration).

4. CONCLUSIONS

Organic xerogels have demonstrated to be excellent desiccant materials
which are able to adsorb more than 80 % of their own weight in moisture, up to
20 % of which is adsorbed during the first 48 h. In addition, they can work
efficiently for more than 3000 h, once their porosity has been optimized.
Although it is recognized that surface chemistry and microporosity are important
features for this application, the key property for RF xerogels to function as an
efficient desiccant material is mesopore size (i.e. pores ca. 8 nm). Moreover,
the use of these organic materials as desiccants have other advantages such
as their light weight and chemical resistance that make RF xerogels ideal for

use in water removal processes.
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AVISO IMPORTANTE

Las tasas pagaderas al solicitar y durante la tramitaciéon de una patente o un modelo de utilidad son las
que se recogen en el Apartado "Tasas y precios publicos" de la pagina web de la OEPM
(http://www.oepm.es/es/propiedad_industrial/tasas/). Consecuentemente, si recibe una comunicacion
informandole de la necesidad de hacer un pago por la inscripcion de su patente o su modelo de utilidad
en un "registro central” o en un "registro de internet" posiblemente se trate de un fraude.

La anotacion en este tipo de autodenominados "registros” no despliega ningun tipo de eficacia juridica
ni tiene caracter oficial.

En estos casos le aconsejamos que se ponga en contacto con la Oficina Espafiola de Patentes y
Marcas en el correo electronico informacion@oepm.es.

ADVERTENCIA: POR DISPOSICION LEGAL LOS DATOS CONTENIDOS EN ESTA SOLICITUD
PODRAN SER PUBLICADOS EN EL BOLETIN OFICIAL DE LA PROPIEDAD INDUSTRIAL E
INSCRITOS EN EL REGISTRO DE PATENTES DE LA OEPM, SIENDO AMBAS BASES DE DATOS
DE CARACTER PUBLICO Y ACCESIBLES ViA REDES MUNDIALES DE INFORMATICA.

Para cualquier aclaracion puede contactar con la O.E.P.M.

/Madrid, Oficina Receptora/
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CAPITULO 5

DESCRIPCION

La presente invencion se refiere al uso como desecante de un xerogel
organico, preferiblemente un xerogel de resorcinol/formaldehido (xerogel RF),
de alta porosidad y alto contenido de oxigeno.

ESTADO DE LA TECNICA

Los geles organicos son materiales nanoporosos obtenidos por la
polimerizaciébn de bencenos hidroxilados y aldehidos en presencia de un
disolvente (ver Pekala, R. Organic aerogels from the polycondensation of
resorcinol with formaldehyde. Journal of Materials Science 1989, 24, 3221-
3227).

Los materiales desecantes son soélidos higroscopicos que inducen o
mantienen un estado de sequedad del medio que les rodea. Con el fin de ser
considerado como un buen material desecante poroso, no sélo tiene que ser un
material hidréfilo sino que ademas es necesario que posea una alta capacidad
de adsorcion de agua (ver Ng, E.-P.; Mintova, S. Nanoporous materials with
enhanced hydrophilicity and high water sorption capacity. Microporous and
Mesoporous Materials 2008, 114, 1-26). La capacidad hidréfila hace referencia
a su afinidad por el agua, mientras que su capacidad de adsorcién depende
principalmente de la porosidad. Por ejemplo, algunos materiales basados en
carbono considerados como hidréfilos muestran una alta capacidad de
adsorcion de agua debido a su quimica superficial rica en grupos oxigenados,
pero su velocidad de adsorciéon es baja debido a que su porosidad no es la

adecuada, por lo que no pueden ser considerados como desecantes.

En términos generales, existen dos tipos de materiales desecantes: (i)
sustancias cuyo comportamiento como desecante se debe a una reaccion
guimica de hidratacién, tales como P4;03, MgSO,; y (i) sustancias cuyo
comportamiento desecante se basa en interacciones de superficie, como
procesos de adsorcién, tales como tamices moleculares, geles de silice, arcillas

y almidones (ver por ejemplo, ller, R. The chemistry of silica; solubility,
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polymerization, colloid and surface chemistry, and biochemistry. John Wiley &
Sons, New York: 1979; y Breck, D.W. Zeolite molecular sieves: Structure.
Chemistry and Use, Wiley, New York 1974, 636).

Los desecantes se han utilizado durante las uUltimas décadas en una
amplia gama de aplicaciones, con el objetivo de controlar la humedad en el aire
cuando es necesario un ambiente libre de humedad, para controlar el nivel de
agua en las corrientes de gas industriales, en los sistemas de aire
acondicionado, para almacenar y proteger las mercancias en contenedores de
transporte contra el dafio de la humedad (Mathiowitz, E.; Jacob, J.S.; Jong,
Y.S.; Hekal, T.M.; Spano, W.; Guemonprez, R.; Klibanov, A.M.; Langer, R.
Novel desiccants based on designed polymeric blends. Journal of applied
polymer science 2001, 80, 317-327).

Un desecante de uso generalizado es el gel de silice. Su buena
capacidad de adsorcion de humedad se debe a sus propiedades porosas y la
presencia de grupos hidroxilo en la superficie que dota a estos materiales de
naturaleza hidréfila. Las moléculas de agua son atraidas por esta quimica

superficial rica en oxigeno y almacenadas en los poros del material.

La gel de silice no puede ser utilizada para eliminar humedad en medios

acidos por presentar una estructura sensible a éstos.

Por tanto, seria deseable disponer de un agente desecante que permita
eliminar la humedad de una forma rapida y que, por tanto, presente una alta
velocidad de absorciébn de humedad ademas de una alta capacidad de
absorcion de humedad; que sea resistente a los acidos que puedan estar
presentes en los fluidos a tratar; y que sean modificables estructuralmente para

poder eliminar otros componentes a parte aparte de la humedad.
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DESCRIPCION DE LA INVENCION

Como se ha mencionado anteriormente, la presente invencion se refiere
al uso como desecante de un xerogel organico, preferiblemente un xerogel RF,
de alta porosidad y gran cantidad de grupos superficiales oxigenados.

Asi, en un primer aspecto, la presente invencion se refiere al uso de un

xerogel organico como desecante, donde:

o el tamafio medio de poro de dicho xerogel organico es de entre 2

nmy 50 nm;y

o el contenido de oxigeno de dicho xerogel organico es de al menos el
25 % en peso.

En otra realizacion la invencion se refiere al uso definido anteriormente,

donde la porosidad total estd comprendida entre el 60 % y el 70 %.

En otra realizacion la invencion se refiere al uso definido anteriormente,
donde al menos el 55 % de dicha porosidad se debe a poros cuyo tamafio de

poro esta comprendido entre los 2 nm y los 50 nm.

En otra realizacion la invencion se refiere al uso definido anteriormente,
donde el 58 % de dicha porosidad se debe a poros cuyo tamafio de poro esta

comprendido entre los 2 nm y los 50 nm.

En otra realizacion la invencion se refiere al uso definido anteriormente,

donde la porosidad total es del 61%.

En otra realizacion la invencion se refiere al uso definido anteriormente,

donde:
o la porosidad total estd comprendida entre el 60 % y el 90 %; y

o al menos el 50 %, preferiblemente el 58 %, de dicha porosidad se
debe a poros cuyo tamafio de poro estd comprendido entre los 2 nm

y los 50 nm.
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En otra realizacion la invencion se refiere al uso definido anteriormente,

donde.
o la porosidad total estd comprendida entre el 60 %y el 70 %; y

o al menos el 55 % de dicha porosidad se debe a poros cuyo tamafio
de poro esta comprendido entre los 2 nm y los 50 nm.

En otra realizacion la invencion se refiere al uso definido anteriormente,

donde:
o la porosidad total es del 61 %; y

o el 58 % de dicha porosidad se debe a poros cuyo tamafio de poro

estd comprendido entre los 2 nm y los 50 nm.

En otra realizacion la invencion se refiere al uso definido anteriormente,
donde el xerogel organico resulta de la polimerizacion, preferiblemente de la

polimerizacién en microondas, entre un aldehido y un benceno hidroxilado.

En otra realizacion la invencion se refiere al uso definido anteriormente,

donde el aldehido se selecciona de formaldehido y furfural.

En otra realizacion la invencion se refiere al uso definido anteriormente,

donde el benceno hidroxilado se selecciona de resorcinol, fenol y catecol.

En otra realizacion la invencion se refiere al uso definido anteriormente,

donde:
o el aldehido se selecciona de formaldehido y furfural; y
o el benceno hidroxilado se selecciona de resorcinol, fenol y catecol.

En otra realizacion la invencién se refiere al uso definido anteriormente,
donde el xerogel organico se selecciona de xerogel resorcinol/formaldehido y

xerogel fenol/formaldehido.

En otra realizacion la invencion se refiere al uso definido anteriormente,

donde el xerogel organico es un xerogel resorcinol/formaldehido.
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En otra realizacion la invencion se refiere al uso definido anteriormente,
donde la polimerizacion se lleva a cabo a un pH comprendido entre 4y 8, y
preferiblemente a un pH de 5.8.

En otra realizacion la invencion se refiere al uso definido anteriormente,
donde el xerogel resorcinol/formaldehido se obtiene mediante una etapa de
polimerizacién en microondas de una mezcla de resorcinol (R), formaldehido

(F), agua y un catalizador.

En otra realizacion la invencion se refiere al uso definido anteriormente,
donde el xerogel resorcinol/formaldehido se obtiene mediante una etapa de
polimerizaciébn en microondas de una mezcla de resorcinol (R), formaldehido

(F), agua y un catalizador de naturaleza basica.

En otra realizacion la invencion se refiere al uso definido anteriormente,
donde el xerogel resorcinol/formaldehido se obtiene mediante una etapa de
polimerizaciébn en microondas de una mezcla de resorcinol (R), formaldehido
(F), agua y un catalizador de naturaleza basica; y dicho catalizador de
naturaleza basica es inorganico, y preferiblemente se selecciona de Na(OH),
Ca(OH),, Na,CO3,NaHCO3;, NH4;NO3 y NH,CI.

En otra realizacion la invencién se refiere al uso definido anteriormente,
donde el xerogel resorcinol/formaldehido se obtiene mediante una etapa de
polimerizacién en microondas de una mezcla de resorcinol (R), formaldehido
(F), agua y un catalizador de naturaleza bésica; y dicho catalizador de
naturaleza basica es organico, y preferiblemente se selecciona de urea,

melamina, pirona, piridina, metil-amina y dimetil-amina.

En otra realizacion la invencion se refiere al uso definido anteriormente,
donde la relacién molar entre el resorcinol (R) y el formaldehido (F) es de entre

el 0.5y el 0.7, y preferiblemente de 0.5.

En otra realizacion la invencion se refiere al uso definido anteriormente,
donde el xerogel organico se obtiene tras un post-tratamiento en aire a una
temperatura de entre 100 °C y 300 °C, y preferiblemente a una temperatura de
100 °C.
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A lo largo de la presente invencion, el término “desecante” se refiere a
una sustancia que se usa para eliminar humedad del aire u otro medio gaseoso

o de alguna otra sustancia.

El término “gel organico” se refiere a un polimero solido de naturaleza
organica que se obtiene mediante un proceso sol-gel de polimerizacién de uno
0 varios precursores (monomeros) de naturaleza organica, y posterior

eliminacion del disolvente en el que se ha llevado a cabo la polimerizacion.

El término “xerogel organico” se refiere un tipo de gel organico que se
obtiene a presién atmosférica y a temperaturas proximas a las ambientales
(nunca negativas y como maximo a unos 100 °C). Ejemplos incluyen cualquier
xerogel resultante de la polimerizacion entre un aldehido y un benceno
hidroxilado (un anillo de benceno sustituido en cualquiera de sus posiciones
disponibles por de uno a cuatro grupos hidroxilo). Ejemplos de aldehido
incluyen entre otros resorcinol, fenol y cocatecol. Ejemplos de aldehido

incluyen entre otros furfural y formaldehido.

El término “xerogel RF” o “xerogel resorcinol/formaldehido” se refiere a
un gel organico obtenido a partir de la polimerizaciéon de resorcinol (R) y
formaldehido (F) en el que el disolvente es eliminado por evaporacion, y

preferiblemente eliminando el disolvente por evaporacion en horno microondas.

Los xerogeles a los que se refiere la invencién presentan una cinética, o
velocidad de adsorcion, superior a la del gel de silice, por lo que puede

considerarse que es un desecante que actla de una forma rapida.

El término “porosidad” o “fraccién de huecos”, se refiere a la medida de
los espacios vacios en un material, y es una fraccion del volumen de huecos
sobre el volumen total del material, expresado como un porcentaje entre 0 % y
100 %. La porosidad de los xerogeles de la invencion es de entre el 60 % vy el

90 %, preferiblemente de entre el 60 %y 70 % y mas preferiblemente del 61 %.

El término “catalizador de naturaleza basica” se refiere a una sustancia
de naturaleza orgénica o inorgénica cuyo pH en disolucién acuosa es superior

a 7. Ejemplos de catalizador de naturaleza inorgénica incluyen, entre otros,
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Na(OH), Ca(OH),, Na,CO3z, NaHCO3;, NH;NO3 y NH,CI. Ejemplos de catalizador
de naturaleza organica incluyen, entre otros urea, melamina, pirona, piridina,

metil-amina y dimetil-amina.

El término “post-tratamiento en aire” se refiere a un tratamiento a
temperatura superior a 100 °C e inferior a 300 °C, presion atmosférica y
atmosfera de aire, que se hace después de la sintesis del xerogel. Este post-
tratamiento puede llevarse a cabo en una estufa convencional o en cualquier
otro tipo de dispositivo capaz de elevar la temperatura del material hasta la

temperatura del post-tratamiento.

A lo largo de la descripciobn y las reivindicaciones la palabra
"comprende" y sus variantes no pretenden excluir otras caracteristicas
técnicas, aditivos, componentes o pasos. Para los expertos en la materia, otros
objetos, ventajas y caracteristicas de la invencion se desprenderan en parte de
la descripcion y en parte de la practica de la invencidn. Los siguientes ejemplos
y figuras se proporcionan a modo de ilustracion, y no se pretende que sean

limitativos de la presente invencion.

BREVE DESCRIPCION DE LAS FIGURAS

FIG. 1 muestra las isotermas de adsorcion de vapor de agua obtenidas

a 25 °C y a una humedad relativa (del aire) del 100 %

EJEMPLOS

A continuacion se ilustrar4d la invencion mediante unos ensayos
realizados por los inventores, que ponen de manifiesto la efectividad del

producto de la invencién.
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Sintesis de xerogeles organicos

Los xerogeles orgénicos utilizados en este estudio fueron sintetizados
mediante la polimerizacion de resorcinol (R) y formaldehido (F), utilizando agua
desionizada como disolvente y NaOH como catalizador de la reaccién. En
primer lugar, resorcinol (Indspec, 99,6 %) se disolvio en agua desionizada
usando un vaso de vidrio sin sellar y agitacibn magnética hasta su completa
disolucién. Después, se afiadié una solucion de formaldehido hasta obtener
una solucion homogénea. Se afadié una solucion de NaOH (0,1 M, Titripac,
Merck) gota a gota para ajustar el pH deseado. La proporcién de cada reactivo
se selecciona de tal manera que se obtienen dos porosidades diferentes (Tabla
1). Las soluciones precursoras se colocaron en un horno microondas a 85 °C
durante aproximadamente 3 horas. Durante este tiempo tiene lugar la
polimerizacion y curado de los xerogeles. Posteriormente, los polimeros se
secaron por calentamiento en un horno microondas hasta registrar una pérdida
de masa de mas de 50 %, lo que se corresponde con la eliminacién total del
disolvente, siendo el tiempo total de sintesis inferior a 5 h. Como resultado se
obtuvieron dos geles organicos diferentes (Tabla 2). Finalmente los xerogeles
se sometieron a un post-tratamiento en aire a una temperatura de 100 °C

durante una hora.

Caracterizaciéon de las muestras

Antes de que cualquier caracterizacion, los xerogeles se desgasificaron
(Micromeritics VacPrep 0,61) a 0,1 mbar y 120 °C durante una noche, con el fin

de eliminar la humedad y otros gases adsorbidos.

Propiedades porosas

La porosidad de las muestras estudiadas se caracterizd6 por medio de

isotermas de adsorcion-desorcion de nitrdgeno y porosimetria de mercurio.
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Las isotermas de adsorcién-desorcion de nitrégeno se midieron a -196
°C en un Tristar 3020 (Micromeritics). La superficie BET se determind a partir
de la rama de adsorcién de N, y, en todos los casos; el nUmero de puntos
utilizados para aplicar la ecuacion BET fue superior a 5. El volumen de
microporos (Vmicro) S€ estimd por el método de Dubinin-Raduskevich. Este
método sdlo incluye superficies de microporos. Por lo tanto, ambas técnicas
son complementarias. Las isotermas de adsorcién-desorcion de N, solamente
se utilizaron para obtener informacion acerca de microporosidad (superficie
BET, Vnmicro). Pardmetros tales como la porosidad (%), la distribuciéon de tamafo
de poro (PSD), densidad aparente y volimenes de mesoporos y macroporos
(Vmesos Vmacro), S€ determinaron mediante porosimetria de mercurio, con el
equipo AutoPore IV 9500 (Micromeritics), que es capaz de medir desde la
presion atmosférica hasta 228 MPa. En el caso de la caracterizacion de los
mesoporos el limite inferior de este equipo es de 5.5 nm. Del mismo modo, en
este estudio, el Vmacro se refiere a la porosidad que oscila desde 50 hasta
10000 nm. La tension superficial y angulo de contacto que se tomaron para el
mercurio fueron de 485 mN m™ y 130° respectivamente, y el volumen de
llenado del vastago estuvo entre 45-58 % en todos los andlisis realizados.
Inicialmente, en la etapa de baja presion, las muestras fueron evacuadas a 6.7
Pa y el tiempo de equilibrio utilizado fue de 10 segundos. Posteriormente, la
presion se aumentd gradualmente hasta el valor maximo, evaluandose la

intrusion de mercurio.

Analisis elemental

La determinacion de C, H y N se llevo a cabo en un analizador LECO
CHNS-932. El contenido de oxigeno se determin6 usando el analizador LECO
VTF-900.
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Experimentos de adsorcién de vapor de agua

El procedimiento para medir la capacidad de adsorcion de vapor de
agua Y la cinética consistié en colocar de 0.6 a 0.8 g de muestra dentro de un
recipiente hermético a 25 °C y 100 % de humedad relativa del aire y registrar

los cambios de masa con el tiempo hasta valores constantes.

El xerogel RF se obtiene en un proceso que comprende dos etapas. La
primera consiste en la polimerizacibn en microondas de una mezcla de
resorcinol, formaldehido, agua y un catalizador. La obtenciéon del xerogel
organico en microondas esta descrita en ES 2354782 “Procedimiento de
obtencion de xerogeles organicos de porosidad controlada”. No obstante, la
mezcla precursora que se somete a este tratamiento posee unas
caracteristicas  particulares (pH superior a 5.5, relacibn molar
disolvente/reactivos entre 5y 9 y relacion molar resorcinol/formaldehido menor
de 0.7). De otra manera, los xerogeles resultantes no poseen la porosidad
adecuada (superior al 60 % y con tamafios medios de poro situados entre 2 y
50 nm, es decir mesoporos) que les dota de gran capacidad de adsorcién de la

humedad ambiental.

Estas caracteristicas de la disolucién precursora han sido optimizadas y
no son, por tanto, evidentes a priori. Por ejemplo, si el tratamiento se lleva a
cabo fuera de los rangos de pH, relacién resorcinol/formaldehido y/o dilucién, la
porosidad resultante no seria adecuada y la capacidad de adsorcion de
humedad disminuiria notablemente. Por ejemplo, en la Figura 1 se presentan
las capacidades desecantes de los xerogeles denominados A y B, asi como la
del gel de silice tomado como referencia. Estas capacidades desecantes se
expresan como la variacion de los milimoles de agua adsorbidos por gramo de
material con el tiempo; a una temperatura de 25 °C y en unas condiciones de
humedad relativa del aire del 100 %. En la mencionada Figura puede verse que
el xerogel B, a pesar de poseer una porosidad mayor que el xerogel A, su
capacidad de adsorcion de vapor de agua es ligeramente superior a los 10

milimoles por gramo (18 % en peso), frente a los casi 30 milimoles por gramo
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(54 % en peso) del xerogel A; es decir, éste Ultimo presenta practicamente el
triple de capacidad de adsorcién. Se ve, por tanto, que si el xerogel se sintetiza
fuera de las condiciones anteriormente descritas su capacidad desecante es

notablemente inferior.

La segunda etapa del procedimiento de obtencién consiste en un post-
tratamiento en aire a una temperatura comprendida entre 100 y 300 °C; aunque
preferiblemente de 100 °C. Este tratamiento tiene por objeto estabilizar el
xerogel. Adicionalmente, también contribuye a generar grupos superficiales

oxigenados que aumentan la capacidad de adsorcién de agua.

El material presenta una capacidad desecante (adsorcion de humedad
del ambiente) superior a la del gel de silice (material tomado como desecante
comercial de referencia). Por ejemplo, en la Figura 1 puede verse como el
xerogel organico denominado A posee una capacidad de adsorcion préxima a
los 30 milimoles por gramo (54 % en peso), mientras que la capacidad de
adsorcion del gel de silice en las mismas condiciones es de tan solo 14
milimoles por gramo (25 % en peso). Es decir, la capacidad desecante del

xerogel organico duplica la del material de referencia.

La velocidad promedio a la que se produce esta adsorcién puede llegar
a representar, dependiendo de las condiciones de humedad y temperatura, 2
veces la del gel de silice. Asi por ejemplo, en la Figura 1 puede observarse
como el tiempo necesario para adsorber 10 milimoles de agua es de 75 horas
para el xerogel A, mientras que el gel de silice tarda 140 horas en adsorber la
misma cantidad de agua. Es decir, el xerogel A es casi 2 veces mas rapido que

el gel de silice.

Es un material orgénico resistente al ataque de &cidos, lo que le
diferencia de la mayoria de materiales desecantes que son de naturaleza

inorganica, por ejemplo el gel de silice.

El material presenta una porosidad superior al 60 % mientras que la
porosidad del gel de silice, por ejemplo, esta en torno al 30 %. Estos datos se

muestran en la Tabla 2. Esta diferencia en porosidad total da lugar a un

266



PATENTE

material con mayor capacidad desecante en el caso del xerogel tipo A, como se
muestra en el ejemplo de la Figura 1. Esta porosidad estd compuesta
mayoritariamente por poros cuyos tamafios estdn comprendidos entre 2 nm y
50 nm, también denominados mesoporos. Por ejemplo, en la Tabla 2 se
muestra como en el caso del xerogel A el 58 % de la porosidad total son
mesoporos. Un porcentaje inferior de mesoporos, aunque la porosidad total sea
superior, da lugar a un material con una capacidad desecante notablemente
inferior a la del material descrito en esta patente. Caso, por ejemplo del xerogel

B. Esto se ilustra en el ejemplo que se presenta en la Figura 1.

La microporosidad, aun siendo un factor con cierta influencia, no es un
factor relevante para un buen desecante, ya que el gel tipo A y el gel de silice
presentan similares valores de volumen de microporos y superficie especifica:

0.1 cm®g y 300 m%g para ambos materiales.

Tabla 1. Condiciones de sintesis de los xerogeles Ay B.

Xerogel pH Relacion molar Relacion  Capacidad
disolvente/reactivos molar R/F desecante

A 5.8 6.4 0.5 > gel de silice

B 4.8 8.0 0.7 < gel de silice

Tabla 2. Caracteristicas porosas y quimicas del xerogel desecante (A), un xerogel que no es un
buen desecante (B), un material desecante de referencia (gel de silice.)

o % de poros con %

Material ° tamafios entre  %C %H Impurezas

Porosidad : o
2nmy50nm inorganicas

A 61 58 648 4.9 303 <0.1

B 69 0 66.3 45 292 <0.1
Gel de 31 50 . . 533 Noaplicable

silice

El material estd compuesto mayoritariamente por carbono, que se
encuentra siempre en una proporcion superior al 60 %. Posee, ademas una
cantidad importante de grupos superficiales oxigenados, con un contenido en
oxigeno siempre superior al 25 % en peso. Esa caracteristica favorece la

adsorcion de moléculas de agua. ElI material también presenta un pequefio
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contenido en hidrégeno, en cantidades comprendidas entre el 4 y el 5 %. Es
importante  mencionar que no se han detectado ningun tipo de restos
inorganicos, por lo que el nivel de impurezas de este material es menor de 0.1
% en peso. En la Tabla 2 se muestran las caracteristicas quimicas del xerogel
denominado A. Las caracteristicas quimicas del xerogel denominado B son
similares; sin embargo su textura porosa diferente hace que este material no
sea un buen desecante. Por tanto, para que el material presente buenas
caracteristicas como desecante es necesaria la adecuada combinacion de

propiedades quimicas y porosas.

El material presenta una buena consistencia y puede obtenerse en
forma granular o incluso en forma de monolitos conformados. También puede
molerse y presentarse en forma de polvo fino, pudiendo de esta manera ser
incorporado a tintas, pinturas u otros medios que permitan su aplicacion a

superficies o incluso ser usado en fabricacion aditiva.

REIVINDICACIONES
1. Uso de un xerogel organico como desecante, donde:

» el tamafio medio de poro de dicho xerogel organico es de entre 2 nm y 50

nm;y

» el contenido de oxigeno de dicho xerogel organico es de al menos el 25 %

en peso.
2. El uso segun la reivindicacion 1, donde:
» la porosidad total estd comprendida entre el 60 % y el 90 %; y

» al menos el 50 % de dicha porosidad se debe a poros cuyo tamafio de poro

esta comprendido entre los 2 nm y los 50 nm.

3. El uso segun cualquiera de las reivindicaciones 1 6 2, donde la

porosidad total esta comprendida entre el 60 % y el 70 %.
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4, El uso segln cualquiera de las reivindicaciones 1 a 3, donde al menos
el 55 % de dicha porosidad se debe a poros cuyo tamafio de poro esta
comprendido entre los 2 nm y los 50 nm.

5. El uso segun la reivindicacion 4, donde el 58 % de dicha porosidad se
debe a poros cuyo tamafio de poro estd comprendido entre los 2 nm y los 50
nm.

6. El uso segun cualquiera de las reivindicaciones 1 a 5, donde la

porosidad total es del 61 %.

7. El uso segun cualquiera de las reivindicaciones 1 a 6, donde el xerogel
organico resulta de la polimerizacion entre un aldehido y un benceno

hidroxilado.

8. El uso segun la reivindicacién 7, donde el aldehido se selecciona de

formaldehido y furfural.

0. El uso segun cualquiera de las reivindicaciones 7 u 8, donde el benceno

hidroxilado se selecciona de resorcinol, fenol y catecol.

10. El uso segun cualquiera de las reivindicaciones 1 a 7, donde el xerogel
organico se selecciona de xerogel resorcinol/formaldehido y xerogel

fenol/formaldehido.

11. El uso segun la reivindicacion 10, donde el xerogel organico es un

xerogel resorcinol/formaldehido.

12. El uso segun la reivindicacion 7, donde la polimerizacién se lleva a cabo

a un pH comprendido entre 4 y 8.

13. , El uso segun la reivindicacion 12, donde la polimerizacion se lleva a

cabo a un pH de 5.8.

14. El uso segun cualquiera de las reivindicaciones 7 a 13, donde la
relacion molar entre el aldehido y el benceno hidroxilado es de entre el 0.5 y el
0.7.
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15. El uso segun la reivindicacion 14, donde la relacion molar entre el
aldehido y el benceno hidroxilado es de 0.5.

16. El uso segun cualquiera de las reivindicaciones 1 a 15, donde el xerogel
organico se obtiene tras un post-tratamiento en aire a una temperatura de entre
100 °Cy 300 °C.

17. El uso segun la reivindicacion 16, donde el xerogel organico se obtiene

tras un post-tratamiento en aire a una temperatura 100 °C.

FIGURAS
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Figura 1

RESUMEN

Uso de un xerogel organico como desecante

La presente invencion se refiere al uso de un xerogel orgadnico como

desecante de alta porosidad y alto contenido de oxigeno.
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5.2. Modificacion superficial de los xerogeles resorcinol-
formaldehido

La mojabilidad de los materiales afecta de forma directa sobre su
eficacia en las distintas aplicaciones. Como se ha desarrollado en el apartado
anterior, los xerogeles RF son materiales con una gran capacidad de adsorcion
de humedad. Sin embargo, esta propiedad no siempre es favorable, como es el
caso de la utilizacién de xerogeles organicos en aislamiento térmico [24], donde
la adsorcion de humedad implica un aumento de la conductividad térmica, o en
la adsorcion de aceites, donde se requiere de una superficie apolar para
obtener la maxima eficacia. De esta manera, surge la necesidad de obtener
xerogeles organicos de naturaleza hidr6foba (del griego, hydro = agua + fobos

= horror), que eviten esta atraccién por el agua.

El fendmeno de mojabilidad ha sido estudiado en profundidad desde
hace afios [52]. La forma mas comun de determinacion de la hidrofilia/fobia de
un material es a través de su angulo de contacto, que hace referencia al angulo
formado entre la interfase de un sélido y un liquido (ver Capitulo 3). Fue Young
and Laplace [53] quien determin6é por primera vez una teoria de mojabilidad
consistente para solidos planos y quimicamente homogéneos. Sin embargo, la
mayoria de los materiales tienen una superficie quimicamente y/o fisicamente
irregular o son porosos. Fue entonces cuando Wenzel [54] determind que la
rugosidad de un material afecta al angulo de contacto, ya que la gota colocada
en la superficie de un material se esparce hasta que encuentra un estado de
equilibrio, por lo que el angulo de contacto es distinto al de una superficie ideal.
Para este tipo de materiales, es posible encontrar superficies denominadas
superhidréfobas las cuales muestran maxima repulsion al agua y angulos de
contacto superiores a 150 ° [55]. Ademds, si el solido es suficientemente
rugoso, pueden incluso encontrarse burbujas de aire encerrado entre la gota y

el material, factor tenido en cuenta en el modelo de Cassie [56, 57].

Aunque es muy larga la lista de autores que han participado en el

estudio de estas propiedades [58-61], la conclusion comun es que para obtener
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unos materiales superhidr6fobos se necesita que su superficie sea rugosa y
con baja energia superficial. En el caso de los xerogeles RF la rugosidad viene
dada por su textura porosa, mientras que para la baja energia superficial se
requiere de reacciones de pasivado para cubrir la superficie con grupos
apolares.

5.2.1. Xerogeles hidréfobos mediante pasivado con silanos

Existen en la bibliografia numerosos estudios donde se modifica la
naturaleza hidréfila de los geles de silice, mediante reacciones de silanacion,
con el fin de evitar el colapso de la estructura durante la etapa de secado [62,
63], mejorar la difusion de ciertos disolventes [64, 65] 0 aumentar la vida Gtil de
estos materiales [66]. Los geles de silice guardan una gran similitud con los
xerogeles RF, ya que ambos poseen una superficie cubierta de grupos hidroxilo
y una gran porosidad. Por lo tanto, los procedimientos llevados a cabo en este
estudio para la obtencion de xerogeles RF de naturaleza hidréfoba tienen su

origen en los estudios encontrados en la bibliografia sobre geles de silice.

En esta Tesis Doctoral se ha evaluado y optimizado la obtencion de
xerogeles RF hidréfobos a través de la reaccion de pasivado con silanos y su
estabilidad en condiciones ambientales.
5.2.1.1. Objetivos

Los objetivos planteados para realizar el estudio fueron:

» Evaluar la posibilidad de obtencién de xerogeles organicos hidréfobos a

través de su reaccion con:
o Trimetilclorosilano (TMCS).
o Trimetilmetoxisilano (TMMS).
o Hexametildisilazano (HMDZ).

» Evaluar el efecto de la modificacion de la quimica superficial sobre la

textura porosa del material.
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» Establecer el tiempo minimo necesario para obtener el maximo grado de
repulsion del agua para dos tamarfos de poro muy distintos.

> Evaluar la durabilidad de este tratamiento en condiciones ambientales.

5.2.1.2. Estudio

Para llevar a cabo este estudio se sintetizaron dos xerogeles organicos
con distintos tamarfos de poro: i) OX-60, que es un material mesoporoso cuyo
tamafio de poro coincide con el éptimo para su utilizacibn en aislamiento
térmico, y ii) OX-6000, material macroporoso, que posee un tamafio de poro
apropiado para su utilizacion en adsorcibn de aceites, dos aplicaciones
potenciales para los que este tratamiento superficial seria requerido. Se
utilizaron 3 compuestos distintos para la obtencion del material hidréfobo
(TMCS, TMMS y HMDZ) y se optimizaron los tiempos de sintesis para cada

tamafio de poro.

5.2.1.3. Resultados

Los detalles experimentales y la discusién de los resultados obtenidos
se hallan en la Publicacion VII, incluida al final de esta seccién. Los principales

resultados de este estudio se detallan a continuacion:

» La maodificacién superficial sélo se logré para el HMDZ debido a que su
naturaleza basica hace posible que la reaccién tenga lugar. Para el TMCS y

TMMS seria necesaria la adicion de un catalizador.

» El angulo de contacto aumenta progresivamente segin aumenta el tiempo

de reaccion hasta un maximo de 125 °.

» A mayor tamafio de poro menor tiempo de reaccidén es necesario para la

obtencién de una superficie hidrofoba.
» La modificacién superficial no afecta a la textura porosa del material.

» La modificacion superficial es reversible con el tiempo en condiciones

ambientales, debido a que sufre reacciones de hidroélisis con la humedad
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del aire. La pérdida de hidrofobicidad es més rapida cuanto mayor es el
tamaio del poro.

5.2.1.4. Conclusiéon

La obtencion de xerogeles organicos hidréfobos con porosidad a
medida es posible a través de su modificacién superficial con HMDZ. Esta
modificacion es facilmente reversible mediante hidrélisis (Figura 19).
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CH, CH; CH,
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HC CH
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ch CH3
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Figura 19. Modificacion superficial de xerogeles organicos con HMDZ.
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Hydrophobic RF xerogels synthesis by grafting with silanes

Isabel D. Alonso-Buenaposada, Miguel A. Montes-Moran, J. Angel Menéndez, Ana Arenillas*

Instituto Nacional del Carbon, CSIC, Apartado 73, 33080 Oviedo, Spain

ABSTRACT

Hydrophilic organic xerogels were transformed into hydrophobic
materials by treating them with hexamethyldisilazane at 80 °C and at
atmospheric pressure in absence of catalyst. Hexamethyldisilazane reacts with
dangling hydroxyl surface groups, blocks the oxygen with methylsilane groups,
and prevents the formation of hydrogen bonds with water molecules. In this
way, the hydrophilic surface of the organic xerogel is transformed into a
hydrophobic one. However, the graft is not permanent and reverses with time in
the presence of water. It was found that the wider the pores of the organic
xerogel are, the quicker the grafting process is, but also that this modification of

the surface nature is less durable under a humid atmosphere.

Keywords: RF xerogels; hydrophobic materials; surface chemistry; porosity;
silanes
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1. INTRODUCTION

Resorcinol-formaldehyde (RF) organic xerogels with a predetermined
and purpose-designed pore texture can be obtained by selecting suitable
physical and chemical variables during the synthesis process [1-3]. The use of
microwave radiation as heating source as an alternative to conventional
synthesis offers the possibility of obtaining a tailored porous structure by a
simple, fast and cost-effective method suitable for producing RF xerogels on a

large scale and has led to an increase in interest in these polymers [4].

Although the physical conditions used during the synthesis process may
affect the porosity of the RF xerogels [5, 6], the size and volume of their pores
are mainly determined by chemical variables, i.e., i) the pH of the precursor
solution [7], ii) the dilution ratio [8], i.e. the reactant/solvent ratio, ii) the
resorcinol/formaldehyde molar ratio [9] and iv) the percentage of methanol used
as stabilizer in the formaldehyde solution [10]. RF xerogels are usually thermally
treated in an inert or reactive atmosphere to produce carbon materials called
carbon xerogels or activated carbon xerogels [11, 12] that are useful for many
applications due to their thermal and chemical stability. Under adequate
synthesis conditions, these carbon materials preserve the pore structure of the
RF precursors. The combination of these variables offers a wide range of
possible porosities, enabling RF and carbon xerogels to be used in several very
different applications (e.g., hydrogen storage, thermal insulation, as electrodes

in supercapacitors, as catalytic supports, etc.) [13-16].

RF xerogels not only have the advantage of a purpose-designed
porosity but also of a very rich surface chemistry (i.e. a large oxygen surface
group content) [17], making them suitable for a wide range of applications.
Moreover, high-temperature post-treatments are not required for RF xerogels,
leading to a notable reduction in manufacturing process costs. What is more,
the high concentration of hydroxyl groups which covers the surface of RF
xerogels provides them with a high hydrophilicity which attracts moisture from
the air, while their large pores improve their water sorption capacity, making

them suitable to use as desiccant materials [17]. RF xerogels could also be
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employed as thermal insulators since, by tailoring their pore size and volume, it
is possible to minimize their convective and conductive heat transfer capacity
[18]. In this case, a hydrophilic surface in RF xerogels would be a disadvantage
since adsorbed water increases the conductivity of the material considerably. A
hydrophobic surface is clearly preferable if the RF xerogels are going to be
used as oil spill cleaners or for other non-polar compound adsorption in
cleaning or separation processes. In short, the possibility of tailoring the
porosity (i.e. pore size and volume) of RF xerogels for a specific application is
the main advantage of these synthetic materials. Nevertheless, surface
chemistry may also play an important role, and the possibility of controlling its
hydrophilic or hydrophobic nature will also be determinant for optimal

performance in a specific application.

There are already in the literature several reports on a wide range of
procedures for covering hydrophilic surfaces with very diverse materials to
make them hydrophobic. Some authors [19, 20] have reported performing such
surface modifications by using colloidal silica particles and fluoroalkylsilane as a
silylating precursor in sol-gel processes. Another reported option [21] consists
in preparing a two-tier roughness using silicon, followed by fluorination of the
silicon surface. Other authors have used dopamine to carry out this in imitation
of the technique of mussel coating [22], while yet others have used chemical
vapour deposition techniques [23] or plasma etching treatments [24]. The
generation of hydrophobic polymeric surfaces can be carried out by several
techniques (i.e., layer-by-layer deposition, electrodeposition /
electropolymerization, plasma and laser treatments, electrospining, etc. [25]),

most of which are quite complex and tedious processes.

Like RF xerogels, silica gels also have hydroxyl groups covering their
surface, which makes them a suitable and very commonly used desiccant
material. The surface modification of silica gels has also been studied. The
most common way of obtaining hydrophobic silica gels is to introduce
methylsilane groups into the wet gel covering the surface, although other

procedures such as post-synthesis treatments in liquid or gas phase can also
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be used [26, 27]. The aims of such surface modifications are to prevent the
collapse of pores during the drying step [28, 29], to improve the diffusion of
certain solvents [30, 31], to obtain a solid suitable for use in oil-spill cleaning
[32, 33] or to increase the durability of the material [34], among others. The
compounds most commonly used to modify the surface of silica gels so that
they become hydrophobic materials are trimethylchlorosilane (TMCS) [24, 35],
trimethyl-methoxysilane (TMMS) [26, 36] and hexamethyldisilazane (HMDZ)
[30, 37]. Moreover, these silanes are also commonly employed for the
protection of alcohols in organic chemistry synthesis [38]. The ideal protecting
group for an active hydrogen moiety such as alcohol would be one that could be
introduced in a high yield, remain stable in certain conditions but could be
selectively removed in a high yield in other conditions without modifying the

other functional groups in the organic molecule.

The aim of the present work is to modify the hydrophilic surface of RF
xerogels without causing any additional modification of their chemistry, which to
the best of our knowledge has not been achieved before. To this end, RF
xerogels were treated with silanes in an effort to develop a simple and low-cost
process without using a catalyst or any other additional compound, which would
complicate and make the process more expensive. In order to evaluate the
possible influence of the pore size of the xerogel on the grafting process, two
RF xerogels with very different porosities were evaluated and compared on the
basis of the effectiveness (hydrophobic strength) and time of treatment

required, and the treatment durability over time.

2. EXPERIMENTAL SECTION

2.1. Synthesis of resorcinol-formaldehyde xerogels

Two RF xerogels with average pore sizes of ca. 60 nm and 6000 nm (i.e.

OX-60 and OX-6000, respectively) were evaluated for grafting with silanes.
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In order to obtain xerogel OX-60, 16.33 g of resorcinol (Indspec, 99 %)
was dissolved in 83.36 mL of deionized water until total dissolution under
magnetic stirring. After that, 100.31 mL of formaldehyde (37 wt. % in water,
stabilized by the addition of 12.5 wt. % of methanol, supplied by Merck) was
added. The pH of this solution was 3.25 and the proportions selected
corresponded to a dilution ratio of 5.7 (i.e. the molar ratio of the total solvent to
the reactants) and a R/F molar ratio of 0.12. In the case of OX-6000, 43.71 g of
resorcinol (Indspec, 99 %) was dissolved in 110.38 mL of deionized water until
total dissolution under magnetic stirring. After that, 45.90 mL of formaldehyde
(37 wt. % in water, stabilized by adding 0.7 wt. % of methanol, supplied by
Quimica S.A.U) was added. To this precursor solution, drops of a 5 M NaOH
solution (prepared from AnalaR Normapur, 99.9 %) were added until a pH of 5
was obtained. The proportions selected corresponded to a dilution ratio of 8 and

R/F molar ratio of 0.7.

Each precursor solution was placed in a microwave oven (in-lab
designed and constructed [4]) at 85 °C for 3 hours to allow gelation and curing
to take place. After the formation of the polymeric structure, all excess water
was eliminated by heating the gel in the same device continuously until a mass
loss of 50 wt. % was attained. This drying step lasted ca. 2 hours. Each material
was kept in the oven at 100 °C overnight to remove any traces of moisture and

unreacted compounds and so obtain a completely stable material.

The final material was ground and sieved to under < 212 pym in order to

obtain a homogeneous powder suitable for the treatments.

2.2. Grafting with silanes

The following silanes were employed for the RF xerogel grafting
process: trimethylchlorosilane (TMCS), trimethyl-methoxysilane (TMMS) and
hexamethyldisilazane (HMDZ). Suspensions of 8 g of each RF xerogel in 100
mL of each silane compound were stirred at 80 °C and at atmospheric pressure.

Aliquots of the resulting material were extracted at different reaction times in
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order to measure the progression of the reaction. In order to remove any
residual reagent from the pores of the xerogel, the aliquots were dried overnight
in a stove at 80 °C before characterization.

2.3. Sample characterization

2.3.1. Porous properties characterization

Before characterization, the samples were outgassed (Micromeritics
VacPrep 0.61) at 0.1 mbar and 120 °C overnight in order to remove any
humidity and other physisorbed gases. The textural properties were
characterized by means of nitrogen adsorption-desorption isotherms, mercury
porosimetry and density analysis.

The nitrogen adsorption-desorption isotherms were measured at -196 °C
in a Tristar 3020 (Micromeritics) device. The pore volume and mean pore size
were determined by mercury porosimetry, using an AutoPore IV 9500
(Micromeritics) from atmospheric pressure up to 228 MPa. The range of pore
sizes evaluated was from 5.5 to 2000 nm. The surface tension and contact
angle were 485 mN m™ and 130°, respectively, and the stem volume was
between 45-60 % in all of the analyses. In the low pressure step, the samples
were evacuated up to 6.7 Pa and the equilibration time used was 10 seconds.
In order to determine the bulk density and the percentage of porosity of the
samples, a Geopyc 1360 (Micromeritics) device was set to a Dryflow of 0.8 g
and a sample volume of around 50 % of the total volume. A chamber with an
internal diameter of 12.7 mm and a strength of 28 N for 20 cycles with a

conversion factor of 0.1284 (cm® mm™), was used.

2.3.2. Contact angle determination

In order to determine the hydrophobic nature of the RF xerogel surface,
the contact angle between a drop of deionized water and the surface of the

material was measured using a Kriuss 62/G40 optical tensiometer. Each drop of
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water (ca. 6 mm in diameter) was deposited onto a completely flat surface using
a micrometric syringe. A pellet of 10 mm diameter was prepared from the
sample powders (< 212 um particle size) applying a pressure of 10 Tons for 25
s. In all cases, three different pellets from each sample were evaluated and the
average of the contact angles was selected as the final value.

3. RESULTS AND DISCUSSION

In this study, two RF xerogels with very different porosities were
selected to be used in two different applications: OX-60 with a pore size and
properties suitable for use as a thermal insulator [18] and OX-6000 with a pore
size and properties suitable for oil spill cleaning. Given that the surface
chemistry of both samples was analogous [17], potential differences detected
during the grafting process with silanes could only be due to the porosity of the
samples. Table 1 shows the main porous characteristics of the two samples
studied. As can be seen, both samples have a similar bulk density and open
porosity (i.e. ca 0.3 g cm™ and ca. 75 %, respectively) but very different pore
sizes and volumes. Their microporosities also differ, since BET surface areas of
244 m* g* and 20 m* g™* were recorded for OX-60 and OX-6000, respectively.

Table 1. Porous properties of the two RF xerogels studied.

N, adsorption-

M i D) i :
ercury porosimetry ensitometry desesia
Pore Mean Bulk :
. . Porosity SgeT
Sample volume poresize density (%) i
(em’gh)  (m)  (gem?) X
OX-60 0.83 59 0.31 77 244
0OX-6000 1.61 5694 0.34 76 20

The three silanes (TMCS, TMMS and HMDZ) grafted onto the RF
xerogels were tested under the same operational conditions. However, because
of the acidic surface of the xerogels (i.e. pHpzc of around 3) reaction with TMCS

and TMMS is not favoured. A basic booster is required since an initial
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deprotonation reaction needs to occur before the grafting reaction starts. In
contrast, the reaction with HMDZ was favoured due to the basicity of this
particular silane reagent (pKa=7.5). The nitrogen in HMDZ would extract the
hydrogen from the hydroxyl groups in the RF xerogel, giving rise to their anionic
form. This anionic group would then act as a nucleophile with the electron pair
in the oxygen reacting with the silicon atoms in the HMDZ via a SN, reaction,
resulting in O-Si bonds (see reaction mechanism in Figure 1). The ammonia
produced in the reaction is eliminated as the reaction proceeds and as a
consequence of this, the resultant material contains no nitrogen groups.

Consequently, a RF xerogel with a surface covered with nonpolar alkyl groups

is obtained.
n T
Sli\
- OH l / ' 0 '
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OH OH
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© 0
|
e Si- y
H \

Figure 1. Grafting reaction mechanism between RF xerogel surface groups and

hexamethyldisilazane (HMDZ).

The parameter to evaluate the effectiveness of the grafting of silane onto
the RF xerogels was the contact angle between a drop of deionized water and
the surface of the material using an optical tensiometer. Figure 2 shows the
contact angle measured at different reaction times for the three silanes. When
using TMCS and TMMS as grafting agents, no change in the contact angle was
detected for the resulting samples at any time throughout the reaction. The

contact angle for these samples, as well as for the pristine RF xerogel is
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considered to be 0° since the drops of water were quickly absorbed by the
pellets. This indicates that either TMCS or TMMS did not react with the surface
chemistry of the RF xerogels and therefore the materials remained hydrophilic
after the treatment.

However, in the case of HMDZ a change in the contact angle was
observed (Figure 2; for the purpose of brevity, the HMDZ-grafted OX-60 and
OX-6000 have been labelled Si-OX-60 and Si-OX-6000, respectively). In fact,
when a RF xerogel with large pore size (OX-6000) was treated with HMDZ, the
material turned from hydrophilic (a < 90°) to hydrophobic (a > 90°) after a
grafting reaction of only one minute and maximum hydrophobicity (ca. a = 125°)
was achieved after only 8 minutes. In contrast, the OX-60 sample needed a
larger reaction time, as can be seen from Figure 2, where no hydrophobicity is
observed until after 1 hour of reaction. In this case the maximum
hydrophobicity, again a = 125° was only attained after 8 h of treatment. The
difference in these grafting reaction times is due to the fact that it was more
difficult for HMDZ to diffuse along the narrow pores of OX-60, than along the
wider pores of OX -6000. However the maximum hydrophobicity finally attained
by both RF xerogels was the same due to the analogous surface chemistries of

the samples.
140 - ;
Hydrophobic
120 1 - o
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= |
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0 T B @ 50
o 1 2 3 4 5 6 7 8 9 10
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Figure 2. Evolution of the contact angle, as measured by an optical tensiometer, with grafting
reaction times for the silanes tested. Si-OXs samples are RF xerogels grafted with HMDZ (see
text).

285



CAPITULO 5

The attachment of alkyl groups to the RF xerogel may cause changes in
the porous properties of the samples. As mentioned before, being able to tailor
the porosity of the RF xerogels is the main advantage of these materials. For
this reason, it is essential to check for possible changes in porosity after each

treatment.

Figure 3 shows the pore size distributions of the original and grafted
samples as measured by Hg porosimetry. An increase in the pore volume and
mean pore size of the treated samples can be observed after the treatment. The
pore volume of Si-OX-6000 and Si-OX-60 is 2.08 and 0.97 cm?® g%, respectively.
This means an increase in pore volume of 29 % for OX-6000, and 18 % for OX-
60 (see Table 1). On the other hand, the average pore size increases from 59 to
70 nm in the case of Si-OX-60 and from 5694 to 6160 nm for Si-OX-6000.
However, these increments have to be treated with caution, as the RF xerogels
studied have poor mechanical strengths and therefore they are very sensitive to
the changes in pressure levels used in mercury porosimetry. Other authors
have observed that compression problems in the analyses of these materials
can lead to overestimations of the pore volume and size [39]. Thus, it should be
concluded that the porosities of the RF xerogels in this study were not greatly
affected by the grafting treatment applied. This can be seen from the fact that
sample OX-60 and its counterpart have a pore volume of around 0.9 cm?® g™
and a pore size of 60 nm, whilst OX-6000 and its counterpart have twice the

pore volume (ca. 2 cm® g™*) and a pore size of around 6000 nm.
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Figure 3. Pore size distribution of the RF xerogels before and after treatment with HMDZ.

Now that it has been shown that initially hydrophilic RF xerogels can be
converted into hydrophobic materials without experiencing almost any change
in their porous properties, it might be worthwhile evaluating the modifications of
the surface properties with time under atmospheric exposure. For this purpose
both grafted samples were exposed to ambient conditions (i.e. 20 °C and 80 %
humidity) and the contact angle was checked periodically over a period of
several days. Figure 4 confirms that the surface modification of both samples is
not permanent. The hydrolysis of the silane surface groups due to the humidity
in the atmosphere seems to be responsible for the gradual transition from
hydrophobic back to hydrophilic xerogels. Trimethylsilanes are relatively easy to
hydrolyze [38, 40]. Sample Si-OX-6000 becomes hydrophilic again after 19
days of exposure to ambient humid conditions. In the case of the sample with
narrow pores, Si-OX-60, after 19 days the sample is still hydrophobic (a > 90°),
although a decrease in the contact angle is noticeable after 2 weeks. After 4
weeks of exposure of Si-OX-60 to ambient humid conditions the surface is
hydrophilic (a < 90°), presumably due to the loss of many of the alkyl surface
groups introduced during the treatment with HMDZ, but it is still possible to

measure a contact angle. However, after 35 days of ambient exposure the
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material is again highly hydrophilic to the point that it resembles the initial
sample (see Figure 4). In short, it can be said that the easier the alkyl groups
are to introduce, the easier they are to remove and the hydrolysis reaction of RF
xerogels with HMDZ is favoured, especially in the wider pore sample (Si-OX-
6000).

140
S A
;100 ‘| Hydrophobic
2 80 -
s Hydrophilic
S 60
2 40
© 8i-OX-60
20 7 48i-0X-6000
0 T AT T - 1
0 10 20 30 40

Time (days)

Figure 4. Loss of hydrophobicity with time of exposure to ambient humid conditions (20 °C and 80
% humidity).

Samples Si-OX-60 and Si-OX-6000 are hydrophobic, at least for several
days. These materials avoid any contact with water (Figure 5a). However, if the
sample/water suspension is shaken overnight a good dispersion of the sample

can be obtained (Figure 5b).

Ll

Figure 5. Proof of hydrophobicity of RF xerogels grafted with silanes (a). The materials become
hydrophilic again after overnight shaking of the water suspension (b).
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Thus, the surface modification of the RF xerogels can easily be reversed
by simply hydrolyzing the methylsilane groups. On the other hand, if kept away
from moisture, their hydrophobicity remains intact. This property of RF xerogels
could be very useful for applications, such as the separation of non-polar
compounds by adsorption or the elimination of non-polar contaminants, where
the adsorbate can be easily desorbed and then concentrated elsewhere by a

simple process of water scrubbing.

4. CONCLUSIONS

The surface nature of RF xerogels can be easily converted from
hydrophilic to hydrophobic by grafting hexamethyldisilazane onto the RF
xerogels in one simple step. No extra compounds or catalyst are needed. The
duration of the modification process depends on the porous properties of the RF
xerogel due to diffusional factors. The wider the pore size, the quicker the
process of obtaining a hydrophobic surface. The tailored porosity of the RF
xerogels is not substantially modified by the treatments. Depending on the final
application of the xerogels (i) their hydrophobicity can be maintained if exposure
to moisture is avoided, or (ii) it can be easily reversed by a simple hydrolysis

process.
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5.2.2. Xerogeles superhidréfobos transpirables mediante pasivado con

metanol en fase vapor

La aparicion de materiales repelentes al agua liquida, pero transpirables
al vapor, han supuesto un gran avance en campos como la ropa deportiva,
donde el agua de lluvia no atraviesa la tela pero permite salir el sudor generado
por el deportista. Este tipo de materiales provocan un efecto tamiz donde las
gotas de agua que exceden los 0.1 mm no pasan a través de su porosidad, e
incluso son repelidas, mientras que las moléculas de agua de 0.4 nm de
diametro si atraviesan el material [67, 68]. El control de la porosidad de los
xerogeles RF les convierte en buenos candidatos para este fin. Sin embargo,
su quimica superficial es rica en grupos fendlicos que les dotan de una

naturaleza hidréfila y retienen el agua (Publicacion V y VI).

Por lo tanto, en esta Tesis Doctoral se ha evaluado la modificaciéon
superficial de los xerogeles RF, a través de la reaccién de pasivado con
metanol en fase vapor, para la obtencion de materiales superhidréfobos
estables en condiciones ambientales, transpirables y facilmente regenerables.
5.2.2.1. Objetivos

Los objetivos planteados para realizar el estudio fueron:

» Evaluar la posibilidad de obtencion de xerogeles orgénicos superhidréfobos

a través de reaccion con metanol en fase vapor.

» Evaluar el efecto de la modificacion superficial sobre la textura porosa del

material.

» Establecer el tiempo minimo necesario para obtener el maximo grado de

repulsion del agua para cinco tamafios de poro distintos.
» Evaluar la durabilidad de este tratamiento en condiciones ambientales.
» Evaluar la capacidad de adsorber/desorber vapor de agua.

» Estudiar su capacidad de regeneracion y su eficacia con los ciclos de uso.
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5.2.2.2. Estudio

Para llevar a cabo este estudio se sintetizaron cinco xerogeles

organicos con distintos tamafios de poro de 70 a 6000 nm. Se estudié su

afinidad por el agua en fase liquida a través de medida del &ngulo de contacto

de una gota de agua y su afinidad por agua en fase gas por ganancia de peso

en condiciones de saturacion de humedad.

5.2.2.3. Resultados

Los detalles experimentales y la discusién de los resultados obtenidos

se hallan en la Publicacién VIII, incluida al final de este capitulo. Los principales

resultados de este estudio se detallan a continuacion:

>

El tiempo requerido para llevar a cabo la modificacion superficial sigue una
tendencia exponencial, requiriendo tiempos muy largos a tamafios de poro

pequefos.

El angulo de contacto cambia de forma radical de 0 © a > 150 °, sin pasos

intermedios.

Esta modificacion superficial da lugar a materiales superhidréfobos que
presentan una repelencia extrema al agua liquida y provocan que la gota de
medida del angulo de contacto ruede por la superficie del material sin

posibilidad de obtener una medida exacta.

Unicamente una parte de los grupos hidroxilo de la superficie reaccionan
ante este tratamiento. No obstante, es suficiente para mostrar un

comportamiento superhidréfobo al agua liquida.
La modificacion superficial no afecta a la textura porosa del material.

La modificacion superficial es estable en condiciones ambientales y durante

largos periodos de tiempo.

Los materiales son capaces de adsorber/desorber vapor de agua, por lo

gque son considerados transpirables.
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5.2.2.4. Conclusién
Se obtuvieron xerogeles organicos superhidréfobos estables a la
humedad capaces de intercambiar vapor de agua con su entorno dependiendo

de las condiciones ambientales que le rodeen (Figura 20).

oeoeocdﬁ%éoocao
@mg*mepemmrmog

UWWVUV*@WUUU

Tamafios medios (m)

Gota de agua (L): ~ 103
Molécula de agua (V): 3 x101°
Tamafio de poro del SHP: 70-6000 x10-°

Figura 20. Mecanismo explicativo del comportamiento superhidréfobo transpirable de los
xerogeles RF con superficie modificada.
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Superhydrophobic and Breathable Resorcinol-Formaldehyde Xerogels

Isabel D. Alonso-Buenaposada, Ana Arenillas, Miguel A. Montes-Moran, J. Angel Menéndez

Instituto Nacional del Carbén, CSIC, Apartado 73, 33080 Oviedo, Spain

ABSTRACT

A new macroporous, waterproof and breathable material has been
synthetized. The synthesis of these materials consists in a modified version of
the classical resorcinol-formaldehyde (RF) xerogels synthesis. This new
process includes a further treatment, after the gelation-curing-drying process,
with methanol at 240 °C in order to passivate the hydrophilic phenolic groups of
the surface of the RF xerogel. It was found that the treatment time strongly
depends on the pore size of the xerogels. After reaching this threshold time, the
hydrophilic materials become superhydrophobic. It is postulated that the
exohedral inner surface of the porous xerogels, different from most porous
materials, is responsible for this behavior. Although the materials exhibit a
superhydrophobic behavior against liquid water and maintain its waterproofness
for a long period of time, they are able to adsorb/desorb water vapor, which

makes them also breathable.

Keywords: xerogels; hydrophobicity; surface chemistry; passivation
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1. INTRODUCTION

Waterproof and breathable materials or composites are essential in a
number of processes and commodities, including protective clothing, sports
apparel, and membrane contactors [1-6]. For all these applications, materials
are required to combine conflicting properties such as avoiding liquid water to
penetrate and allowing the vapor water to pass through at the same time. In any
case, the combination of waterproofness and breathability is essentially a size
discrimination issue. Thus, a waterproof and breathable material (or laminate)
should be able to repel water droplets normally exceeding 105 nm in diameter
(i.e., 0.1 mm) and to let through water molecules in the vapor phase with ca. 0.4
nm in diameter. The transport properties of water and moisture through a given

material will determine its final performance in this type of applications [2, 7].

So far, two successful approaches, in terms of commercial products,
have been developed to cope with this sieving effect, namely porous and
hydrophilic membranes/coatings [1, 8]. Hydrophilic membranes are virtually
non-porous materials through which the water molecules diffuse following an
anomalous mechanism [1, 9]. This type of membranes/coatings are based on
copolymers of poly(ethylene oxide), poly(vinyl alcohol), polyurethane, etc. On
the other hand, porous membranes are made of hydrophobic materials with an
adequate porous texture to both withstand penetration by liquid water and
maximize the transfer of water vapor molecules [1, 2, 7]. Polymers used for
these porous membranes include polyolefins, polyurethanes and
poly(tetrafluoroethylene), amongst others. Porosity in these materials can be
attained either during the polymer synthesis or by using post-treatments such

as mechanical frothing or fibrillation [1, 10].

In addition to these two well-established methodologies, research in the
field is still much in progress. Different approaches try to overcome drawbacks
such as materials cost [10-12], durability [12-14], and a finer control of the
porous structure in the case of porous membranes/coatings. Regarding this last
subject, it is generally accepted that pore diameters in the 102-104 nm interval

are required for effective waterproofness and breathability [15]. Still, the control
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of the porosity of the hydrophobic polymers is very imperfect due to the
limitations of the conventional processing. Alternatives include new polymeric
formulations [15, 16], and the use of more exotic polymer processing
technologies such as electrospinning.[17-19]

Organic gels in general, and resorcinol/formaldehyde (RF) resins in
particular, are polymeric systems that show tremendous versatility in terms of
developing tailored porous textures. Since the seminal work of Pekala [20], a
number of works have detailed the effect of different synthesis variables on the
final three-dimensional structure of the RF gels [21-26], which in turn
determines the porosity of the materials. As a consequence, RF gels are
nowadays synthesized with pore sizes and volumes adapted to the
requirements of a given application. Furthermore, the use of microwave
radiation to assist the synthesis of RF xerogels has dramatically shorten the
production times, hence the costs [27], The tight control of the porosity of the
RF xerogels would make them an ideal candidate polymer for
waterproof/breathable applications. However, the surface chemistry of the
organic xerogels is rich in phenolic groups, which provides them with a high
hydrophilicity. This property, which in conjunction with their textural properties
allows these materials to be used as desiccant materials [28] will not favor the
water repellency required for this new application. Thus, to fulfil requirements of
water repellency a passivating post-treatment of the RF xerogel surfaces would

be eventually required.

There already exist several procedures for chemically modifying a micro-
/nanostructured surface to give rise to low-surface energy materials (fluorinated
substrates, coating mesh films, etc) [29-32], as well as methods to impart
roughness to hydrophobic solid surfaces such as crystallization control [33],
phase separation [34], electrochemical deposition [35], and chemical vapour
deposition [36, 37]. Hydrophilic silica gels, which also have surfaces rich on
hydroxyl groups resembling that of RF xerogels, have been turned into
hydrophobic materials by grafting methylsilane compounds on their surface [30,

38, 39]. However, the use of silane compounds to this aim has not been
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considered a suitable procedure due to the possible hydrolysis reactions that
could likely take place at ambient conditions, which would limit the range of final
applications of the resulting materials. A much more attractive alternative of
surface passivation of surface hydroxyl groups has been described in a
previous work, in which surface methoxylation was carried out using methanol

vapor [40].

In this work, a similar one-step methoxylation reaction of the phenolic
groups of RF xerogels has been carried out. The resulting methoxylated
xerogels are superhydrophobic materials that, at the same time, absorb and
desorb significant quantities of water vapor. The process was studied using
different RF xerogels with average pore sizes covering a wide range of
macroporosity (from 70-6000 nm) in order to explore the potential of this
material in waterproof, breathable applications. Possible porosity alterations
after the treatment were evaluated as well as the durability of the treatment over

time.

2. EXPERIMENTAL

2.1. Materials

Resorcinol (Indspec, 99.6 wt. %), formaldehyde (Quimica S.A.U.,
aqueous solution with 37 wt. % formaldehyde and 0.7 wt. % methanol),
deionized water, methanol (AnalaR Normapur, 99 %) and sodium hydroxide

solutions made up from solid NaOH, (AnalaR Normapur, 99.9 %).

2.2. Synthesis of RF-xerogels

Resorcinol-formaldehyde xerogels were prepared according to Pekala’s
method described elsewhere [22,40]. Briefly, solid resorcinol was dissolved by
magnetic stirring in deionized water until total solution. At the same time the

formaldehyde is mixed with the methanol in another glass baker. Both solutions
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were mixed and stirred to ensure homogeneity. The pH of the resulting solution
was modified by dropping NaOH in order to achieve the desired final pH. The
proportion of each reagent depends on the variables selected in order to give
rise each textural properties which was previously designed (Table 1). Each
precursor solution was placed in a microwave oven for 10000 seconds (2 h and
47 min) in order to induce gelation and curing to take place. The final material
was dried until a loss of mass of 50 % weight was achieved.

Table 1. Experimental variables used in the preparation of the organic xerogels (pH of the

precursor solution; molar ratio of the total solvent to reactants, D; molar ratio
resorcinol/formaldehyde and percentage of methanol in the formaldehyde solution).

Sample pH D R/F % MeOH
OX-6000 50 8 0.7 0.7
0OX-2000 55 8 0.7 0.7
0OX-500 3.1 56 05 12.5
OX-150 3.3 56 05 12.5
OX-70 3.3 57 01 12.5

2.3. Surface modification

Each RF-xerogel was grinded and sieved under < 212 pm and finally
heated at 100 °C overnight to eliminate completely the residual moisture and
unreacted compounds. The hydrophilic RF-xerogel was placed inside a quartz
reactor. A nitrogen flow of 100 mL min™ was bubbled in liquid methanol at 80 °C
in a vessel flask and introduced in the reactor at 240 °C. Different dwelling times
were carried out to study the effect of the time of treatment on the wetting
properties of the resulting materials. Prior testing, methoxylated RF samples

were heated in an oven for 1 h at 80 °C to remove residual methanol.
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2.4. Sample characterization

Pore size and volume were determined by means of mercury
porosimetry (AutoPore IV 9500, Micromeritics) from atmospheric pressure up to
228 MPa. That pressure ensures pores of 5.5 nm as the minimum pore size
detectable by the equipment. The surface tension and contact angle values for
Hg in all the characterizations were 0.485 N m™ and 130°, respectively. Prior to
these analyses, samples were outgassed (Micromeritics VacPrep 0.61) at 0.1

mbar and 120 °C overnight.

The morphology was observed by means of scanning electron
microscopy (SEM). Prior to this characterization, the xerogels were carbonized
at 700 °C under nitrogen atmosphere (100 mL min™) for 2 h. The morphology of
the sample do not change notably by the carbonisation process, but the
electrical conductivity of the samples increases and so the SEM image quality is
improved notably [21].

In order to determine the wettability of each sample, contact angle
measurements were performed using a Kriss 62/G40 optical tensiometer. To
this end, a water droplet (ca. 6 mm of diameter) was placed on the surface of a
pellet of the RF xerogels with a glass micrometric syringe. Pellets of 10 mm
diameter were obtained by comprising sample powders (< 212 um particle size)

using a pressure of 10 Tons for 25 s.

Fourier transform infrared spectroscopy (FTIR) was carried out in a
Nicolet FTIR 8700 (Thermo Scientific) spectrometer fitted with a DTGS
(deuterated triglycine sulphate) detector. The data were recorded between
4000-400 cm , over 64 scans at a resolution of 4 cm™. Determination of C, H
and N was carried out in a LECO CHNS-932 analyzer. The oxygen content was

determined using a LECO VTF-900 analyzer.

Temperature programmed desorption (TPD) experiments were
performed by thermogravimetry (DSC Q600 TA Instruments) coupled with a

mass spectrometer (ThermoStar Pfeiffer). The sample was heated in the
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thermobalance at 5 °C min™ up to 300 °C, whilst the m/z signals (from 1 to 50)

were registered in the mass spectrometer.

Moisture absorption capacity of each sample was tested by exposing
them to saturated (100 % relative humidity) air at 25 °C. Controlled amounts
(200 mg) of RF xerogels were placed in 2 cm diameter glass vials. Weight
changes were recorded until a constant mass was obtained. Thermogravimetric
analysis was performed in order to corroborate these results by means of a TA
instrument DSC Q600 analyzer. Changes in the weight of each sample were
recorded in the temperature range of 25 to 350 °C under nitrogen flow of 20 mL

min™ and at a heating rate of 10 °C min™.

3. RESULTS AND DISCUSSION

The nanostructure of RF-xerogels is composed of packed quasi-
spherical nodules, with small holes between them that constitute the porosity of
these materials. Moreover, the size of these nodules, and therefore the size of
the pores, can be pre-set, by selecting the appropriate synthesis conditions.20
As an example of this, Figure 1 shows how different conditions of preparation
(see Table 1) determine the nanometric structure of the OX-70, OX-500 and
OX-2000 samples used in this study.

Figure 1. SEM images of carbonized RF-xerogels: OX-70, OX-500 and OX-2000 (from left to
right). Carbonized samples were used to increase de electrical conductivity and so have better
SEM pictures. Nevertheless, the structure of the organic xerogels is virtually identical except by
some minimum shrinking of the nodules after carbonization.

The main porous characteristics of the different RF-xerogels are
summarized in Table 2. Results show that it is possible to obtain RF xerogels

with different pore size in the range of macropores (i.e. from ca. 70 to 6000 nm)
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and with a relatively narrow pore size distribution (Figure 2). Obviously, the pore
volume increases with the pore size, with values for the sample OX-6000
almost doubling that for OX-70 (i.e., 2 vs 1 cm® g, Table 2). As a consequence,
samples with higher pore size present a lower bulk density. The porosity of all
the samples ranges between 50-70 % (Table 2).

Pore volume Average pore size Bulk density

Sample Eite i) % Porosity
0OX-6000 2.01 6260 0.34 69
0X-2000 2.17 2292 0.33 70
OX-500 1.57 522 0.42 65
OX-150 1.56 172 0.43 66
OX-70 1.04 65 0.45 a7

Table 2. Selected textural properties, determined by Hg porosimetry, of the RF-xerogels.

12
+~0X-6000
10 | +0X-2000
=0X-500

Log differential Intrusion (mL g')

10 100 1000 10000
Pore diameter (nm)

Figure 2. Pore size distribution, obtained by mercury porosimetry, of the RF-xerogels.

Regarding the surface chemistry of these materials, it is well established
that the surface of the RF-xerogels is covered with some dangling phenolic
groups (see Figure 3) [41]. The passivating mechanism that would transform
those hydrophilic sites into hydrophobic is also depicted in Figure 3. According

to the methoxylation reaction shown in Figure 3, hydrophobic methyl ether
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groups will decorate the passivated surface of the treated RF xerogels. The
contact angle measurements carried out on the passivated RF-xerogels
corroborate this, i.e., all the materials except OX-70 eventually become
superhydrophobic (i.e. contact angle > 150 ©°, Figure 4). Moreover, measuring
the contact angle on these samples is, most of times, a tough task since the
water drops are repelled away from the sample surface (see video in the

supplementary material).

Figure 3. Chemical structure of RF-xerogels (top) and passivation of hydrophilic sites of the
xerogel surface by the reaction of alcohol condensation between methanol and hydroxyl groups

(down).

Figure 4. Behavior of a drop of water over compacted powders of (a) hydrophilic (hon-treated)
and (b) superhydrophobic (passivated) RF xerogel. (c) Powder suspensions of the
superhydrophobic xerogel after vigorous shaking; a bubble of air is clearly standing between

liquid and solid phases.
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The time of the treatment with methanol required for transforming the
RF-xerogels into superhydrophobic materials (SHP) is different for each
material. Interestingly, this time increases as decreasing the pore size in a
nearly exponentially way (Figure 5). Thus, while ca. 1 h of treatment is enough
to passivate the OX-6000 surface and to transform it into SHP-6000, OX-150
needs 27 hours for changing its hydrophilic surface to the superhydrophobic of
SHP-150 and OX-70 remains hydrophilic even after 100 hours of treatment.

30 4
25

20'\

Time (h)
O

10 -

0 - . . . . _T-e
0 1000 2000 3000 4000 5000 6000 7000
Pore size (nm)

Figure 5. Time necessary for passivate the RF-xerogels surface transforming it into a
superhydrophobic surface (contact angle > 150°), as a function of their average pore size.

Given the big differences in size between the molecule of methanol
(0.46 nm) [42], and the mean pore size of these materials (70 - 6000 nm), this
strong dependence of the time of passivation with the size of the pores is,
somehow, surprising. There are two facts, however, that could explain it. The
first one is related to the particular shape of the pores of the RF-xerogels. As
schematized in Figure 6, the internal surface of RF-xerogels has a positive
curvature, which differs from most porous materials with cylindrical or slit
shaped pores, with a negative or null curvature, respectively [43] This particular
porous texture of the RF-xerogels implies that, although the size of the pore
may be large enough, pores are connected through bottlenecks formed by the

contact points between spheres (see Figure 6). The number of these
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bottlenecks increases and their size becomes narrower as the clusters are
smaller (i.e., the mean pore size of the RF xerogel is smaller), thus hindering
the access of the methanol molecules to the inner surface area. The second
fact that would account for the increasing difficulty of methanol to passivate the
RF-xerogel surfaces as their average pore size decreases is that, as the
passivation proceeds, polar hydroxyl groups are being substituted by the
nonpolar methyl groups. Since methanol is an amphipathic molecule, the
passivation of the hydroxyl groups of the RF-xerogel would turn a polar surface
into nonpolar as the reaction proceeds. Nonpolar (dispersive) interactions
between the methanol molecules and the passivated surface would increase
progressively, thus competing with the main reaction pathway depicted in
Figure 3 and slowing down the methoxylation. This phenomenon would become
more important in small pores (or in the aforementioned bottlenecks) where

methyl groups would be closer to each other.

Pores with positive Pores with negative Pores with zero
surface curvature surface curvature curvature

(exohedral) (endohedral)

XEROGELS

Figure 6. Different pore models according to the surface curvature on the inner surface or the
pore.

Another surprising fact is that after a certain treatment time, the RF-
xerogels shift abruptly from hydrophilic to superhydrophobic. Indeed, the
treatments with methanol were stopped at different times and contact angle
tests carried out (Figure 7). Angles measured were either 0 © or 180 °. This
suggests that there is a threshold in the proportion of passivated phenolic

groups above which the RF-xerogels surface repels liquid water completely.
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Figure 7. Variation of the contact angle with the time of passivation.

So far it has been demonstrated that the hydrophilic surfaces of the
macroporous RF xerogels can be made superhydrophobic by a simple
passivation with methanol. However, as one of the advantages of RF xerogels
is the possibility to design and adjust the porosity for a determined application, it
would be necessary to check if this tailored porosity is modified by the methanol
treatment. For this purpose, mercury porosimetry was carried out on the
passivated samples. Figure 8 shows the plots of cumulative intrusion of Hg vs
pore diameter comparing two RF xerogels with very different mean pore size
(OX-2000 and OX-150) and their passivated counterparts (SHP-2000 and SHP-
150, respectively). The curves of each pair of materials are essentially identical,
i.e., the treatment with methanol does not change the pore size distribution of
the original OX samples. It should be pointed out that although it is clear that
the main steps in the cumulative intrusion plots occur around 150 and 2000 nm
for both pair of samples OX-150/SHP-150 and OX-2000/SHP-2000,
respectively, the increasing in the intrusion volume observed at the beginning of
the analysis (i.e., low pressure conditions corresponding to high pore diameters,
Figure 8) should be ascribed to interparticular porosity and/or compressive

effects of organic xerogels. In any case, the intrusion profiles are always
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identical (including all effects) for samples before and after the methanol

treatment.
_ 3 +0X-2000
)5 ~-SHP-2000
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Figure 8. Cumulative intrusion vs pore size obtained by mercury porosimetry of two RF-xerogels
before and after the methoxylation reaction.

Changes in the surface chemistry after the passivation treatment have
already been advanced and they are expected to take place according to the
passivation reaction shown in Figure 3. However, to verify that passivation
mechanism and to what extent it takes place: (i) elemental chemical analysis,
(i) FTIR characterization and (iii) Temperature Programmed Desorption (TPD)
coupled with mass spectrometry were performed on treated and untreated
samples.

Results of the elemental analyses (Table 3) reveals that the SHP-
samples contains approximately 2 wt% more carbon than pristine samples and
that the H/O and C/O ratios increase after the passivation. This is consistent
with the incorporation of methyl groups blocking hydrophilic sites to form
methoxy (O-CH3) groups, considering that the number of atoms of O would

remain unaltered during the treatment (Figure 3).
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Table 3. Elemental analysis results for two treated and non-treated xerogels and their molar

OX-6000 SHP-6000 OX-150 SHP-150

ratios.

C (0.2, wt. %) 65.7 67.6 66.1 68.4
H (0.2, wt. %) 4.0 4.0 4.4 4.2
O (0.2, wt. %) 30.3 28.4 29.5 27.4
H/O molar ratio 2.11 2.25 2.34 2.43
C/O molar ratio 2.89 3.17 2.99 3.32

The FTIR spectra of samples OX-6000 and SHP-6000 are shown in
Figure 9. The most notable difference is the decrease of the relative intensity of
the broad band at 3600-3000 cm™ (that corresponds to the OH groups) after the
passivation treatment. All bands below 1700 cm™, which have been already
identified in RF xerogels [27] are also present after the methoxylation. In order
to have an estimation of the decrease of the relative intensity of the OH band
corresponding to the phenolic groups, the aromatic C=C absorption band
centered at 1605 cm™, which should remain unaltered during the reaction, was
taken as reference. Thus, comparing the ratios of the intensities of these two
absorption bands it can be concluded that the intensity reduction of the OH
band after the treatment is ca. 24 % with respect to the band of the original OX-
6000 xerogel. Beyond this “semi-quantitative” result, it should be noticed that
the treatment with methanol passivates only part of the phenolic groups, which,

in any case, seems to be enough to make the material superhydrophobic.
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Figure 9. FTIR spectra of the RF xerogels before (OX-6000) and after (SHP-6000) the surface
modification.

During the TPD analysis by TGA-MS, the m/z 31 corresponding to
methoxy groups, was recorded with the increasing temperature. As an example
representative of all passivated RF-xerogels, Figure 10 shows the results of the
OX-500 and SHP-500 materials. The passivated xerogel exhibits a pronounced
peak at temperatures between 50 and 200 °C, with a maximum centered at 120
°C, ascribed to the evolution of the methoxy groups. As expected, this peak
does not appear in the original sample. Additional information regarding the
thermal stability of the methoxy groups introduced with the passivation
treatment can be inferred from this plot. Thus, it might be expected that the

SHP-xerogels would keep their superhydrophobicity, at least, up to 50 °C.
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Figure 10. Evolution of methoxy (O-CHs) groups during TPD analysis for samples OX-500 and
SHP-500.

Another question regarding the SHP-materials concerns the
stability/reversibility of the methoxylation treatment in terms of the durability of
the superhydrophobic property of the passivated samples. In order to find this
out, samples of the SPH-xerogels were exposed to an atmosphere saturated
with a 100 % of humidity for 40 days, and aliquots of those samples were taken
periodically for contact angle measurements. The optical tensiometer shows
that the contact angle of all aged samples remained higher than 150 °© (Table 4).
Furthermore, it was found a weight gain in the time, which indicated that the
samples were adsorbing moisture from the atmosphere (Table 4). This indicates
that the passivated xerogels were able to retain a certain degree of moisture
inside its porosity, in spite of their waterproofness. The water vapor absorption
was found to be relatively fast, with most of the moisture absorbed in the first

day of exposure (see Table 4).
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Table 4. Variations on the moisture uptake and contact angle of the SHP-xerogels during 40 days
exposure to 100 % relative humidity air

SHP-6000 0 13 13 13 14 15
SHP-2000 0 13 17 18 19 19
SHP-500 0 13 15 16 17 18
SHP-150 0 11 11 12 12 13

SHP-6000 >150° >150° >150° >150° >150° >150°
SHP-2000 >150° >150° >150° >150° >150° >150°
SHP-500 >150° >150° >150° =>150° >150° >150°
SHP-150 >150° >150° >150° >150° >150° >150°

Whether this absorption of moisture is a reversible process or not was
also checked by subjecting the soaked samples (after 40 days exposure) to a
certain vacuum (10 Pa) at 25 °C and for 24 h and quantifying then the moisture
retained (or released). The moisture retained in the different samples was: 1.6
wt% for SHP-6000, 1.7 wt% for SHP-2000, 1.9 wt% for SHP-500 and 2.9 wt%
for SHP-150. Additionally, aliquots of the saturated samples were put in a
desiccator containing silica gel for 3 days at 25 °C and atmospheric pressure.
The moisture retained by the samples after this experiment was: 3.2 wt% for
SHP-6000, 3.9 wt% for SHP-2000, 4.0 wt% for SHP-500 and 4.9 wt% for SHP-
150. In sum, under the above mentioned conditions the adsorption of moisture
by the SHP-xerogels is reversible up to an 80-90 %. Therefore, if environmental
moisture can enter and leave the sample by simply modifying the pressure or
the humidity of the environment, it can be considered that SHP-xerogels are
breathable. The effect of the average pore size on the ability of the SHP
samples for absorbing/releasing moisture is only noticeable for low pore size
values. Hence, SHP-150 moisture uptake per gram and day is slower than that
of SHP-500, but further increase of the pore size from 500 to 6000 nm renders
similar values (Table 4).
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The mechanism that would explain why the SHP-xerogels are
superhydrophobic but, at the same time, breathable is depicted in the sketch of
Figure 11.

,:\HZO (V)

®
OBV BHVORCOR0BOCTS
@Waterproof BreathiableRFxerogel) @
Average Sizes (m)
Water droplet (L): ~:1073

Water molecule (V): 3 x101°
Pore size of SHP-x:  150-6000 x10°° v v

Figure 11. Proposed mechanism explaining the waterproofing and breathability of the passivated
RF-xerogels.

As the most external, and most accessible, surface of the material is
completely passivated by the treatment with methanol, the liquid water drops
are repelled. Furthermore, the diameter of these water drops is, at least, one
order of magnitude larger than the pores of the material, which contributes to
the superhydrophobicity exhibited against liquid water. On the other hand, water
molecules of vapor are, at least, one order of magnitude smaller than the pores
of the materials, so they can pass through it. There are, however, some
phenolic groups inside the pores that were not passivated (see Figure 9), so
part (ca. 20 %) of the moisture is retained inside the pores. Nevertheless, these
hydroxyl groups are sufficiently far away from the outer surface to promote the

absorption of the liquid water drops.
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4. CONCLUSIONS

A simple methoxylation treatment transforms highly hydrophilic RF-
xerogels into superhydrophobic materials. The treatment time for shifting to
superhydrophobic highly depends on the pore size of the material and occurs
suddenly, without passing through intermediate states. This is attributed to
repulsive/dispersive interactions, magnified by the exohedral shape of the
pores, between the nonpolar passivated surface and the methanol. Changes on
the surface chemistry of the particles did not affect the porosity of the original
xerogels. This is a very important outcome as far as the porosity of this type of
materials can be easily controlled during the synthesis, thus opening the
possibility of tuning the porosity for a given application. Furthermore, it has been
demonstrated that the superhydrophobic xerogels still retain the ability of
interchanging water vapor between atmospheres with different vapor activities.
This breathable behavior is mainly controlled by the hydrophilic groups that
remain unreacted in the inner pore surfaces, with the average pore size being

only relevant below 500 nm.
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6. Conclusiones

En la presente memoria, compilacién de distintos documentos (articulos
cientificos y una patente), se muestran los estudios realizados para lograr un
control total de las propiedades porosas y quimicas de los xerogeles RF de
manera que puedan ser disefiados a medida de forma especifica y minuciosa

para cualquier aplicacion.

Las conclusiones mas relevantes de las publicaciones relacionadas con

el disefio de las propiedades porosas de los xerogeles son las siguientes:

v' La proporciéon de metanol contenida en la disolucién de formaldehido
comercial afecta, de forma relevante, a la porosidad final de los
xerogeles RF. Por lo tanto, aparece como nueva a variable a tener en
cuenta a la hora de disefar estos materiales con una porosidad final

definida.

v La utilizacién de un catalizador &cido en la disolucién precursora como
acelerante de la reaccion de polimerizacion permite obtener materiales
con propiedades porosas y quimicas similares a las obtenidas mediante
el catalizador basico comun. Ademas, mediante este proceso no se
incluyen impurezas metalicas a la estructura final del material y permite
obtener materiales con tamafios de poro mayores a los conseguidos
con catalizadores basicos. Este mecanismo refuerza el papel del efecto

del metanol de la disolucién de formaldehido ya que es la Unica manera
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de obtener tamafios de poro menores de 50 nm, rango donde se

encuentran la mayoria de las aplicaciones.

El control minucioso de las propiedades porosas de los xerogeles de
carbono les convierte en materiales potenciales para ser utilizados
como soportes de biomoléculas, como en este caso el Citocromo C, ya
que su porosidad es disefiada a medida de la biomolécula que se quiere
soportar. A través de este procedimiento es posible recuperar y

reutilizar proteinas de alto valor econémico.

Las conclusiones mas relevantes de las publicaciones relacionadas con

el disefio de la quimica superficial de los xerogeles RF son las siguientes:

v' Los xerogeles organicos han mostrado ser unos excelentes materiales

desecantes que absorben mas de un 80 % de su peso en humedad.
Ademas son de facil manejo debido a su baja densidad, se regeneran a
bajas temperaturas (100 °C), se pueden fabricar a bajo coste, ya que no
requieren de procesos de carbonizacion, y son resistentes a ataques

con acido.

Los xerogeles RF pueden cambiar su naturaleza hidréfila a hidrofoba
mediante un tratamiento de modificacién superficial con HMDZ. Esta

modificacion es reversible mediante hidrélisis.

Se pueden obtener xerogeles RF superhidréfobos transpirables a través
de un tratamiento de modificacién superficial con metanol en fase vapor.
Ademas, son resistentes a exposiciones prolongadas en atmosfera
himeda y pueden ser regenerados facilmente sin perder efectividad en

Su uUso.
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Por lo tanto la CONCLUSION GENERAL que se obtiene de esta Tesis
Doctoral es que los xerogeles RF pueden ser disefiados con las propiedades
porosas y quimicas a medida de la aplicacion deseada a través de
procedimientos rapidos, sencillos y de bajo coste, lo que les hace materiales
que pueden ser fabricados a escala industrial.
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Comunicaciones a congresos

Los resultados obtenidos a lo largo de la presente Tesis Doctoral han
dado lugar a diferentes trabajos presentados de forma oral o en forma de poster
en distintos congresos nacionales e internacionales, los cuales se citan a

continuacion.

1

Autores: Isabel D. Alonso-Buenaposada, A. Arenillas, J.A. Menéndez

Titulo: Efecto de la proporcion de metanol en disoluciones de formaldehido
sobre la porosidad de xerogeles de carbono (Poster)

Congreso: Xl Reunién del Grupo Espariol del Carbon, GEC
Lugar: Alicante (Espafia) Fecha: Octubre 2015

2

Autores: Alejandro Concheso, Isabel D. Alonso-Buenaposada, J.Angel
Menéndez, Ana Arenillas, Miguel A. Montes-Moran

Titulo: Xerogel derived carbons with tuneable porosity for hosting biomolecules
(Poster)

Congreso: Carbon
Lugar: Pensilvania (Estados Unidos) Fecha: Julio 2016
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Autores: Isabel D. Alonso-Buenaposada, Natalia Rey-Raap, Ana Arenillas,
Esther G. Calvo, Miguel A. Montes-Moran, J.Angel Menéndez.

Titulo: Microwave heating applied to polymer science

Congreso: 3rd Global Congress on Microwave Energy Applications (Poster)
Lugar: Cartagena (Espafia) Fecha: Julio 2016

4

Autores: H. Garcia,* L.A. Ramirez-Montoya, |.D. Alonso-Buenaposada, J.
Angel Menéndez, Ana Arenillas, M.A. Montes-Moran.

Titulo: Biocatalizadores soportados en xerogeles de carbono (Comunicacion
Oral)

Congreso: Sociedad Espafiola de Catalisis (SECAT)
Lugar: Oviedo (Espafia) Fecha: Junio 2017
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Titulo: Mesopore size of RFxerogels for optimal water sorption capacity
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Lugar: Lieja (Bélgica) Fecha: Septiembre 2017
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Buenaposada, Héctor Garcia, J. Angel Menéndez, Ana Arenillas, Miguel A.
Montes-Moran.
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