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Overview

Electrospinning has proven to be an effective method to obtain carbon and
ceramic nanofiber fibers from conductive solutions of the corresponding precursor. In
this technique, one or more of these solutions, held in one needle or several concentric
capillary tubes, are subjected to an external electric field. Under suitable conditions, a
jet of fluid is propelled from the capillary tip, getting stretched and solidifying while it
flies towards a metallic collector, forming a rather long and small fiber. Electrospun
fibers are usually collected as membranes. These are easy to handle, show very small
resistance to diffusion because the small size of the fibers, and show low pressure drops
when applied as filters due to high void porosity, i.e. void to fiber ratio, of the

membrane.

The results in this work seem to point out that electrospinning is a suitable
technique for the production of nanofibers destinated to chemical engineering
applications, as catalytic or adsorption ones. The self-supported (zirconium oxide,
alumina) or the metal doped (platinum over silica or carbon) fiber catalysts has been
tested in several reaction process. In this sense, platinum-doped silica nanotubes have
been successfully tested in NOx abatement. Zirconia nanofibers can be used in
methanol decomposition to syngas or dimethyl ether production. Carbon-ceramic
composites show acid properties and highly developed textural properties, as those
required in alcohol dehydration. The reported platinum-doped carbon fibers could be
used in hydrogen storage, and the high specific surface are of pure carbon fiber can be

useful for adsorption of small molecules.

For carbon nanofiber production, lignin, a highly available, renewable and cheap
biopolymer, has been proven as a suitable raw material. On the other hand, ceramic
fibers can be synthetized ageing a sol precursor (thus obtaining a spinnable xerogel).
Subsequent thermal treatments are necessary to obtain carbon and ceramic nanofibers;
chemistry and textural surface properties are related to the temperature of such

treatments.

Both kinds of nanofibers have been produced using co-axial electrospinning
devices, which renders a higher stability of the ejecting area of the device (the Taylor
cone), reflected in continuous production of fibers with high length-to-diameter ratios



and smooth surfaces. Co-axial electrospinning has been also used to obtain ceramic-
carbon composite fibers, just spinning the adequate precursor for the inner or outer
needle. This particular case also allows preparation of carbon fibers saving the lignin
stabilization step. Finally, coelectrospinning the carbon or ceramic precursor with a

metallic salt has been proved as an efficient method to prepare metal-doped fibers.

This Ph. D. thesis is divided into 7 chapters. The first one, introduction, is
writing in Spanish, whereas the rest of the thesis is presented in English. The data
provided in Chapters 2 to 6 is adapted from already published, accepted or submitted
papers. Those chapters are devoted to preparation of lignin-based carbon fibers,
platinum doped carbon fibers, ceramic-carbon composite fibers, zirconia nanofibers for
methanol decomposition and platinum doped silica tubes for NO abatement. Each one
has their own conclusions. The final chapter will give a small insight in the remaining

and future work coming as a result of this thesis.
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Objectives

0. OBJECTIVES

Electrospinning has emerged in recent years as a promising thecnique to prepare
continuous fibers with sizes below the micron. A wide range of polymeric and ceramic
precursors, even many apparently non-spinnable, can be casted in such a way. For
instance, cheap biomass residues could be used as carbon fiber precursor, and sol-gel
strategies to obtain porous alumina or silica can be also adapted to electrospinning
production of ceramic fibers.

The main purpose behind this work is extending the current electrospinning
applications to chemical engineering ones. The usual fate of these fibers is to be used in
biomedicine, filter membranes or in thin films applications. But we could take
advantage of the properties of these materials to improve the performance of
heterogeneous catalysts and adsorption systems. Their small size and their usual
conformation in non-woven membranes can overcome mass transport limitations and
high pressure drops in the reacting system and can be easily handled. Moreover, the
flexibility of the technique could allow cleverly modifying the electrospinning setup to
achieve control of the active phase emplacement and particle size.

Consequently, this thesis reports the use of electrospinning in the preparation, as

well as the characterization and test in chemical engineering applications, of:
a) Porous carbon fibers for catalytic and adsorption applications, and

b) Composite or ceramic heterogeneous catalysts that could be used in gas

reaction systems, such as alcohol dehydration or air pollutant abatement.
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Chapter 1: Introduction

1. INTRODUCCION

1.0. Abstract

This chapter presents fiber production, in particular those made of carbon, by
traditional methods. Next, electrospinning technique is explained. A brief history of the
process, a detailed phenomenology of the technique and the most actual applications of
electrospun fibers are developed in this section. Moreover, the coaxial electrospinning,
one of the most interesting modifications used in electrospinning devices, is also
defined. This chapter also contains a small introduction to catalysis and adsorption
process, which are the intended application fields of the materials presented in this
thesis. The reasons for using such electrospun fibers in these applications are also
assessed. Usual catalyst synthesis processes are described. Materials for supports, as
zeolites, nanostructured mesoporous materials, alumina or carbon; support preparation
methods, such as sol-gel, hydrothermal treatment or nanocasting; impregnation methods
of active phase, such as electrodepostion, incipient wetness and so on; as well as
processing techniques for production of conformed solid catalysts are provided. Lignin-
based carbon catalysts are also included. Finally, a methodology section, where
additional equipments for thermal treatment and the reaction systems are described,

closes the chapter.

1.1.Fibras

Por estructura fibrilar se entiende una forma maciza o hueca que es continua en una
dimensién. Los materiales fibrilares son conocidos desde hace siglos. Las primeras
fiboras usadas por el hombre fueron de origen vegetal, principalmente aquellas
provenientes del lino, el algodén o el cafiamo, siendo destinadas al hilado de textiles.

También las fibras de origen animal, como la lana o la seda, fueron asi empleadas.

Las primeras patentes para producir fibras de celulosa, conocidas como rayon,
aparecen en el siglo XIX. Aunque el primer uso que ided el quimico inglés Joseph W.
Swan para sus fibras fue el de filamento de carbono para las lamparas eléctricas
incandescentes de Edison, en cuestion de afios su invencién fue aplicada a la produccién
a gran escala de “seda artificial”, destinada a uso textil. El siguiente gran avance vino de

la mano del descubrimiento de los polimeros sintéticos en los afios treinta del siglo XX.



Chapter 1: Introduction

Hasta ese momento, las fibras se obtenian a partir de polimeros naturales como la
mencionada celulosa. Con la llegada del nylon, producido por polimerizacion de la
caprolactama, las principales materias primas para la fabricacion de fibras pasan a ser

los derivados del petrdleo.

Hoy en dia se producen fibras de toda indole para usos muy variados a partir de
multitud de polimeros. Las de mayor importancia siguen siendo las textiles, aunque las
novedosas aplicaciones de las fibras de carbono las convierten en productos muy
atractivos y de alto valor afadido, por lo que adquiere gran importancia el conseguir

nuevas formas de fabricacién de las mismas.
1.1.1. Produccion de fibras por extrusion
La via mas habitual para el hilado de fibras. Consta de los siguientes puntos:

» Disolucion o fundido del precursor deseado, a veces afiadiendo fundentes
para dar plasticidad a la mezcla resultante.

» Extrusion de la mezcla en una hiladora. Segun si el precursor requiere una
simple solidificacion o una polimerizacion, esta etapa se llevara a cabo
sometiendo al extrusado a un tratamiento en seco o en bafio.

* En las fibras de carbono, es comun un paso de estabilizacion de las fibras
precursoras mediante pre-oxidacién con disoluciones acidas o estabilizacion
térmica, lo que modifica la termoplasticidad de la fibra, evitando que esta se
funda en la etapa siguiente.

» Para las fibras de carbono se hace necesario una carbonizacion de la fibra
estabilizada, que se lleva a cabo en atmdsfera inerte y normalmente a
temperaturas comprendidas entre 1000 y 1400 °C.

« Ademas, en aras de conseguir unas determinadas propiedades quimicas
superficiales, ya sea para aumentar su mojabilidad o para usar la fibra como
soporte catalitico, se afiade una etapa de tratamiento superficial de oxidacion
usando para ello distintos agentes oxidantes.

El diametro final de las fibras preparadas de esta forma puede ser de hasta 10
aunque cabe la posibilidad de conseguir mejoras en estas cifras con los Ultimos avances

en los equipos de extrusados.
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1.1.2. Produccion de fibras por otros métodos mecanicos

Ademas de la extrusion tradicional, los métodos mas usados hoy dia para la

produccion de fibras por métodos mecanicos son:

1.1.2.1.Hilado de bicomponentes

En este caso, las fibras son hiladas por extrusién usando dos materiales [1]. Los
avances tecnolégicos en los sistemas de hilado permiten conformar fibras en estructuras
corteza/nucleo, de cebra, en porciones de tarta y otras muchas formas. Las aplicaciones
de estas conformaciones permiten, por ejemplo, retirar a posteriori uno de los
componentes para obtener una fibra de menor tamafio o de aspecto segmentado.
También, utilizando un polimero de bajo punto de fusion en la corteza de la fibra y otro
de mayor punto de fusion en el interior, se pueden producir textiles que se fusionan por

diversos puntos de su superficie formando redes mas resistentes.
1.1.2.2.Soplado fundido

Este proceso permite producir redes fibrosas a partir de polimeros o resinas
fundidos, usando para ello flujos de aire a gran velocidad o algun otro sistema para
atenuar los filamentos [2]. Las fibras asi obtenidas no son ordenadas y alcanzan tamarfios
alrededor de 3 um, habiéndose registrado tamafios entre los 0.1 y los 15 pm. Aunque su
modulo de Young no suele ser elevado, los textiles asi obtenidos tienen una elevada
opacidad, y su reducido tamafio hace que gocen de una elevada area especifica externa,

posibilitando su uso en adsorbentes y en aislantes.
1.1.3. Produccion de fibras de reducido tamafio por métodos quimicos

Ademas de los métodos basados en extrusion o inyeccidon, existen métodos
guimicos, del tipo bottom-up, para producir nanofibras. El principal problema que se
encuentra a la hora de usar estos métodos es la baja velocidad de produccion que poseen

y el elevado precio de las fibras asi producidas. Entre estos métodos se cuentan:

1.1.3.1.Autoensamblaje

Hace referencia a la produccion de nanofibras a partir de la correcta disposicién
de las moléculas que la componen. Las moléculas se disponen en estructuras ordenadas

por interacciones de tipo no covalente. Las dimensiones de las fibras obtenidas por esta
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via son dificiles de controlar, y el método es complicado de transladar a la industria por
problemas en su escalado. Se han producido nanotubos de pared multiple de anchuras

de pared por debajo de los 500 nm usando esta via [3].

1.1.3.2.Nanomoldeo

En esta técnica se utiliza un material nanoestructurado poroso como molde o
negativo con el que obtener las fibras [4]. El precursor del material del que se quiere
fabricar la fibra es infiltrado en la red porosa del molde, para lo cual el precursor debe
hallarse en fase liquida o gaseosa. Es necesario que el molde y el precursor o la
disolucibn en la que viaja se encuentren en contacto intimo para asegurar una
infiltraciébn que aproveche al maximo el molde escogido. Para asegurar un completo
mojado de los poros, la quimica superficial del molde debe poseer una polaridad similar
a la del disolvente; a veces se afiaden surfactantes que ayudan a facilitar el contacto.
Ademas, para evitar bloqueos de la red porosa, la velocidad de deposicién debe ser
menor que el tiempo de difusién del precursor a través de la red porosa. Por ultimo, la
temperatura, el pH y en general las condiciones de trabajo deben ser cuidadosamente
escogidas para evitar un colapso del molde, como ocurre por ejemplo con las zeolitas al
ser usadas en atmosferas hiumedas o al trabajar a temperaturas elevadas. Una vez se
asegura la correcta infiltracion del molde, se procede a una segunda etapa de lavado en
la que se retira el molde, habitualmente destruyéndolo, quedando libre la nanoestructura
ordenada. Entre los métodos de infiltracion del precursor disponibles se cuentan:

* Deposicion. En ella el poro es infiltrado por el precursor en forma de
disolucidén. El precursor se adsorbe en las paredes de los poros. Controlando
los tiempos de contacto y la concentracién de la disolucién, es posible
obtener nanotubos en tiempos cortos y bajas concentraciones, Yy
nanofilamentos cuando la infiltracion de la red porosa es completa [5].

» Deposicion electroquimicé&n ella el molde es en primer lugar anodizado
con una capa metalica muy fina, con el objeto de hacerlo conductor. A
continuacion, los poros se rellenan por completo con un precursor que puede
ser metalico o un polimero conductor, produciéndose nanofilamentos de
metal o de carbono [6].

» Polimerizacion. El molde se sumerge en una disolucién que contiene un

monomero. A continuacion, se afiade el agente de polimerizacion. El
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polimero resultante nucleard preferencialmente sobre las paredes de los
poros del molde, creciendo a lo largo del radio del mismo. Nuevamente,
tiempos cortos produciran nanotubos, mientras que tiempos largos
conllevaran infiltracibn completa de la red porosa y formacién de
nanofilamentos [7].

* Sol-gel. De forma analoga a la polimerizacién, es posible preparar un sol
en el que se dispersen particulas del molde. Las micelas del sol y
posteriormente los agregados de particulas del gel se formaran dentro de los
poros. Tras los tratamientos térmicos correspondientes, se obtendra un

xerogel que retendra la morfologia de la red porosa del molde [8].
1.1.4. Tipos de fibras atendiendo a su compaosicion

Ademas de las fibras organicas, como las de carbono para refuerzo en materiales
compuestos o las poliméricas del sector textil, es posible conformar en filamentos
algunos materiales inorganicos, siendo el caso mas aplicado comercialmente el del
oxido de silicio, del que se producen las fibras Opticas utilizadas en telecomunicaciones
y las fibras de vidrio usadas como refuerzo. En cuanto a la aplicacion de fibras en
ingenieria quimica, las telas de fibra de carbdn activado aventajan en uso a las fibras
compuestas por otros materiales. A continuacion se presentan las fibras de carbono y los
nanotubos de carbono, un tipo de material carbonoso relativamente reciente que ha
despertado el interés investigador, entre otras razones, por su posible uso como soporte

catalitico.
1.1.4.1. Fibras de carbon

Las fibras de carbono son, hoy en dia, un material de elevada importancia
tecnologica y econdmica. Estos materiales se distinguen por su morfologia filamentosa
y un alto contenido en carbono, superior al 90% en peso. Sus propiedades quimicas,
mecanicas y eléctricas las hacen idoneas para multitud de aplicaciones avanzadas en
campos tan dispares como la industria aeroespacial, la catalisis heterogénea o el
material deportivo. Desde que se ideara un método de preparacion de fibras de carbono
a partir de la carbonizacion de filamentos de bambu (celulosa) a finales del siglo XIX,
han aparecido una amplia gama de materiales carbonosos que son susceptibles de ser
usados como precursores de estas fibras. En la década de los sesenta, la Union Carbide
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ide6 un método en el que se usaba rayon (celulosa purificada) para obtener fibras de alto

modulo de Young. Mas adelante hizo su aparicion el poliacrilonitrilo (PAN), precursor

mas utilizado en la actualidad. Las fibras fabricadas a partir de éste tienen unas

propiedades mecanicas excelentes, pero al ser caro, eleva el coste de produccion. El uso

de breas de petrdleo o resinas fendlicas como materias primas para la preparacion de

fibras de carbono abarata el coste, pero empeoran sus propiedades. En las ultimas dos

décadas se ha investigado el uso de breas como precursores [9,10]. También se

investiga en este campo el uso de fuentes renovables o recicladas de carbo6n [11]. Segun

el método de preparacion que se haya seguido, el precursor utilizado, asi como las

propiedades obtenidas, las fibras comerciales se clasifican en:

Fibras de carbono de altas prestaciones. Preparadas a partir de breas de
mesofase (ultra-alto mddulo) o poliacrilonitrilo (alto médulo). Se necesitan
tratamientos térmicos adicionales a 2000-3000 °C para su preparacion. Por
su elevado coste, estas fibras se dedican a aplicaciones muy limitadas que
requieren fibras de muy altas prestaciones, como la industria aeroespacial,
material deportivo, refuerzo en los materiales compuestos, etc.

Fibras de carbono conductoras/grafiticas. Se preparan a partir de fibras de
carbono, siempre que sean grafitizables, con un tratamiento térmico a 2400-
3000 °C. A esas temperaturas, los microcristales de carbén se ordenan
tridimensionalmente en forma de carbono grafito, obteniéndose excelentes
propiedades conductoras.

Fibras de carbono de uso general. Se preparan a partir de breas de carbén y
petréleo y resinas fendlicas. Su precio y propiedades mecéanicas son
inferiores que las de altas prestaciones. Entre ellas se cuentan las fibras de
carbono activadas vy las fibras de carbono crecidas en fase vapor. Las fibras
de carbono activadas se distinguen por su elevada é&rea superficial y
distribucion de tamafio de poros muy uniforme. Se preparan a partir de
cualquiera de los precursores ya mencionados, afiadiendo una etapa de
activacion, ya sea fisica o quimica, tras la carbonizacion. Estas fibras se
pueden obtener en forma de telas o fieltros. Las fibras de carbono crecidas en
fase vapor, en cambio, se obtienen mediante un proceso catalitico de

depdsito quimico en fase vapor. Por este procedimiento se pueden preparar
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fibras de reducido diametro. Este método es analogo a la deposicidon quimica

en fase vapor por el cual se preparan los nanotubos de carbono.

1.1.4.2.Nanotubos de carbono

Los nanotubos de carbono o CNT son estructuras de carbono grafito dispuestas en
forma de lamina enrollada helicoidalmente a lo largo de un eje. Estos tubos pueden estar
compuestos por una lamina (nanotubos de carbono de pared uUnica o SWCNT, [12]) o
por varias (nanotubos de carbono de pared multiple o MWCNT [13]). Sus diametros
oscilan entre los 0,4 nandmetros del nanotubo de pared Unica hasta unas pocas decenas
de nanOmetros. Estos materiales estan dotados de propiedades muy interesantes, como
una estructura mesoporosa unidimensional a lo largo de su eje, altas areas superficiales
especificas, bajas resistividades eléctricas, alta estabilidad quimica y excelentes
propiedades mecanicas. Desde que en 1991 lijima publicé un método para preparar
nanotubos de carbono por arco de descarga eléctrica [13], estos materiales han estado en
el centro de atencion de la comunidad cientifica internacional, contandose por miles las
publicaciones referidas a métodos de sintesis, modificaciones estructurales,
enaltecimiento de propiedades y novedosas aplicaciones de estos materiales carbonosos.
Por citar algunos ejemplos de entre los muchos disponibles, se ha postulado el uso de
CNT para la adsorcion de;lHL4], en la fabricacion de transistores y circuitos l6gicos
[15], para reforzar materiales compuestos [16], en la preparacion de sensores de VOCs
multisefial [17], como electrodos de supercondensadores [18] o como soportes
cataliticos [19]. Los métodos de sintesis de CNT mas usados son:

» Descarga de arco eléctrico. Fue la via por la que lijima produjo
accidentalmente nanotubos de carbono como coproducto en la produccion de
fullerenos [13]. Consiste en la aplicacion de un voltaje en torno a los 20V y de
una corriente del orden de la centena de amperios en dos electrodos de grafito
enfrentados, separados a una distancia de unos 5 mm y en una atmosfera de
presién relativamente baja e inerte, siendo de helio habitualmente, Figura 1.1.
En esas condiciones, se forma un plasma de carbono sublimado entre los
electrodos que alimentara el crecimiento de los MWCNT sobre el anodo,
mientras el catodo se va consumiendo durante el proceso. El anodo puede ser
dopado con catalizadores como niquel o cobalto para producir SWCNT [20]. La
selectividad de este procedimiento ronda el 40%.
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» Ablacién de plasma con laser. Desarrollada por el grupo de Richard Smalley en
la Rice University [21]. En ella, una porcion de grafito es colocada en el centro
de un horno tubular, mientras que en uno de los extremos se posiciona el laser
gue incidira sobre el grafito vaporizandolo, y en el extremo contrario una punta
de cobre refrigerada donde se depositaran los nanotubos formados, Figura 1.2.
El horno se lleva a temperaturas de 1200 °C en condiciones cercanas al vacio, y
durante la operacién se hace pasar una corriente de argbn a una presion
moderada, que sera la que arrastre el carbono para que se deposite en forma de
nanotubo en la punta de cobre [22]. La temperatura del horno puede controlar el
diametro de los CNT formados. Son mayoritariamente SWCNT, y su

selectividad llega al 70%, aunque es un método costoso.
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Deposicién quimica en fase vapor (CVD). Aunque reportado en fechas tan
tempranas como los afios 50, este método no regreso a la palestra hasta después
de los trabajos de lijima. La CVD consiste en un crackeo controlado de un
hidrocarburo sobre un soporte catalitico dopado con metales de transicibn como
el niquel [23], Figura 1.3. El catalizador es llevado a la temperatura de reaccion
en una atmésfera reductora para aumentar su actividad. Posteriormente, se hace
pasar una corriente gaseosa compuesta por el gas de sintesis escogido, como
puede ser el acetileno, el metano o el benceno, junto con hidrogeno. El
hidrocarburo crackea sobre las particulas metalicas de catalizador,
depositandose el carbono de forma ordenada sobre ella. El carbono grafitico
difunde hacia el soporte, disponiéndose sobre la capa anterior de grafito y
haciendo crecer la fibra, mientras que la particula de catalizador se distancia de
la superficie del sustrato. Por lo tanto, el tamafio de la particula metalica dictara
el diametro del CNT preparado. Ademas, la relacion de caudal entre el gas del
precursor y el hidrogeno, asi como la temperatura del horno y el metal escogido
influirdn tanto en la forma como en la longitud y en la pureza de los nanotubos
obtenidos. Es el método que mas se utiliza en la actualidad para la produccion
de CNT comerciales, asi como el que mas atencién recibe por parte de los
investigadores, como demuestra el numero de articulos sobre CVD publicados
en el dltimo lustro, superando los 5000 articulos (SCOPUS, Septiembre de
2011.
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1.2.Electrospinning

La técnica de produccién de fibras derivada de la aplicacion de fuerzas
electrohidrodinamicas (EHD) a un liquido conductor es denominada como
electrospinning o electrohilado. Aunque tradicionalmente los materiales usados para la
produccion de fibras se limitan a polimeros, esta técnica para preparar fibras a partir de
cualquier material en disolucion o mezcla fundida gracias a una cuidadosa seleccion de
disolventes y de la configuracion del equipo de electrohilado. La principal caracteristica
de estas fibras es su reducido tamafio, siendo posible alcanzar diametros en las decenas
de nandmetros usando componentes de mucho mayor tamafio y disponibilidad. En
consecuencia, desde que fue redescubierto en los noventa el electrohilado ha despertado
un interés creciente en la comunidad cientifica, que ha motivado miles de publicaciones
de tematica dispar, y los numerosos avances cosechados en los ultimos veinte afios han
hecho de la simple enumeracion de las posibilidades de la técnica una ardua tarea que
gueda pronto desfasada. Por ello, aqui sélo se pretende presentar la técnica y describir
aguellos de sus apartados que tienen un mayor grado de implicacién en el trabajo
desarrollado en esta tesis doctoral. Para obtener una panoramica mas concreta sobre los
aspectos mas importantes del electrohilado seria recomendable acudir a algunas de las
revisiones bibliograficas mas destacadas, como aquellas que versan sobre aplicaciones
[24-26], configuraciones del equipo [27], materiales electrohilables [28], la
escalabilidad y la recoleccion de fibras [29], la descripcion y modelado de las fuerzas
EHD que hacen posible la técnica [30] y otras muchas sobre el estado del arte,

disponibles en la literatura cientifica.
1.2.1. Historia

Aunque seria posible remontarse mucho mas atras en el tiempo si se considera
como parte de su historia los descubrimientos en el campo del estudio de las fuerzas
electrohidrodinamicas que se hayan detras del funcionamiento de la técnica, el
electrospinning tal y como es estudiado hoy dia aparece por primera vez en una patente
de Anton Formhals en la década de los 30 del siglo pasado [31]. En este documento se
menciona ya que la accion de un campo eléctrico sobre disoluciones conductoras
permite producir hilos de reducido tamafio o gotas. Formhals no es el tnico que estudia
este fendmeno, habiendo incluso patentes anteriores como las de Cooley y Morton,

aunque si es el inventor mas destacado de este grupo de precursores. Ailos mas tarde,
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Simm et al también proponen la produccion de fibras de reducido para filtros usando

este sistema.

De cualquier forma, ninguna de estas patentes se traducen en un uso comercial del
electrospinning, hecho que tendria que esperar hasta la década de los ochenta en el
mundo occidental, cuando la compafia Donaldson comienza a producir masivamente
fibras electrohiladas como componente adsorbente de sus filtros [32]. En el otro lado
del telén de acero, los cientificos soviéticos Rozenblum y Petryanov-Sokolov también
publicaron la fabricaciéon de fibras electrohiladas, a las que buscaron como aplicacion la
captura de aerosoles. A partir de los afios 40, el gobierno comunista puso en
funcionamiento algunas fabricas que producian fibras de acetato de celulosa
electrohiladas en disoluciones de etanol y dicloroetano, siendo usadas en unos filtros,
usados como equipo de proteccidén en plantas nucleares, que se dieron a conocer como
“Filtros Petryanov”. A finales de los afios 60, el gobierno de la URSS proclamaba

producir 20 millones de metros cuadrados por afios de estos materiales.

Mas alla de estos casi anecdoticos casos de comercializacion de la técnica, ésta fue
ignorada por la comunidad cientifica hasta los afios 90, momento en que, con los
trabajos del grupo de Reneker [33], Rutledge [34] y algunos otros, entre los que se
cuenta el grupo de Loscertales en la Universidad de Malaga [35], el electrospinning fue
revalorizado como una fuente potencial de fibras continuas de reducido tamafio y de una
vasta variedad de compuestos poliméricos y precursores ceramicos. A modo de ejemplo
del enorme interés captado por la técnica, a fecha de Septiembre de 2011, es posible
encontrar mas de 6400 trabajos bajo la acepcion electrospinning y 261 reviews en la

base de datos Scopus.

Hoy dia, las principales compariias productoras de fibras mediante electrospinning

se agrupan en la pagina webww.spinrati.com contandose por decenas las

universidades donde hay grupos entre cuyas lineas de investigacion esta el
electrospinning. Cabe destacar en este sentido a la empresa espafiola YFLOW, fundada
en 2001 por cientificos de las Universidades de Malaga y Sevilla. Esta empresa es
pionera en el uso de técnicas electrohidrodinamicas para la produccién de fibras,
destacando sobretodo su crucial aporte en el desarrollo de equipos de electrospinning
coaxial o co-electrospinning, cuya configuracion de agujas coaxiales permite producir

materiales fibrilares encapsulados o fibras huecas en un Gnico paso.
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1.2.2. Descripcion de la técnica

El electrospinning se vale de un uso preciso de las fuerzas electrostéticas para
abordar la produccion de fibras submicrométricas. Estas fuerzas ya han sido usadas con
anterioridad en los precipitadores electrostaticos o en los sprays para las emulsiones de
pesticidas. Se puede definir el electrospinning como un proceso en el que una
disolucion de un polimero, un sol o una mezcla fundida, todas ellas conductoras, son
hiladas en fibras de pequefio diametro usando un campo eléctrico de elevado potencial.

Las ventajas mas evidentes de esta técnica son su simplicidad y flexibilidad.

1.2.2.1. Equipo basico

Aunque las interacciones fisicas, quimicas y eléctricas que rigen en este proceso son
complejas, el aparato usado para electrohilado resulta de construccién sencilla, Figura
1.4. El montaje suele consistir en una fuente électrica de alto voltaje, que se usa para
cargar eléctricamente una disolucion de precursor de fibra, que se encuentra en una
bomba de jeringa, en cuya boquilla se coloca la hiladora, normalmente una aguja
metélica. En frente de la jeringa y a una distancia de no mas de un metro, se emplaza un
colector metalico también cargado eléctricamente con polaridad inversa a la de la
disolucién de precursor. El colector sera una placa de aluminio, un tambor giratorio, una
bandeja llena de liquido u otro sistema que permita la recoleccion de las membranas

compuestas por fibras enmarafiadas u orientadas segun el tipo de colector empleado.

/
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Figura 1.4. equipo basico de electrospinning (wikimedia commons).
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1.2.2.2. Cono de Taylor

La disolucion del precursor del material al que queremos dotar de forma fibrosa se
bombea desde la jeringa a baja velocidad. Una gota de la disolucion aparece en la punta
de la aguja de la hiladora. La fuente de alto voltaje conectada a la misma induce la carga
de la disolucion. Los iones cargados que se producen se desplazan en la disolucién
hacia el punto mas cercano al colector, que ha sido cargado a distinta polaridad para
atraerlos. Ese punto es la gota en el extremo de la aguja. En ella, el equilibrio de fuerzas
viscosas, de tension superficial y eléctricas de repulsion entre cargas en la superficie de
la gota causan que ésta se deforme, adoptando forma cénica, Figura 1.5. Este cono es
conocido por “cono de Taylor”. Mas alla de una determinada carga critica de la
disolucion, este cono se vuelve inestable, venciendo las fuerzas eléctricas a las de
tension superficial, produciéndose la eyeccion de liquido desde el cono hacia el
colector. La estabilidad de este cono es critica si se quiere mantener el proceso de
electrospinning en funcionamiento durante un tiempo prolongado. Por ejemplo, una
velocidad de evaporacion alta o un liquido muy viscoso podrian inducir la solidificacion

del cono de Taylor, lo que detendria el proceso de electrospinning.

Figura 1.5. Cono de Taylor compuesto[35].
1.2.2.3. Eyeccion del chorro

Mas alla de la carga critica, un chorro de liquido es eyectado del cono de Taylor.
Segun es emitido del cono, el chorro de fluido forma un filamento continuo que va
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estrechandose segun se aleja de la aguja. Este fluido esta cargado, y la accion del campo
eléctrico entre la aguja y el colector hace que se acelere en sentido aguja-colector. En
este sistema, para una disolucion de una conductividad dada, el flujo impuesto de
liquido en la bomba de jeringa y el potencial de campo eléctrico dictaran la dinamica de
eyeccion de ese chorro a través de la resultante intensidad de corriente, siendo posible
escoger unos valores de estos parametros que mantengan estable el sistema durante un
largo periodo de tiempo [30]. Ademas, de ellos dependera el grosor del chorro,
estrechamente relacionado con el tamario final de la fibra. La figura 1.6 muestra este

efecto.

(a)

Figura 1.6. Imagenes de chorro hilado a partir de disoluciones de polietilenéxido en
agua (a) Q=0.02 ml/min, E=0.282 kV/cm; (b) Q=0.10 ml/min, E=0.344 kV/cm; (c)
Q=0.50 ml/min, E=0.533 kV/cm; (d) Q=1.00 ml/min, E=0.716 kV/cm [30].

1.2.2.4. Inestabilidades

En el vuelo del chorro hacia el colector, alguna de las fuerzas que estan actuando
simultdneamente sobre el filamento de fluido se impondra, causando la aparicion de las
llamadas inestabilidades, responsables de cambios en la trayectoria, forma e incluso
estabilidad del chorro. Se ha de considerar que, para conseguir mantener el
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electrospinning operativo, durante el vuelo hacia el colector el chorro debe, en primer

lugar, ser continuo. En segundo lugar, el disolvente que lo mantiene como liquido debe

tener tiempo suficiente para evaporarse, dejando un filamento sélido que sera el

recogido en forma de membrana tras impactar en el colector. Las inestabilidades pueden

acabar con la morfologia fibrilar del chorro y/o hacer mas largo el recorrido del chorro

hasta el colector, incrementando el tiempo de vuelo y con ello el de evaporacién de

disolvente. El estudio de las inestabilidades es, por lo tanto, primordial para poder

favorecer la accion de aquellas que nos interesen, y suprimir otras que pongan en

peligro la estabilidad del sistema.

Inestabilidades de Rayleigh y variceadlunque la primera se derivé para
liquidos no conductores, ambas son equivalentes en cuanto a su funcionamiento.
Deforman el chorro de forma axisimétrica, lo que quiere decir que causan
ensanchamiento y estrechamiento radiales a lo largo de la longitud del chorro.
Vienen causadas por la tensién superficial del liquido, y si se le da el tiempo
suficiente, causa la rotura del chorro en gotas, obteniéndose el aerosol
caracteristico de la técnica de electrospray [36]. Zuo et al. [37] estudiaron el
efecto de esta inestabilidad sobre la forma del chorro, y encontraron que si
aparece de forma controlada, el chorro solidificar4 antes de que se rompa en
gotas, obteniéndose es una fibra perlada. En ellas se observan protuberancias
esféricas encastadas en el cuerpo de la fibra y separadas entre ellas a una
distancia regular, como las presentadas en la micrografia de la figura 1.7.
Inestabilidad de latigueo. Consiste en una oscilacion lateral del chorro causada
por la repulsion resultante entre los iones en su seno [38]. Aunque hace afios se
consideraba que el chorro se rompia en varios de menor diametro a
consecuencia de esta inestabilidad, se ha demostrado que el chorro es continuo,
y el latigueo es el responsable del estrechamiento del diametro del chorro [34].
El perimetro que alcanza este latigueo radialmente, esto es, la distancia del
chorro hasta el eje de tiro de la aguja, va incrementandose segun el chorro
avanza hacia el colector, cubriendo un volumen con forma de cono invertido. El
modelo propuesto por Reneker et al. [39] demuestra que esa elongacion es
responsable del estrechamiento del chorro, por lo que la aparicion de esta
inestabilidad se hace muy importante. En un trabajo reciente de Loscertales et

al. [40] se demuestra que son tres los niumeros adimensionales que gobiernan la
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aparicion de esta inestabilidad: los nimeros capilar, el Bond eléctrico y el
cociente entre la relajacion eléctrica y el tiempo de residencia. La determinacion
de los valores minimos y maximos de estos parametros permitiria ajustar las

variables de operacion para obtener el latigueo deseado.

Figura 1.7. Fibra perlada de exterior de lignina e interior de aceite electrohilada
mediante electrospinning coaxial. Escala: 1000 nm.

» Inestabilidad de multichorro. En ella el chorro se divide en varios filamentos de
menor tamafno debido al exceso de densidad de carga superficial. La Figura 1.8
muestra la imagen TEM de una membrana de fibras de 6xido de zirconio donde
esta inestabilidad lleva a la aparicion de tamafios de fibra muy variados.

1.2.2.5.Recolecciéon de la fibra

Cuando las fibras impactan sobre el colector, van acumulandose una sobre otra
formando una pelicula de fibras enmarafiadas. Estas fibras pueden ser recogidas en
forma de membrana, la mas habitual de las conformaciones en las que se presentan las
nanofibras electrohiladas. En el caso de querer obtener fibras con la misma orientacion,
es posible aplicar varias estrategias. La mas habitual es el uso de un tambor rotatorio
como colector [41]. También se pueden usar colectores con formas tan variadas como
puntas [42], barras paralelas o simples hatillos de cables conductores para dirigir la
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recoleccion de la fibra en una orientacion preferencial. Las fibras tienden a formar
puentes entre las puntas o las barras si les le da el espacio adecuado entre ellas. Otra
opcion es rotar un par de discos o anillos paralelos [43]. Si no hay inestabilidades
operando en el electrospinning, lo cual no es habitual, se pueden recolectar fibras
orientadas simplemente escribiendo con el chorro sobre la cara del colector [44]. Por
ultimo, se pueden utilizar liquido conductores inmiscibles con las fibras que se estan
hilando en una especie de variante del hilado humedo tradicional. Esto ayuda a la

produccion de fibras en las que el disolvente tiene poca volatilidad [45].

[
c
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Figura 1.8. Imagen de microscopio electrénico de transmision (TEM) de fibras de

Oxido zirconio calcinadas a 500 °C. Escala; 200 nm.
1.2.3. Variables de operacion

Los principales parametros que controlan la estabilidad del proceso de
electrospinning son aquellos que participan en las fuerzas eléctricas, de tensidn
superficial y viscoelasticas puestas en juego en este sistema. Estos parametros se
reparten en dos grupos; los pertenecientes a la disolucion a hilar y los que corresponden

al equipo de electrospinning.
Los parametros del equipo que mas influyen en la formacion de la fibra son:

» Voltaje. El voltaje es responsable de la carga eléctrica del fluido. Como se
indicé6 antes, sera necesario un valor minimo de voltaje para iniciar la

eyeccion del chorro desde el cono de Taylor, mientras que un valor
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demasiado alto llevara a la aparicion de la inestabilidad de multichorro,
descrita con anterioridad. Sera necesario trabajar en el umbral marcado por
estos dos valores [46]. Por lo demas, se sabe que el aumento del voltaje
aplicado conlleva una velocidad de deposicion de fibra méas alta por una
mayor transferencia de masa desde la punta de la aguja [47]. El incremento
de la fuerza del campo eléctrico también hace disminuir el tamafio de la
fibra al acelerarla, pero reduce el tiempo de vuelo, lo que puede llevar a
menos evaporacion de disolvente y conducir a fibras mayores [48].

Distancia del hilador al colector. Afecta a la estructura y morfologia de las
fibras electrohiladas a través de su relacién con el tiempo de vuelo,
alterando los tiempos de latigueo y de evaporacion. Mayores distancias
favorecen la eliminacién de la inestabilidad variceal, llevan a mas tiempo de
evaporacion y el mayor latigueo reduce el diametro de la fibra, pero se hace
necesario un mayor voltaje para mantener la fuerza del campo eléctrico.
Velocidad de bombeo de la disolucién. Aunque favorece la produccion de
mas cantidad de fibra, un mayor bombeo de liquido a la aguja lleva a
mayores diametros de fibra, e incluso puede detener el proceso de
electrohilado si la maxima velocidad a la que se transfiere masa a traves de
la eyeccidon de chorro es menor que la velocidad de bombeo de disolucion
[47].

Por otro lado, los parametros de la disolucion de mayor importancia son:

Concentracion del precursor. La concentracion de la disolucion es un
pardmetro de gran importancia porque afecta a la viscosidad y a la tensién
superficial. Un valor bajo de concentracion favorece la aparicion de
electrospray debido a la accion de la tension superficial, mientras que una
concentracion elevada lleva a mayores viscosidades, hasta tal punto que
puedan hacer que la disolucion sea imposible de electrohilar. Por norma
general, el didmetro de la fibra aumenta con la concentracion de la
disolucién. En cuanto a la viscosidad y a la tension superficial, la relaciéon
entre una y otra es determinante a la hora de obtener fibras de aspecto
perlado, ya que la tensién superficial tiende a deformar el chorro en gotas,
mientras que las fuerzas viscosas dan cohesion al chorro de liquido; la

solidificacion del chorro antes de que el chorro se rompa en gotas daréa lugar
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a tales fibras [49]. Es posible usar aditivos para modificar uno de estos dos
parametros para obtener la morfologia deseada. Es el caso del uso de
surfactantes en la produccion de fibras de poli-vinil-alcohol para reducir la
tension superficial, acabando asi con la formacion de fibras perladas [37].

» Conductividad de la disolucion. La disponibililidad de iones cargados en la
disolucién es un requisito indispensable para hacer electrohilable una
disolucidén. Una mayor conductividad permite incrementar la capacidad de
carga del liquido, incrementando el efecto del campo eléctrico. Baumgarden
et al [50] demostraron que el radio del chorro varia inversamente con la raiz
cubica de la conductividad eléctrica de la disolucion. Es posible afiadir
electrolitos a una disolucion para hacerla mas conductora y, por ende, mas
electrohilable, como se demuestra en el trabajo de Zong et al. en la
produccion de fibras de PDLA [51]. En cuanto a las inestabilidades, el
aumento de la conductividad conlleva la supresién de la inestabilidad
variceal, produciendo fibras de superficies mas regulares.

e Volatilidad del disolvente. La importancia de esta propiedad es obvia, al
determinar el tiempo necesario de vuelo para que el disolvente se evapore
del chorro, solidificando en forma de fibra. Por otro lado, si el disolvente es
muy volatil puede sobrevenir la solidificacion del chorro antes de que se
inicie la inestabilidad de latigueo, produciendo fibras demasiado gruesas al
no haberse visto elongadas por el latigueo. Incluso puede ocurrir la
solidificacion del cono de Taylor, deteniéndose el proceso [52]. Aunque la
volatilidad es una propiedad de la disolucion, es posible modificar su efecto
actuando sobre el ambiente en el que se lleva a cabo el electrospinning; por
ejemplo, la humedad ambiental afecta a la hidrdlisis de fibras de alcdxidos,
y un control de la misma puede usarse para modificar la velocidad de

solidificacion de esas fibras.
1.2.4. Electrospinning co-axial

En 2002, los fundadores de Yflow publicaron en Science un método para generar conos
de Taylor compuestos a partir del bombeo simultdneo de dos liquidos a través de dos
agujas concentricas. Esto permitia encapsular un liquido en otro siempre que fueran

inmiscibles [35]. Como puede apreciarse en la figura 1.9, el montaje es analogo al
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previamente detallado del electrospinning. En él, se han duplicando las bombas y se ha
afladido una segunda aguja concéntrica a la boquilla de hilado. Sin necesidad de variar
el montaje usado para tal fin, los autores extendieron el uso del cono de Taylor
compuesto al electrospinning, obteniendo fibras huecas ceramicas a partir de una
disolucién no electrohilable, para lo que usaron el liquido bombeado por la aguja
interna para arrastrar al precursor ceramico [53]. Aunque Barrero et al. patentan este
sistema en 2002 [54], entre 2003 y 2004 varios grupos centrados en el estudio de las
fuerzas electrohidrodinamicas reportan el uso de electrospinning co-axial para producir
fibras compuestas [55-57].
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Figura 1.9. Montaje co-axial para encapsular liquidos, facilmente extensible a

electrospinning [35].

Este sistema de electrospinning puede ser usado para producir nanocapsulas de liquidos
inmiscibles e hilar liquidos inmiscibles, tal y como se ha descrito en el parrafo anterior.
También se pueden obtener fibras compuestas con distinta composicion entre el interior
y la superficie y fibras huecas extrayendo el liquido bombeado por la aguja interna,

temas a los que se dedican dos de los capitulos de esta tesis.
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En cuanto a las variables de operacion en el eletrospinning co-axial, ademas de los

parametros descritos con anterioridad, aparecen tres nuevas variables [58]:

» La tensién superficial entre ambos liquidos, los cuales son no miscibles, es
grande, y debe ser reducida al minimo para obtener un cono de Taylor
estable. Se suele conseguir afiadiendo surfactantes u otros aditivos que sean
miscibles en ambos liquidos.

» La viscosidad de ambos liquidos debe ser suficientemente elevada como
para que el movimiento impuesto por el liquido de arrastre o conductor (en
nuestro caso, el liquido bombeado por la aguja interna) se transmita hacia el
otro liquido gracias al rozamiento en la interfase, venciendo ademas las
fuerzas de tension superficial que podrian acabar con el cono de Taylor
compuesto.

e Por ultimo, los cocientes de velocidad de bombeo externo e interno son
controlados para evitar la aparicion de un modo de goteo (si el caudal
interno es muy bajo respecto al externo) o la desaparicién de la capa de
liquido externo, que podria verse arrastrada en gotas disueltas en el elevado

flujo bombeado por la aguja interna.
1.2.5. Aplicaciones de los materiales electrohilados

Las fibras de reducido tamafio ya contaban con aplicaciones potenciales antes del
redescubrimiento del electrospinning, y los ultimos afios han visto una explosion de
publicaciones en las que se afiaden nuevos campos donde aprovechar el pequefio
tamafno y las excelentes propiedades de estos materiales. Si hubiese que escoger el
campo donde las fibras electrohiladas han encontrado un mayor nimero de aplicaciones,
seguramente seria la biomedicina el elegido, seguido de la separacién en aguas cuando
se usan como filtros. Cabe destacar también las aplicaciones como sensores,

almacenamiento de energia, cataliticas e incluso como refuerzo estructural.

1.2.5.1. Aplicaciones en filtros

Esta fue la primera aplicacion en la que se usaron fibras electrohiladas. Con ellas, es
posible filtrar particulas de tamafio submicromético [59]. Las membranas de fibras
poliméricas asi preparadas tienen la ventaja de causar bajas pérdidas de presion en

operacion, y al estar cargadas eléctricamente pueden ejercer también de filtros
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electrostaticos [60]. Si el material es poroso, puede ser usado como adsorbente en
procesos de eliminacion de contaminantes, tanto en fase acuosa como gaseosa, caso de
las fibras de nylon para la eliminacion de cadmio o de fibras de carbono para la
adsorcion de didéxido de azufre [61,62]. En cuanto a separacion, la rugosidad o la
morfologia superficial de la fibra, asi como la distancia entre las fibras, pueden ser
aprovechadas para producir membranas superhidrofébicas, capaces de separar rapida y
selectivamente agua y otro liquido disuelto en ella, o, usando una fibra de un polimero
transparente, es posible depositar capas del mismo sobre un cristal para volver la
superficie hidrofobica [63]. Es también posible crear textiles multicapas, donde se
depositen peliculas electrohiladas de distintos materiales, aprovechando la capacidad

para filtrar y adsorber de cada uno de ellos.

1.2.5.2. Aplicaciones en biomedicina

Hoy dia es el area de aplicacion que atrae un mayor esfuerzo investigador. La gran
versatilidad del electrospinning hace posible electrohilar disoluciones de polimeros
sintéticos que sean biocompatibles con el cuerpo humano. Este hecho se aprovecha
principalmente en la produccion de tejidos y en la dosificacion controlada de
medicamentos. En el primero de estos campos, la maraia de fibras electrohiladas
conforma nanoarmazones que las células del tejido a crecer pueden utilizar como
soporte para reproducirse rapidamente, permitiendo una regeneracion mas rapida del
mismo [64,65]. Las ventajas de usar nanofibras incluyen un cociente muy elevado entre
area y volumen ocupado, porosidad idénea, maleabilidad y posibilidad de obtener
distinta rugosidad sobre la cara de la fibra. También es posible electrohilar disoluciones
de las proteinas propias del cuerpo humano, obteniéndose un ambiente mas favorable a,

por ejemplo, la adhesion, proliferacion y diferenciacion de osteoblastos [66].

En cuanto a la dosificacion de medicamentos, la encapsulacion dentro de las
nanofibras los protege de posible degradacion en el flujo sanguineo, pudiéndose liberar
en la zona a tratar mediante un estimulo adecuado. De esta forma se han encapsulado
antibidticos, tratamientos contra el cancer o proteinas [67-69]. El electrospinning
coaxial también puede usarse para conseguir este encapsulamiento. Para ello, la
envoltura debe contar con una estructura porosa que permita la difusion del
medicamento hacia el exterior mediante una cinética bien definida. Asi, por ejemplo

Zhang et al. [70] demostraron que la velocidad de dosificacién dependia del tamafio de
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la fibra, siendo menor a mayor tamafo de diametro; de cualquier forma, la velocidad de
dosificacion disminuia suavemente, sin registrar cambios subitos. Otros estudios
demuestran que altas cargas de medicamento y envolturas de polimeros de bajo peso

molecular favorecen velocidades de dosificacion mayores [71,72].

1.2.5.3. Aplicaciones en sensores

Los materiales semiconductores como los oOxidos de titanio, estafio, wolframio,
molibdeno y otros, poseen la capacidad de detectar concentraciones de gases en el nivel
de traza [73]. Al ser electrohilados, la elevada &rea especifica junto con su elevada
conductividad hacen de estos materiales productos idéneos para preparar nanosensores.
Cuando el gas contaminante a analizar se adsorbe en una nanofibra de un metal
semiconductor, la resistividad de este se ve alterada, produciendo un cambio de voltaje
qgue puede ser relacionado con la presencia del gas. Asi se han preparado fibras
eficientes para la deteccion a nivel molecular [74,75]. De forma analoga pueden
emplearse como sensores Opticos [76]. Por ultimo, también cabe la posibilidad de usar
las fibras como soporte y cargarlas con metales nobles sensibles a la presencia de
determinados gases, por ejemplo depositando paladio sobre fibras de 6xido de titanio
[77]. Asi se dota al metal de una mayor area especifica, consiguiéndose un mayor

aprovechamiento del mismo.

1.2.5.4. Aplicaciones en almacenamiento de energia

Nuevamente, las propiedades de los materiales electrohilables, junto con la
morfologia que se obtiene al electrohilarlos hacen de las nanofibras resultantes
productos que pueden emplearse como fotoelectrodos en células fotovoltaicas (como en
el trabajo de Song et al. [78] donde fibras de Oxido de titanio nanoporoso alcanzan una
generacion de fotocorriente cercana al 90% de la de electrolitos liquidos de tintas
sensibles, con la evidente ventaja de encontrarse en estado sélido). También se pueden
usar como anodos en baterias de litio, al contar con propiedades electroquimicas
superiores a los materiales en polvo. Asi, Chen et al. [79] han publicado la produccion
de fibras de LiCoO2-MgO mediante electrospinning coaxial con elevadas capacidades
de carga y descarga y crecimientos de impedancia muy pequefios con el uso. Por ultimo,
se pueden aplicar como soporte catalitico de platino en los anodos de las células de
combustible para transformacion directa de metanol [80], o bien para el almacenaje de

hidrogeno a elevada presion [81].
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1.2.5.5.Aplicaciones cataliticas

Como se desarrollé ya en el primer apartado de esta introduccion, las propiedades
gue hacen de un material un soporte atractivo son una elevada area especifica, una
quimica superficial facilmente modificable, elevada estabilidad térmica, quimica y
mecanica, facil manejo y baja pérdida de presidbn en operacion. Mientras que las
primeras propiedades se pueden satisfacer mediante el uso de un determinado material,
la conformacién del mismo es la que dicta la ausencia o presencia de las Ultimas. Las
membranas de fibras electrohiladas dotan a los materiales tradicionalmente usados de
soporte, como las aliminas, silicas mesoporosas o el carbono, de una forma excelente
para su aplicacion en catalisis heterogénea. Asi, es posible encontrar en la bibliografia
articulos donde se postula el uso de fibras de 6xido de titanio, zirconio o estafio para
soportar metales nobles [82,83], el uso de fibras de titanio en reacciones fotocataliticas
[84] o la inmovilizacion de enzimas en el interior de las fibras, de forma que sigan
teniendo actividad catalitica pero sin riesgo de que sean lavadas durante su uso [85].
Una estrategia comun para generar porosidad en estos sistemas es afadir un aditivo de
sacrificio, que al ser eliminado deje el negativo de su forma en el cuerpo de la fibra,

obteniéndose una estructura porosa de un tamafio mas o menos controlado [86].

1.3. Aplicaciones de fibras electrohiladas en ingenieria quimica

La presente tesis doctoral esta dedicada a la preparacion y caracterizacion de
materiales electrohilados susceptibles de ser usados como catalizadores o soportes de
catalizadores. Por otro lado, es habitual que un buen soporte sea también un buen
adsorbente; por ello, estos materiales electrohilados presentados también pueden ser
usados en aplicaciones que requieran de elevadas capacidades de adsorcion, como el

almacenamiento de energia o el tratamiento de aguas.

La preparacion de estos materiales ha sido posible gracias a la colaboracién
establecida entre el grupo de investigacion TERMA, del departamento de Ingenieria
Quimica, de la Universidad de Malaga y YFLOW S.L., empresa surgida como spin-off
de las universidades de Malaga y Sevilla. Es una empresa referente a nivel nacional y
europeo en el empleo de las fuerzas electrohidrodinAmicas para producir

nanoestructuras.



Chapter 1: Introduction

1.3.1. Catdlisis

Los catalizadores juegan un papel clave en los procesos industriales, permitiendo
producir mas cantidad con menor requerimiento de energia [87,88]. Se distingue dentro
de ella la catalisis homogénea y la heterogénea, que hace referencia a si el catalizador se
encuentra en la misma o en distinta fase que los reactivos, respectivamente. En este
trabajo se propone el empleo de nuevos materiales como catalizadores heterogéneos,

por lo que seran estos los que acaparen nuestra atencion de aqui en adelante.

La importancia de la catalisis heterogénea dificilmente puede ser sobreestimada. En
2005, los productos obtenidos mediante reacciones catalizadas alcanzaron un valor de
900 mil millones de ddlares en todo el mundo. Ademas de en la produccion, la catalisis
también juega un papel esencial en el control medioambiental y la obtencion de energia
[89].

El catalizador se compone normalmente de fase activa y soporte, que suele ser un
material inerte, estable quimica, mecanica y térmicamente, de elevada area superficial
especifica y estructura porosa desarrollada [87,90]. De la interaccidén soporte-fase activa
dependera que se consiga una elevada dispersion del catalizador sobre la superficie,
aprovechandose al maximo la fase activa [91,92]. A veces, el soporte es también capaz
de promocionar la actividad catalitica y modificar, debido a sus propiedades texturales,
la selectividad de la reaccion catalizada. La conformacién del soporte deviene en tema
crucial, al poder afectar a la difusion de reactivos y productos hacia la superficie
catalitica. Problemas de transferencia de materia en la pelicula en torno a la particula o
de difusion en la particula de catalizador producirian un bajo aprovechamiento del
catalizador [93,94]. A nivel de proceso, la conformacion del catalizador determina la
pérdida de presion en el reactor, y la facilidad en el manejo del conformado simplifica la
operacion del reactor. Es sencillo inferir de todo esto que la mejora de los sistemas de
soporte y el desarrollo de nuevos soportes y conformados son tareas de notable interés

cientifico y econémico.
1.3.2. Adsorcion

La adsorcion es una de las operaciones de separacibn mas importantes en la
industria quimica. En este sistema, el adsorbente, un sélido poroso de elevada superficie

especifica, es puesto en contacto con una corriente gaseosa o liquida en la que hay un
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compuesto, adsorbato, cuyas moléculas presentan elevada afinidad por la superficie del
adsorbente. Por lo tanto, las moléculas se adsorben en la superficie de la misma
mediante interacciénes de naturaleza fisica o quimica, purificando la corriente de ese
compuesto. Es asi posible purificar o concentrar efluentes industriales. Si las fuerzas de
interaccion son de naturaleza fisica, son suficientemente débiles como para permitir la
regeneracion del adsorbente, desorbiendo el gas o liquido retenido. El adsorbente mas
frecuente es el carbdn activo, aunque a veces se emplean la alimina, el gel de silice o

los tamices moleculares.
1.3.3. Ventajas del uso de membranas de fibras en catalisis y adsorcion

El afrontamiento de los problemas de transferencia de materia, tanto en catélisis
como en adsorcion, es esencial a la hora de optimizar las condiciones de operaciéon de
los reactores y adsorbedores. En el caso de la catalisis heterogénea, es sabido que los
problemas difusivos en las conformaciones mas habituales de los catalizadores, como
los pellets, pueden causar una pérdida de rendimiento considerable, al ser menor la
velocidad de difusién en el interior de las particulas que la velocidad de la reaccion
guimica. Para evitar el control difusional interno, es habitual acudir al uso de menores
tamanos de particula. Las ventajas de la reduccion de la particula catalitica se hacen
ostensibles al estudiar el médulo de Thiele, que compara la velocidad de difusion en los
poros con la velocidad de reaccion.

(p:

w|

k
D

DondeR es el radio de la particula)a constante cinética,y la difusividad en
el seno de la particula. Otra forma de enfocar este problema es que, al reducir el tamafio
de particula, se hace posible operar a mayor temperatura sin encontrar problemas
difusionales. Esto se debe a que la constante cinética varia exponencialmente con la

temperatura, mientras que la difusividad es tan solo proporcional a ella.

El problema habitual al que se enfrenta, por ejemplo, un reactor de lecho fijo al

reducir el tamafio de particula es el consiguiente aumento de la pérdida de carga. La
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aproximacion de Ergun es frecuentemente aceptada como valida para estimar el factor

de friccién en lechos:

AP 375-u-u (1—5)2_}_0,875-u2 (1-¢) l Ji J
L RZ.p g3 R 3 kg-m

Donde
p: densidad del fluido

w: viscosidad del fluido
ATP: pérdida de carga por metro de lecho

&: porosidad del lecho
u: velocidad superficial del fluido.

Por lo que cabe esperar un considerable aumento de la pérdida de carga al
reducir el tamafio de la particula. Ademas, para particulas esféricas, la porosidad del
lecho disminuye con el tamafio de particula, con lo que la pérdida de carga sera mayor,
aumentando consecuentemente la presion de trabajo del sistema. La necesidad de una
capacidad de bombeo mayor conlleva un aumento considerable del coste de operacion,
lo que neutralizard el beneficio obtenido en la conversion al reducir el tamafio de

particula.

El mismo problema se observa en los adsorbedores. El balance de materia para
un adsorbato a lo largo de un lecho de adsorcion, considerando control difusional en la
particula y ausencia de dispersién axial y radial, es el siguiente:

oc_, %€ (-9 15:D )
ot "oz € R? A~ ds

Dondez es la posicion en la direccion longitudinal dentro del lechg gs es la
concentraciéon de adsorbato adsorbida en el seno de la particula y en su superficie,
respectivamente. Un menor tamafo de particula conlleva un aumento en el el segundo
término del lado derecho del balance, aquél que representa la velocidad de flujo hacia el

interior de la particula. Esto produce una disminucién de la zona de transferencia de
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masa del lecho. Por lo tanto, a igualdad de altura de lecho y de capacidad de adsorcion
del mismo, disminuir el tamafio de particula lleva a curvas de ruptura con menor
pendiente, es decir, a tiempos de ruptura mayores y, por lo tanto, a un mayor
aprovechamiento del lecho. El problema al que se enfrenta el adsorbedor es,
nuevamente, un aumento de carga similar al previamente presentado para los lechos

cataliticos.

El uso de membranas de fibras producidas por electrospinning permite reducir
notoramiente el radio de la particula catalitica, que se ve disminuida en cuatro o cinco
o6rdenes de magnitud, sin que la porosidad de la membrana se vea excesivamente
mermada. Este hecho conlleva que, aunque la pérdida de carga aumente en estos
sistemas, sus pérdidas de cargas sean menores de lo esperable. Matsumoto y Tanioka
han estimado las pérdidas de carga para filtros de aire compuestos por fibras
electrohiladas de poliacrilonitrilo. Observaron que las pérdidas de carga aumentaban al
disminuir el tamafio de las nanofibras. Aun asi, el valor de pérdida de carga que
obtuvieron fue desde 10 hasta 50 veces menores que el estimado para esos radios de
fibra por la ecuacién de Pich para filtros fibrosos [95]. La ya demostrada reduccion de
los problemas de transferencia de masa en estos sistemas, unido a los aumentos de
pérdidas de cargas mucho menores de los esperables, junto con la ventaja de ser
materiales mas manejables para el transporte y la operacién, hacen de estas membranas

una conformacion de materiales adsorbentes y cataliticos muy prometedora.
1.3.4. Materiales para soporte

Los soportes de mayor implementacion en la industria son la alimina y la silica,
aunque otros materiales como los éxidos de zirconio y titanio o el carbono, ya sea como
carbon activo o como nanotubos, han ganado popularidad en los ultimos tiempos. Como
ya se ha mencionado, estos materiales tienen en comun su elevada porosidad, su

estabilidad quimica y térmica y su capacidad para interaccionar con fases activas.

1.3.4.1. Alimina

La alimina u oxido de aluminio es un material cerdmico de elevada estabilidad
térmica y excelentes propiedades mecanicas debido a su elevada dureza. Para su uso
como soporte catalitico se suele utilizar la fase cristalina amorfa 0 gamma-alimina,

siempre a temperaturas menores de 800 °C, temperatura a la que se forma el alfa-
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alimina, que carece de porosidad. La actividad catalitica propia de la alimina y su
interaccion con posibles fases activas viene determinada por los hidroxilos terminales y
las vacantes en la red cristalina, los cuales se ven modificados mediante tratamientos en
distintas atmosferas a temperaturas elevadas [96]. Son ampliamente utilizadas en
reacciones de deshidratacion de alcoholes, gracias a su estabilidad en atmodsfera
hameda. También se emplean, como soporte, en reacciones de crackeo, isomerizacion,
deshidrogenacion, desfluoracién y desulfuracién [97]. Su principal inconveniente es su

baja area superficial especifica cuando se compara con otros soportes.

1.3.4.2. Materiales Mesoporosos de silice

Los materiales mesopororos ordenados de silice fueron sintetizados por primera vez
en 1969 y patentados por Mobil Oil Corporation en 1992 [98]. Su acrénimo significa
Mobil Composition of Material (MCM). Consisten en largos canales hexagonales de
tamano regular con paredes de silica amorfa, aunque la técnica de produccion empleada
permite también obtener aluminosilicatos. Aunque inicialmente se idearon para ser
usados en las unidades de craqueo catalitico (FCC) de las refinerias, como en el caso de
los estudios de Corma [99], la falta de acidez superficial y la baja estabilidad
hidrotermal los han reconducido como soporte catalitico, mediante substitucion de
elementos en la red cristalina, impregnacion de la fase activa o inmovilizacion de
catalizadores homogéneos. Aun asi, se ha demostrado su utilidad como catalizadores
autosoportados en reacciones de Friedel-Craft, acetilizacion, condensacion alddlica y
esterificacion entre muchas otras. También se ha intentado funcionalizar la superficie de
los canales usando técnicas de capado superficial o tratamientos con compuestos
organicos hidrofobicos [100]. De esta manera, se consiguen materiales hibridos
organicos/inorganicos con una mayor diversidad de usos. Ademas de aplicaciones en el
area de catalisis, se ha postulado el uso de los materiales mesoporosos ordenados como
tamices moleculares para, por ejemplo, adsorber dioxido de carbono o separar mezclas
de alcoholes, resolviendo problemas ambientales o reduciendo costes energéticos al

eliminar etapas de destilacion [101].

1.3.4.3. Zeolitas

Las zeolitas son aluminosilicatos porosos usados habitualmente como adsorbentes.
Su importancia es tal que se producen del orden de tres millones de tonelada al afio

[102]. En las refinerias se emplean en las unidades FCC, y son activas en reacciones de
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isomerizacion, alquilacion y craqueo gracias a su elevada acidez de Lewis y a las
modificaciones de selectividad relacionadas con impedimentos estéricos dentro de sus
cristales. Ademas de en reacciones catalizadas por acidos, las zeolitas también
funcionan como catalizadores basicos y redox. Su principal inconveniente viene dado
por su reducido tamafo de poros, que causa severas limitaciones cuando se emplean
reactantes de gran tamafo molecular. Algunas investigaciones se centran en mejorar la
diffusion de los reactantes hacia los centros activos, ya sea incrementando el tamafio de
los poros de las zeolitas [103], disminuyendo el tamafo del cristal [104], o afladiendo
un sistema mesoporoso (es decir, de tamafios de poro medios entre 2 y 50 nm) junto con

la microporosidad propia de estos cristales [105,106].

1.3.4.4. Otros 6xidos metalicos

Ademas de los aluminosilicatos, es posible usar otros 6xidos metélicos de bajo
coste como soporte. Las propiedades texturales de estos materiales suelen ser menos
interesantes que los de los soportes porosos descritos en los puntos anteriores, aunque
las técnicas de sintesis desarrolladas en los ultimos afios han ayudado a aumentar las
areas superficiales y volumenes de estos Oxidos. En este caso, son la capacidad
autocatalitica o la promocion del catalizador soportado sobre los mismos los que hacen
interesante su uso. Entre estos 6xidos encontramos los de titanio, los de zirconio o las

arcillas.

Los catalizadores de titanio, usualmente en forma de anatasa, son usados
habitualmente en reacciones fotocatalizadas como la oxidacion por aire hiumedo para el
tratamiento de efluentes industriales [107]. También se usa como soporte catalitico en
mezclas con silica [108] u 6xido de zirconio, pudiéndose usar en este Ultimo caso para,
por ejemplo reacciones de deshidrogenacién, descomposicion de clorofluorocarbonos, o
produccion de caprolactama [109]. Estos catalizadores se pueden obtener en forma de
aerogel, por ejemplo a partir de alcoxidos de titania, como se detalla en la revision de
Schneider y Baiker [110]. Tsevis et al. [111] han estudiado detalladamente la
precipitacion de anatasa en polvo a supersaturacién constante. Esto se consiguid a
velocidad de agitacion constante e inyectando a pH controlado TipD&#3a a relacion
volumétrica constante. Asi se consiguieron areas superficiales de entre 60 §®50 m

en funcion de la presencia de determinados iones en la disolucién.
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El 6xido de zirconio es frecuentemente utilizado como soporte e incluso como
catalizador en reacciones que precisen de relativa acidez superficial. Posee centros que
catalizan reacciones acido-base, de oxidacion y de reduccién. Su caracter acido-basico
depende de la fase cristalina, sea tetragonal o monoclinica, y de la temperatura de
calcinacion, de la que dependeran la cantidad y fortaleza de enlace de los grupos
hidroxilos y las vacantes cristalinas presentes en su superficie. Aunque normalmente
son poco porosas, es posible encontrar en la bibliografia més reciente catalizadores de
oxido de zirconio de considerable mesoporosidad. Asi, por ejemplo Chuah y Jaenicke
[112], obtuvieron zirconias tetragonales de mas de 7§ mediante digestién en agua
a 100 °C del 6xido hidratado de zirconio y su posterior calcinacion a 800 °C. Cuando
son sulfatadas, el 6xido de zirconio se convierte en el sélido superacido de mayor
fortaleza conocida, aumentando su actividad catalitica [113]. Por ejemplo, Corma et al
[114] han reportado que la zirconia sulfatada es mas activa que las zeolitas para
reacciones de isomerizacion y alquilacién a bajas temperaturas. La actividad de estos
centros sulfanados depende de si se sulfata el 6xido de zirconia hidratado o una vez ha
sido calcinado, del precursor para la zirconia y del agente sulfatante, ademas de las
condiciones de sulfatacion [115]. El principal problema de estos Oxidos de zirconio
sulfatado es su baja resistencia a la desactivacion, hecho que trata de solucionarse
modificando el catalizador con metales de transicion como platino, hierro y manganeso,
por ejemplo en el primer caso hidrogenando el coque formado en la reacciones de
isomerizacion de alcanos [116]. La zirconia se usa también en 6xidos mixtos con cerio y

platino como fase activa en los catalizadores de tres vias de los automoviles [117].

1.3.4.5. Materiales carbonosos

Los materiales de carbon, ademas de ser grandes adsorbentes, presentan una serie
de ventajas en su uso para soporte de fases activas, como son su estabilidad quimica,
resistencia mecanica, elevada porosidad y superficie [119,120]. El coste de estos
materiales es generalmente menor que el de otros soportes tradicionales como la
alimina o la silice. Otra gran ventaja de los catalizadores soportados sobre carbén es
que la fase activa se puede recuperar facilmente de los catalizadores agotados mediante
combustién o gasificacion del soporte carbonoso, lo cual es una gran ventaja cuando la
fase activa es un metal precioso. El principal problema para la utilizacién de carbono en
algunas reacciones cataliticas es su baja resistencia a la oxidacién. La presencia de

materia inorgénica procedente, bien del precursor o bien introducida durante el proceso
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de preparacion del carbon activo, es otra desventaja, aunque actualmente es posible
preparar carbones porosos con contenidos muy bajos en materia mineral mediante la

eleccion de un precursor adecuado.

Existe una gran variedad de materiales carbonosos que pueden ser utilizados como
soporte de catalizadores. En un extremo se sitla el grafito, que es un material muy puro,
cristalino, inerte, no poroso y con superficie especifica baja. En el extremo opuesto se
encuentran los carbones activos, que son esencialmente amorfos, contienen impurezas y
grupos funcionales, alta superficie y una porosidad muy heterogénea. Entre ambos
extremos existe una amplia variedad de productos manufacturados a partir de distintos
precursores con diferentes propiedades finales. Los productos resultantes cubren, por

tanto, un amplio abanico de propiedades fisicas y quimicas.

En cuanto al uso del carbon activo en catalisis, aunque su superficie se puede
considerar como inerte, si se compara con la de otros soportes cataliticos como la
alimina y la silice, ésta posee una proporcion significativa de sitios activos, constituidos
por insaturaciones en los defectos y en los bordes de las capas de grafenos. La cantidad
de estos sitios activos aumenta con la porosidad y el area superficial. La presencia de
heteroatomos (principalmente, oxigeno, hidrégeno y nitrogeno) también introduce sitios
activos en la superficie del carbon. El origen de estos sitios depende del precursor y del
proceso de activacion empleado. Aunque las superficies grafiticas son esencialmente
hidrofobicas, la quimica de la superficie se puede modificar para aumentar su caracter
hidrofilico e, incluso, se pueden obtener carbones con propiedades de intercambio

ionico.

La distribucion del metal sobre la superficie del carbon cuando éste es usado como
soporte depende en gran medida del disolvente utilizado en el proceso de impregnacion.
Como la superficie del carbon es esencialmente hidrofobica, tiene poca afinidad por los
disolventes de caracter polar como el agua y elevada afinidad por disolventes no polares
como la acetona. En el caso concreto del Pt, Macheck et al [121], afirmaron que cuando
el precursor metdlico, acido cloroplatinico, se disuelve en agua, el metal se localiza
fundamentalmente sobre la superficie externa de las particulas de carbén, mientras que
si se usa acetona como disolvente, esta penetra mas facilmente hasta el interior de los
microporos, obteniéndose una distribucion del metal mas uniforme sobre la superficie

interna de la particula.
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Por el lado del carbon, la porosidad y la quimica superficial rigen la correcta
distribucion de la fase activa sobre el carbon [119], pero no del area superficial. Asi,
RodriguezReinoso et al [122] no apreciaron ninguna relaciitneeel area superficial y
la dispersion del metal (Fe) con la actividad catalitica para la hidrogenacion de CO en
carbones con diferentes areas superficiales. Ademas, la microporosidad de los carbones
activos puede dificultar la movilidad de las particulas de metal depositado, facilitando

su dispersion y evitando la sinterizacion.

El efecto de los grupos oxigenados superficiales sobre la dispersion del Pt sobre

carbon fue examinado por Derbyshire et al. [123] y PBulguete et al. [124,125].

Los ultimos emplearon un negro de carbon de elevada area superficial, al que trataron a
alta temperatura en hidrégeno, para eliminar la mayor parte de grupos oxigenados
superficiales. Posteriormente, se oxidd cogOHen distintas condiciones con el
objetivo de obtener diferentes soportes con la misma porosidad pero diferente cantidad
de grupos oxigenados superficiales. Los autores concluyeron que los grupos acidos
introducidos con el tratamiento con,® disminuyen la hidrofobicidad del carbon,
favoreciendo la dispersion del metal durante la impregnacion con disolucién acuosa y
que la presencia de los grupos oxigenados no solo favorece la dispersion del Pt, sino
que ademés aumenta las interacciones entre el precursor metalico y el soporte,

minimizando la tendencia a la sinterizacién del Pt.

Finalmente, el carbén activo, ademas del principal adsorbente, es un soporte de
catalizadores plenamente consolidado en el mercado mundial. En la industria, el carbdn
activo se utiliza como catalizador en la sintesis de acetato de vinilo y cloruro de vinilo,
ademas, también se emplea como soporte de metales nobles para reacciones de
hidrogenacion. La Guia de las Reacciones Cataliticas publicada por Jonson Matthey,
unos de los principales suministradores de catalizadores a nivel mundial, recoge 9
reacciones catalizadas por metales nobles soportados sobre carbon activo [126]. Estas
reacciones incluyen la hidrogenacion de benceno y de compuestos nitrados tanto
alifaticos como aromaticos. Sin embargo, a pesar de que existe un creciente interés,
sigue siendo bajo el nimero de procesos cataliticos que utilizan el carb6n activo como
catalizador a nivel industrial. Otras reacciones donde tiene un potencial interés son la
deshidratacion de alcoholes para producir di-metil-eter u olefinas, la hidrodesulfonacion

del tiofeno o la sintesis de Fischer-Tropsch [127].
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1.3.4.6. Catalizadores carbonosos a partir de lignina

La lignina es un polimero de origen natural, heterogéneo y con un alto grado de
aromaticidad. Es muy abundante en plantas arb6reas y herbaceas, con una presencia
s6lo inferior a la de la celulosa. Aproximadamente el 25% de los materiales
lignocelulosicos es lignina. Su mision fundamental es cementar las fibras de celulosa de
la madera y proporcionar rigidez a las mismas. La lignina puede considerarse una red
polimérica tridimensional al azar formada por unidades de fenilpropano unidas entre si
en diferentes posiciones, Figura 1.10. En cuanto al grado de polimerizacion, resulta
dificil de establecer correctamente, dada la ruptura hidrolitica que inevitablemente
sobreviene a la extraccion. Lo que si se hace evidente es el gran contenido de nucleos
aromaticos, lo cual deberia favorecer un mejor ordenamiento tras tratamiento térmico

frente a otros polimeros naturales como la celulosa [128].

La lignina es el principal co-producto de la industria de la pulpa de celulosa. El
procedimiento quimico mas usado por la industria papelera para la separacion de la
lignina es el proceso a sulfato. Como consecuencia de la digestion de la madera se
obtiene la pasta de celulosa y una lejia negra o lejia kraft. En ella esta disuelta la lignina.
Su destino habitual es ser quemada como combustible en las plantas tras un proceso de
evaporacion. Este procedimiento dota a la lignina de un alto contenido de cenizas y
sales, por lo que su combustidén, ademas de proporcionar energia para la planta, también
recupera las sales usadas durante el proceso. Otra via para obtener lignina es el proceso
Alcell®, el cual confiere un alto grado de pureza al material, librandolo de casi toda la

materia inorganica.

El bajo coste y la alta disponibilidad de la lignina, cuya produccion anual mundial
se estima cercana a las 50 millones de toneladas, de acuerdo con el “International
Lignin Institute” [129], hace atractivo su uso como precursor de materiales carbonosos,
gracias a que tiene un elevado contenido en carbono (basicamente como grupos

aromaticos).
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Figura 1.10. Estructura de la lignina propuesta por Adler [130].

En nuestro grupo de investigacion se viene estudiando desde hace afios el
aprovechamiento tecnoldgico de la lignina via tratamientos termoquimicos. Asi, por
carbonizacion se han obtenido unos materiales que tratados a altas temperaturas
producen materiales carbonosos altamente ordenados [131]. Por gasificacion parcial de
los carbonizados se pueden obtener carbones activos [132] al igual que por pirolisis
catalizada de la lignina con catalizadores tipo Friedel-Crafts, como, Zn8{PQO,.
[133,134] También se ha empleado como precursor para la obtencién de tamices
moleculares de carbon por tratamiento a altas temperaturas o por deposicion controlada
de carbono pirolitico [135-137] y de nanofibras de carbono por la técnica de
electrohilado [138,139].
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1.3.5. Métodos de preparacion de catalizadores masicos y soportes

Dentro de los métodos de preparacion cataliticos cabe distinguir aquellos de
preparacion de catalizadores masicos y los soportados; los primeros estan compuestos
Unicamente de la sustancia activa, y se siguen usando de forma masiva en la industria
hoy dia. Es el caso de los aluminosilicatos para craqueo de hidrocarburos, los 6xidos de
zinc y cromo para la conversion de gas de sintesis a metanol o los de hierro-molibdeno
para la oxidacion de metanol. Los impregnados se preparan dispersando, bien durante la
sintesis o bien posteriormente, la fase activa sobre un material catalogado como soporte.
En la industria, los catalizadores de hidrogenacion e hidrotratamiento son preparados de
esta manera [140]. A continuacion se detallan los métodos de produccion mas
habituales para estos soportes y catalizadores, asi como los tratamientos a los que son

sometidos hasta obtener el producto final.

1.3.5.1. Precipitacion

El objetivo de este método es precipitar un soélido desde una disolucidén. La
precipitacion ocurre en tres pasos: supersaturacion, nucleacién y crecimiento. La zona
de supersaturacion de las curvas de solubilidad se ven afectadas por la temperatura y el
pH, por lo que en la preparacién de oxidos e hidroxidos se suele bajar la temperatura o
subir el pH para conseguir sobresaturacion. La nucleacion puede suceder de forma
espontanea (nucleacibn homogénea) o ser iniciada con materiales germinadores
(nucleacién heterogénea). La velocidad de nucleacion se puede modificar afiadiendo
mas germinadores. Por ultimo, el proceso de crecimiento depende de la concentracion,
la temperatura, el pH y por maduracién. Normalmente se obtienen materiales
cristalinos, pero si la sobresaturacion es muy elevada, la velocidad de agregacién de
particulas es mayor que la de reorientacién, obteniendo sélidos amorfos. Si se quieren
formar O0xidos mixtos, se suelen usar carbonatos e hidroxidos de los metales deseados
por su baja solubilidad y la facilidad de su descomposicion térmica en aire, que ademas

produce desarrollo de la porosidad [141].

1.3.5.2. Gelacion y floculacion

De forma parecida a la precipitacion, la disolucién de partida puede ser un coloide o
“sol”, cuya gelacion o floculacion también produciria los catalizadores masicos o

soportes requeridos. Permite un mayor contro sobre el area superficial, volumen y
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distribucion de tamarnos de poro. Es sencillo formar soluciones coloidales hidrofilicas a
partir de &cido silicico, u 6xidos hidratados de aluminio o zinc. Las micelas que
componen estas disoluciones se producen a partir de reacciones de polimerizaciéon y
policondensacion de los precursores; por ejemplo, un sol de silica se puede obtener a
partir de silicato sédico y el mineral acido resultante de la policondensacion del acido

silicico.

La reticulacion de las micelas da lugar a un hidrogel, que es una red tridimensional
gue encierra moléculas de agua en su interior; este es el proceso conocido como
gelacion. Esta se produce en cuestién de minutos a cientos de horas en funcién del pH
principalmente, y en menor medida de la tempratura, la concentracion de las micelas y
la fuerza ionica del medio [142]. Es posible obtener cogeles a partir de soles que
contengan dos o mas especies. Ademas, se pueden utilizar alcoxidos como material de
partida. EI mas conocido es el tetraetilortosilicato, muy usado para producir silicas
[143].

La floculacion de las micelas se podria conseguir neutralizando su carga eléctrica,
precipitando en floculados. Estos floculados son muy ricos en agua y mas denso que los
hidrogeles correspondientes, pero en ellos el tamafio de particula es el de la micela
original. El area superficial dependera del tamafio de esa micela original, de la

maduracion y de las condiciones de secado.

1.3.5.3. Transformaciones hidrotermales

Por estos tratamientos se entiende la modificacion de los precipitados, geles o
floculados anteriormente descritos, usando para ello una temperatura medianamente
elevada, usualmente entre 100 y 300 °C, para madurarlos en presencia de la disolucién
madre. Asi se consigue aumentar el tamafo del cristal o particula, se puede cristalizar
sélidos amorfos, se pueden inducir cambios de fases cristalinas o producir sinterizado
del gel con disminucién de su estructura porosa [144]. La nueva variable de este
proceso es la presion, ya que estos tratamientos se suelen llevar a cabo en autoclaves.
Los procesos hidrotermales se pueden usar para producir zeolitas y tamices moleculares,
usando geles acuosos alcalinos, a temperaturas entre 70 y 300 °C, y usando relaciones

molares bien controladas de las especies que las componen.
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1.3.5.4. Decantacion, filtracion, centrifugacion y lavado.

Estas operaciones tienen por objetivo separar los sélidos a partir de las disoluciones
madres. La decantacién funciona bien con los precipitados, pero no tanto con los
floculados, ya que tras cada lavado, al ser retirados los contraiones que neutralizan la
carga de las micelas hace que los floculados reviertan a soles por peptizacion. Si el
tamafno de la particula es muy pequeio, en lugar de decantacién se usara filtracion o
centrifugacioén. El lavado también puede usarse para intercambiar iones con la superficie
del soporte o catalizador, caso de las zeolitas, en el que se intercambia los cationes

sodio por amonios para obtener la forma acida tras calcinacion [145].

1.3.5.5. Secado

Esta etapa consiste en la eliminacion del disolvente, usualmente agua, de los poros
del solido. Es un proceso rutinario para los materiales precipitados, pero es de
importancia critica en el caso de floculados e hidrogeles, al poder causar el colapso de la
estructura porosa. Después de una primera etapa de evaporacion, cuando el hidrogel
tiene un contenido menor de 50% en agua comienza a contraerse, formando el xerogel
correspondiente. A partir de ese punto, la velocidad de secado decae y la evaporacion es
controlada por fuerzas capilares. Una velocidad de evaporacién mas rapida que la de
difusién por la red porosa causaria formacién de vapor y el colapso de la estructura
interna. Es posible evitar este efecto usando bajos flujos de aire, saturando ese aire con
humedades relativas medias y usando temperaturas bajas [146]. Cuando el xerogel ve
reducido su contenido en agua al 25-30% se suele ir a la etapa de conformado para
luego calcinar en forma de pellet o extrusado.

1.3.5.6. Calcinacion

Es un tratamiento térmico a elevada temperatura. Usualmente se lleva a cabo en
aire, a no ser que se necesite preacondicionar el catalizador con una atmdésfera especial,
lo que se suele llevar a cabo in situ en el reactor al arrancar la unidad de trabajo.
Durante esta etapa se producen cambios en la textura del catalizador por sinterizacién
de los cristales, generacion de nuevas fases cristalinas que pueden dar lugar a una
cataliticamente activa, eliminacion de agua y/o, @Dimisorbidos, y en general se
produce la estabilizacion de las propiedades del solido. Un ejemplo es la calcinacion de

hidréxido de aluminio a distintas temperaturas. Por encima de 300 °C, la bohemita sufre
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condensaciones de sus grupos hidroxilos y da lugar a 6xidos conocidos como gamma
alumina, muy utiles como fundentes y como soportes cataliticos [147]. Ademas, la
microporosidad se reduce al incrementar la temperatura de calcinacion, incluso sin

cambio de estructura cristalina.
1.3.6. Métodos de impregnacion de soportes

Soportar un catalizador sobre un material poroso presenta grandes ventajas ya
mencionadas con anterioridad. El principal reto de este procedimiento para producir
catalizadores es conseguir una elevada dispersion de la fase activa sobre el soporte, lo
gue puede llevarse a cabo siguiendo los métodos listados a continuacién. Una vez
impregnado el soporte, es habitual un tratamiento térmico posterior para estabilizar la
fase activa o incluso para formar la estructura cristalina necesaria para dotar de

actividad al material.

1.3.6.1. Impregnacion humeda

Es el método tradicional. En él, el soporte es puesto en contacto con una disoluciéon
del metal o metales que componen la fase activa. Los iones metalicos difunden en la
disolucién dentro de los poros del soporte y se adsorben sobre sus Oxidos. La actividad
del catalizador puede quedar modificada en funcion de la fortaleza de la interaccién
metal-soporte. El contacto entre soporte y disolucion se lleva a cabo por exceso de
disolucién o con aplicacion repetida de la disolucion, usandose para ello cantidades que
corresponden al volumen total de poros del soporte [147]. Se puede utilizar diversas
técnicas, como suspensiones coloidales o el empleo de tensioactivos, para producir
nanoparticulas con el objeto de alcanzar una mayor dispersion. Tras el contacto de la
disolucién con el soporte, se seca el soporte impregnado y se procede a la activacion del
catalizador por calcinacién o reduccion usando un tratamiento térmico en atmosfera

adecuada. Este método se usa para cargas de catalizador bajas.

1.3.6.2. Precipitacion

En ella, una disolucién de la sal metalica de la fase activa se pone en contacto con el
soporte para producir un hidréxido o carbonato metalico sobre la superficie del soporte.
La sal escogida depende de la quimica superficial del soporte, afiadiéndose la cantidad

correspondiente a la carga de catalizador deseada. La interaccion soporte- sal metalica
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se ve favorecida por la presencia de grupos hidroxilos u oxigenados. Por ejemplo, los
grupos silanos de la silica interactdan con el nitrato de niquel formando hidrosilicatos en
lugar de deposicion de hidroxidos [148]. Este método se usa cuando la carga de
catalizador deseada es igual o mayor al 15% masico.

1.3.6.3. Métodos de sintesis controlada

El auge de la nanotecnologia ha facilitado el desarrollo de nuevos métodos de
impregnacion, en los que se aprovechan las técnicas de autoensamblaje y nanomoldeo
para conseguir elevadas dispersiones de las fases activas. Algunos de estos métodos

son:

* Intercambio i6nico: Es un método muy usado cuando se emplean zeolitas
como soporte. En este caso, los iones del metal activo se intercambian con
los cationes de la estructura de la zeolita.

» Deposicion quimica de vapor. En ella los precursores organometalicos de la
fase activa se vaporizan y se depositan sobre los grupos hidroxilos del
soporte, obteniéndose cargas bajas y altas dispersiones del catalizador. Este
método requiere de un control exhaustivo de las temperaturas y
concentraciones de los precursores para conseguir una infilitracion completa
del sistema poroso y asi evitar problemas difusivos que favorerzcan los
depdsitos superficiales del catalizador, con la consiguiente pérdida de
dispersion. Por esta via se han preparado, por ejemplo catalizadores de
cobalto a partir de Co(C@Jobre silica o de wolframio sobre alimina a
partir de W(CGOy[149,150].

» Fases embebidas: Confinando nanoparticulas de metales u 6xidos metalicos
dentro de canales o cavidades de un soélido inorganico permite preparar
catalizadores heterogéneos de elevada actividad y estabilidad térmica [151].
Por ejemplo, es posible depositar la fase activa durante la gelacion del
soporte, preparando un cogel simplemente afiadiendo el precursor metalico
deseado como un segundo sol. La revisién de Gonzalez et al muestra las
elevadas dispersiones y estabilidad térmica de los catalizadores asi
obtenidos [152], aunque a costa de encapsulacion parcial de la fase activa,

gue quedaria inaccesible a reaccion. También es posible preparar



Chapter 1: Introduction

catalizadores con fases embebidas mediante técnicas de microemulsion

[153] y cristalizacion de fase solida [154].

1.4.Experimental

Tanto la adsorcion como la catalisis heterogénea son materias interdisciplinares,
gue requieren para su correcta aplicacion de un conocimiento al menos suficiente, de
guimica, fisica, matematicas, ingenieria quimica y ciencia de materiales. Por ello, a lo
largo de esta tesis doctoral se hace necesario el empleo de muy diversas técnicas de
caracterizacion y analisis con el fin de esclarecer la idoneidad de los materiales
propuestos como catalizadores. El desarrollo detallado de cada una de estas técnicas no
cabe dentro del objeto de la tesis, por lo que se ha optado por no procurar mas que una
somera descripcion de las mismas en cada capitulo. En cuanto a los equipos de
electrospinning y las condiciones de operacion impuestos en ellos, cada capitulo cuenta

con la suficiente informacién sobre ellos.

A continuacion se describen las instalaciones donde se llevaron a cabo los

tratamientos posteriores a las fibras y los experimentos cataliticos.
1.4.1. Carbonizacion/ Calcinacion.

Para la realizacion de los experimentos de carbonizacion se ha empleado una
instalacion como la que se muestra en la Figura 1.11 y consta de los siguientes

elementos:

* Botella de nitrdgeno. Proporciona el gas que mantiene la atmosfera inerte
dentro del horno donde se encuentra la muestra. Para las calcinaciones, se
usa una botella de aire sintético en su lugar.

» Medidor de flujo mésico. Es un elemento transductor de sefial (caudal-sefial
eléctrica). Se ubica a la salida de la botella de nitrégeno. El medidor usado
es de la marca Brooks, modelo 5850 TR.

* Controlador de flujo masico. Permite controlar el flujo de gas que se
introduce en el sistema para mantener la atmosfera inerte. Este dispositivo
junto con el medidor de flujo masico permite fijar el caudal de gas usado en
los experimentos. El controlador usado es de la marca Goosen, modelo
5878.
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Horno. El horno utilizado es de tipo tubular horizontal. Permite obtener
temperaturas de hasta 1000 °C a las que se llega con un calentamiento de 10
°C/min. El horno utilizado es de la casa Carbolite Furnaces, modelo CFT
12/75, de 75 mm. de didmetro y 750 mm, de longitud de zona calefactada.
Las muestras se introducen en el horno y se deja pasar una corriente de 150
cm® (STP)/min de nitrégeno (99.999%) durante 20 minutos para purgar el
horno y mantener una atmésfera inerte durante la carbonizacion y asi evitar
gue se queme la muestra. La velocidad de calentamiento es de 10 °C/min
desde temperatura ambiente hasta la temperatura deseada. Una vez se
alcanza la temperatura final, se mantiene durante 2 horas en caso de las
calcinaciones y después se deja enfriar, o directamente se procede a enfriar
para las carbonizaciones, siempre manteniendo la corriente de £50 cm

(STP)/min de nitrdgeno, con objeto de preservar la muestra de la oxidacion.

BOTELLA DE NITROGENO

o
CONTROLADOR FLUJO MASICO

. = &
56 | @ E @ E:
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v X . .
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Figura 1.11. Instalacion para la carbonizacion.

1.4.2. Lavado.

El lavado de las muestras se lleva a cabo agitando durante una hora en una

disolucién de HF al 49%. Pasado este tiempo se filtra con un embudo Biichner y un

kitasatos, y se continda filtrando con agua destilada, hasta pH neutro. Una vez filtrado,

se deja secar en una estufa a 60 °C durante 24 horas.
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1.4.3. Reaccion de descomposicion de metanol

Para la realizacion de los experimentos de descomposicion de metanol se ha
empleado una instalacion como la que se esquematiza en la Figura 1.12 y que consta de

los siguientes elementos:

» Botellas de gases.

» Medidores de flujo mésico. Elementos transductores de sefial (caudalsefal
eléctrica). Se ubican a la salida de las botellas de gases. El medidor usado es
de la marca Brooks, modelo 5850 TR.

» Controlador de flujo masico. Este dispositivo junto con los medidores de
flujo masico permite fijar el caudal de gas usado en los experimentos. El
controlador usado es de la marca Goosen, modelo 5878.

» Bafio termostatico, para mantener los alcoholes a una temperatura conocida,
y de esta forma poder controlar la cantidad del mismo que entra en el
reactor.

* Refrigerador y calentador, para controlar la temperatura del bafio
termostatico.

e Saturador, un recipiente de vidrio que permite el burbujeo de los gases a
través del liquido, de esta forma a partir de la temperatura se conoce la
presioén parcial del liquido y por tanto se pueden ajustar las concentraciones
del mismo en la corriente gaseosa al reactor.

« Cable térmico, mediante el cual se calefactan las conducciones de entrada y
salida del reactor para evitar que se produzca condensacién de reactivos o
productos en las paredes de estas conducciones.

* Reactor, tubo de cuarzo de 4 mm de diametro interior y una longitud de
unos 40 cm, en el interior del cual se coloca el catalizador y en el que se
realiza la reaccion.

* Horno, para elevar la temperatura en el interior de reactor.

« Termopar, cuyo extremo se encuentra en contacto con el catalizador, para
poder medir y controlar la temperatura en el interior del reactor.

* Controlador del horno, compara la temperatura del termopar con la

temperatura programada y actla en consecuencia.
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* Analizadores de gases. Para poder seguir la evolucion de los reactivos y
productos de reaccion se emplearon un espectrometro de masas y un
cromatografo de gases. El espectrometro de masas es de la casa Pfeiffer
Vacuum® modelo OmniStar. El cromatografo de gases es de la marca
Perkin Elmer® modelo AutoSystem, y esta equipado, caso de no ser
especificado, con una columna HRle 50 m de longitud y un detector de

ionizacion de llama (FID).
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Figura 1.12. Esquema de la instalacion empleada para la descomposicion catalitica de

metanol.
1.4.4. Reduccion de NO.

En este caso, los diferentes experimentos de actividad catalitica han sido realizados
a presion atmosférica en un reactor de lecho fijo de 4 mm de didmetro interno, en la
instalacién mostrada en la figura 1.13. El flujo total ha sido de 28GSHP)/min,

con cantidades variables de catalizador entre 80-300 mg. Las condiciones
experimentales de temperatura, concentracion, de diferentes especies quimicas
presentes en la corriente gaseosa, etc., seran presentadas en el capitulo
correspondiente. La instalacion usada en este caso es similar a la anterior, aunque se
afladen diferentes botellas para introducir los gases de reaccion y se incorpora un
medidor de NOXx.
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El CO y CQ son medidos con un analizador infrarrojo no-dispersivo de la casa
Siemens Ultramat 22. Para detectar tanto el NO como el $Outiliza un
analizador quimioluminiscente EcoPhysics, CLD 700 AL. EDN\, y los posibles

gases que puedan obtenerse son analizados mediante un espectrometro de masas

Balzers MsCube.

He NO S0, co/ 0,

A
N

Gases de
reaccion

Y Campana
Evaporador extractora

Bomba de jeringa +
Termopar
Analizadores
Horno de gases
Espectrometi
de masas
Controlador

Horno

Figura 1.13. Esquema de la instalacion utilizada para medir la eliminacion de NO.
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2. FILLED AND HOLLOW CARBON NANOFIBERS BY COAXIAL
ELECTROSPINNING OF ALCELL LIGNIN WITHOUT BINDER
POLYMERS

2.0.Abstract

A study was conducted, to demonstrate a new method for obtaining solid and
hollow carbon micro- and nanofibers, by co-electrospinning Alcell lignin solutions at
room, without using additional polymer. The lignin micro and nanofibers were
thermally stabilized and carbonized, to generate carbon nanofibers. Alcell lignin
solutions that were suitable for electrospinning, were prepared in ethanol, with
viscosities in the range of 350-400 cPs. The coaxial electrospinning method was also
used to generate Alcell lignin hollow nanofibers (ALHFs). ALFs were stabilized
ALSFs), by thermal treatment in air at 0.15 °C hfrom room temperature to 200°C,
which was maintained for 24 hours. Alcell lignin solid and hollow nanofibers were
obtained by carbonizing at 900°C those thermostabilized, with a heating rate of 10°C

min’™.

2.1.Introduction

Carbon fibers have become materials that are of great technological and
industrial importance because of their unique chemical, electrical, magnetic, and
mechanical properties. Two types of carbon fibers are commercialized as a function of
their mechanical properties: so-called high-performance carbon fibers (e.g., used in
aerospace and sporting goods applications and as reinforcing components in advanced
composite materials) and general purpose carbon fibers (e.g., used as activated carbon
fibers and substrates for catalytic applications and for gas storage and adsorption
applications). The spinning process usually employed to form both types of carbon
fibers involves melt extrusion of the precursor followed by a thermal treatment to 1)
stabilize the fibers of the precursor and 2) carbonize them to ultimately afford carbon
fibers. The final fiber diameters typically range between 7 and 15 Im. To date, fossil
pitches are the most widely investigated precursor of carbon fibers mainly because of

their low cost compared to the rather expensive polyacrylonitrile (PAN). Interestingly,
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renewable or recycled sources of carbon have also been considered as possible novel
carbon-fiber precursors [1].

Another low-cost feedstock capable of producing general purpose carbon fibers
is lignin. Lignin is the second most abundant polymer in nature after cellulose. This
natural, aromatic (phenolic), heterogeneous bio-macromolecule exists in the cell wall of
plants and constitutes an underutilized by-product of the papermaking industry [2]. Two
types of lignin are mainly btained today. The most yielded type is the so-called Kraft
lignin, which comes from the Kraft pulping process, a process that affords in this type
of lignin a high content of ashes and salts (i.e., inorganic material). The second type of
lignin is called Alcell lignin. In contrast to Kraft lignin, Alcell lignin contains very
small amounts of inorganic materials because of the different pulping process used
[3,4]. Interestingly, the Alcell pulping process exhibits higher pulp yields than the Kraft
process, and it is also more environmentally friendly [5]. For these and other reasons,
the Alcell process is becoming the preferred choice for the future of the paper-making
industry. Kubo et al. [6] first reported the use of lignin as a precursor for carbon fibers.
In order to obtain a spinnable material from lignin, these authors proposed the
conversion of lignin into functional polymers by a suitable separation method from
wood. The fibers, after thermal stabilization, could be carbonized to yield carbon fibers.
Much more recently, several groups have reported the design of blends that contain
either Kraft or Alcell lignin and synthetic polymers, suitable for melt extrusion, to
produce fibers that, after a proper thermal treatment, yield carbon fibers [4,7-9]. The
diameter of such fibers typically ranged from 80 to 30 Im, but smaller diameters were
difficult to obtain because of inherent limitations (i.e., clogging) of the melt-extrusion
process used to draw the fibers. Although this blending approach allowed lignin to be
utilized to produce fibers, the need to use rather expensive polymers in the blend may be

understood as a drawback, as it increases the cost of the process.

In contrast to the approach based on the use of binder polymers [10], here we
present a new straightforward method for obtaining carbon micro- and nanofibers, both
solid and hollow, by co-electrospinning Alcell lignin solutions at room temperature
without any added polymer. The lignin micro and nanofibers were subsequently
thermally stabilized and carbonized to generate carbon nanofibers. We also report the

properties of these carbon nanofibers.
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2.2.Experimental

The oxidative stabilization and carbonization processes were performed in a
conventional horizontal furnace consisting of a 120 cm long and 7 cm inner diameter
silica-glass tube heated by electrical resistance at a controlled temperature. Ay and N

continuously flowed at 200 mL (standard temperature and pressure, STE) min

The surface chemistry of the nanofibers was analyzed by XPS, SEM, and TEM.
XPS data for the samples were obtained using a 5700C model Physical Electronics
apparatus with Mg K radiation (1253.6 eV). SEM and TEM images were obtained
using a JEOL JSM-840 instrument at a high voltage of 20-25 kV and a PHILIPS CM-

200 transmission electron microscope, respectively.

The porous structure of the nanofibers was evaluated pyadsorption—
desorption at —196 °C and by g@dsorption at 0 °C in an Autosorb-1 apparatus
(Quantachrome). Samples were previously outgassed for at least 8 h at 150 °C. From
the N isotherm,Ager N2 Was determined by applying the BET equation [11] ®ngh
and A; n2 Were calculated using the t-method [12]. From the @@sorption dataypg

cozand A copwere calculated using the Dubinin—Radushkevich equation [13].
2.2.1. Electrospinning

We prepared solutions of Alcell lignin in ethanol (1:1 lignin/ethanol w/w) with
viscosities in the range 350 to 400 cPs, which are suitable for electrospinning. A general
problem when electrospinning highly concentrated solutions of rather volatile solvents,
such as ethanol, is that the rapid evaporation of ethanol from the solution surface leads
to the formation of a solid supernatant. This solidification eventually renders the
electrospinning process unviable after a limited time because the Taylor cone (or part of
it) solidifies. To overcome this problem we used a co-axial spinneret [14,15], which is
shown in Figure 2.1A. The purpose of the outermost capillary needle is, in this case, to
allow a thin sheath of ethanol to flow to compensate for solvent losses caused by the
evaporation of the lignin solution in the Taylor cone. In fact, by controlling the sheath-
to-lignin solution flow rate ratio, one can switch from steady electrospinning to steady
electrospray. The electrospray produced rather monodisperse spherical lignin particles
with diameters that could be varied from about one micrometer to 300 nm (not shown).

56



60

Chapter 2: Filled and hollow carbon nanofibers by coaxial electrospinning of alcell lignin
without binder polymers

For fiber production, the sheath flow rate of ethanol is approximately 10 % of the lignin

solution flow rate, although it may slightly vary depending on room conditions.

Ethanol . Ethanol

Lignin = ‘ Lignin

A ¢ | B Glycerin

l ] Power [ ] Power

4 Supplies R Supplies
Ethanol i Ethanol
Lignin Lignin
Glycerin

Figure 2.1. A) Coaxial needle for electrospinning with sheath. B) General set-up used

in tri-axial electrospinning to produce lignin nanotubes.

To generate Alcell lignin hollow nanofibers (ALHFs), we used the coaxial
electrospinning method reported in the literature[14,15] but in a tri-axial configuration
to use a sheath flow of ethanol to avoid solidification of the Taylor cone; Figure 2.1B
shows the tri-axial spinneret with a third needle (the innermost). This needle supplies
glycerine as a template fluid. In our case, the needle outer:inner diameter ratios were
1.6/1.22, 1.1/0.8, and 0.5/0.26 mm, respectively. The flow rates through the needles
ranged from 0.05/0.5/0.01 to 0.1/1/0.25 mL* fior ethanol sheath:lignin:glycerine,
respectively, although the sheath flow rate varied slightly depending on ambient
conditions. Typically, the flow rate of glycerine was varied in our experiments from 5 to

50 % of the flow rate of lignin.

To apply the high voltage between the spinneret and the collector, we used two
high voltage power supplies: one positively polarized connected to a needle and the
other negatively polarized and attached to a collector (Fig. 2.1). This configuration
provided better electrostatic conditions to prevent fibers from flying to any grounded
piece near the set-up, therefore facilitating the deposition of the electrospun fibers on

the collector. The tip-to-collector distance was 20-25 cm, and the electrical potential
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difference was 12 kV (the collector was at —6 kV and the tips at +6 kV), although this
value varied depending on the collector/tip geometry.

2.3.Fiber morphology

Figure 2.2A presents a scanning electron microscopy (SEM) image of as-
collected Alcell lignin electrospun nanofibers (ALFs). The fiber diameters ranged from
400 nm to 2um, which were much smaller than the reported 31 anaw®btained for
Alcell and Kraft lignin fibers, respectively, that were prepared by thermal extrusion [7].
ALFs were stabilized (ALSFs) by thermal treatment in air at 0.25 °C*rfriom room
temperature to 200 °C, and this temperature was maintained for 24 h. The stabilization
yield was 81 wt % based on the mass of the ALFs. This yield was smaller than for pitch,
given that the lignin structure was already oxidized and that the condensation reaction
released water, thus reducing weight [7]. No fusion was observed after stabilization, and
the fibers were similar in size (diameter) to the ALFs. Alcell lignin carbon nanofibers
(ALCFs) were obtained by carbonizing ALSFs at 900 °C with a heating rate of 10 °C
min . Transmission electron microscopy (TEM) images of the ALCFs are shown in
Figure 2.2B. Carbon fibers with diameters as small as 200 nm were produced, and no
defects were observed in the fiber surface, which seems very smooth. The carbon fiber
consisted of fine carbon crystallites with a preferred orientation along the fiber axis.

Figure 2.2 Alcell lignin fibers. A) ALFs as collected; scale bar jg®. B) ALCFs;

scale bar is 200 nm.
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2.4. Thermogravimetric analyses

The thermogravimetric curves for the ALFs and ALCFs heated in air and for the
ALSFs heat in Mare shown in Figure 2.3. For ALSFs, the main weight loss occurred in
the temperature range 300-600 °C, a consequence of devolatilization; by 900 °C, the
level was nearly constant. Similar results were reported for ground Kraft lignin [16].
The carbonization yield was 39 wt % based on the ALSF mass, with a total yield value

for the carbon nanofibers of 31.6 wt % based on the initial nanofiber (ALF).
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Figure 2.3. Thermogravimetric curves for ALFs and ALCFs in air and for ALSFs.in N

2.5.Elemental composition

The heat treatment to 900 °C reduced the oxygen content of the ALSFs, giving
rise to a more condensed polynuclear structure with an increase in the carbon content of
the ALCFs to 94.3 wt % (Table 2.1), which is comparable to values obtained for Kraft
lignin heat-treated under similar conditions [17,18]. The elemental analyses for the
ALFs and the ALSFs are shown in Table 2.1. The lignin nanofibers had a slightly
higher carbon content (and lower oxygen percentage) than their precursor. Oxidative
stabilization of the lignin fibers increased, as expected, the oxygen content of the fiber.
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Table 2.1. Elemental analyses of Alcell lignin and lignin-based fibers.

C (%) H (%) 0 (%)
AL 66.2 6.2 27.6
ALF 68.7 6.3 24.9
ALSF 62.1 3.8 34.1
ALCF 94.3 1.0 4.7

2.6.Surface chemistry

X-ray photoelectron spectroscopy (XPS) analyses were performed to study the
chemical composition of the surfaces of the ALFs, ALSFs, and ALCFs. Figure 2.4
presents the C1s spectral region for these nanofibers. The ALFs show a wide band from
288 to 282 eV, centered at approximately 285 eV. The binding energy of 286 eV is
associated with C—O bonds of surface functional groups, such as hydroxyl and/or ether
moieties, and the main peak at ca. 285 eV corresponds to C-C and C=C groups [19].
The broadening of this band toward lower binding energies may be due to a significant
contribution of the C—H bonding in the lignin [20]. The ALSF spectrum shows an
increase in the band at 286 eV and a new band centered at 288.6 eV with a small tail
near 290 eV. These two binding energies are related to C=0 bonds with -COO- bond
characteristics of anhydride, carboxylic, and/or ester groups, respectively [19]. The
oxygen atomic surface concentration increased with stabilization from 20.2 % in ALFs
to 25 % in ALSFs (Table 2.2). These results suggest that stabilization of lignin-based
nanofibers produced crosslinking reactions that incorporated carbonyl, carboxylic,
anhydride, and ester groups into the structure of the nanofibers [21], which seem to be

responsible for maintaining the fibers in the glassy stge>(T) [7].
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Figure 2.4. XPS C 1s region for ALFs and ALSFs.

Table 2.2. Atomic surface concentration obtained from XPS quantitative

analysis for lignin-based fibers.

C (%) O (%)
ALF 79.8 20.2
ALSF 75.0 25.0
ALCF 93.1 6.9

2.7.Structural order

Figure 2.5 presents the Raman spectrum of ALCFs. In a previous Raman study
with heat-treated carbon obtained from Kraft lignin, the ratio of the intensity of the band
in the 1350 it region to the band corresponding to thg le 113sdlg29) decreased
significantly as the treatment temperature increased from 1100 to 2800 °C, indicating a
lower contribution of structural disorder in the higher-temperature carbons [22]. The
l135d 124 ratio of 0.85 obtained for ALCFs and the fact that the frequency offflen&
of 1585 cm™* observed for these carbon nanofibers is in the vicinity of the 1582 c¢m
value found for graphite suggests an onset of structural organization in the carbon

nanofiber [23], although some disordered carbon is still present.
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Figure 2.5. Raman spectrum of ALCFs.

2.8.Textural properties

In order to study the porous structure of the carbon nanofibexd$®brption and
desorption and CPadsorption studies were performed. Figure 2.6 represents the
adsorption—desorption isotherm of fdr ALCFs. The isotherm can be characterized as
type I, which is typical of microporous solids (pore sizes smaller than 2 nm). Table 2.3
summarizes the pore structure parameters for the ALCFs, such as Brunauer—-Emmett—
Teller (BET) specific surface are#ger n2, the external surface ared; np, the
micropore volume calculated from the NMotherm and the micropore volumér coa
and the micropore surface arégg coz calculated from the CQOsotherm. The C®
isotherm covered the relative pressure range up to 0.03, where only narrow micropores
of < 0.7 nm were filled. Adsorption ofNind CQ on the ALFs and ALSFs was almost
negligible, indicating that these nanofibers are nonporous solids. The process of
carbonization at 900 °C develops narrow microporosity in the fiber structure as a
consequence of devolatilization. This behavior was also reported for ground Kraft and
Alcell lignins [17,24]. The ALCFs have a BET surface area value of 120§ hand a
micropore volume of 0.488 chy™. These values are similar to values obtained for
PAN-derived carbon nanofibers prepared by electrospinning [25]. The high values
observed for the C{Osurface area and micropore volume (Table 2.3) indicate that there

is a large contribution of micropores smaller than 0.7 nm in the ALCF porous structure.
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Figure 2.6. N, adsorption—desorption isotherm at =196 °C for ALCFs.

Even though ALCF is highly microporous, the thermal treatment at 900 °C
improved the oxidation resistance of the fibers. It can be seen from Figure 2.3 that
oxidation of the ALCFs began at 550 °C, nearly 300 °C higher than for ALFs. High
surface areas and oxidation resistance are key features for many applications, such as
catalysis, filtration, adsorption, fuel cells, solar cells, batteries, and tissue engineering
[26,27].

2.9.Secondary morphology: carbon nanotubes

To produce Alcell lignin hollow nanofibers (ALHFs), we used the tri-axial
spinneret (see Fig. 2.1B). The thermal treatment to produce the Alcell lignin hollow
carbon nanofibers (ALHCFs) was optimized to avoid melting; the hollow nanofibers
were stabilized by heating at 0.05 °C riffrom room temperature to 200 °C.
Carbonization of the stabilized nanotubes occurred at a heating rate of 10 @enin
room temperature to 900 °C. Figure 2.7 shows an example of the ALHCFs obtained

from this procedure.
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Figure 2.7. Examples of ALHCFs. A) SEM of mechanically broken hollow fibers. B)
TEM of one of the hollow carbon fibers

Shape of the hollow channel and wall of these tubes can be controlled just
selecting templates oils with different viscosity. Figure 2.8 presents ALHCFs prepared
using as template sunflower oil, which has lower viscosity than the previously tested. If
the motion of the driving liquid is dominated by surface tension more than by viscosity,
recirculating flows appear inside the Taylor cone. Thus, the outer liquid will not totally
pull the inner liquid toward the tip, producing dripping flow mode in the inner liquid.

Figure 2.8. ALHCFs prepared with low viscosity oil as template. A) SEM of beaded
carbon hollow fibers. Scale banprh B) TEM of one of the beaded carbon hollow

fibers. Scale bar: 500 nm
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The size of the wall and the hollow channel are also a tunable feature.
Modification of such parameters is possible carefully selecting suitable values of
template feed rate to the needle. Figure 2.9 shows ALHCFs prepared with synthetic oll
in increased oil flow rates. It is easy to notice how the size of the hollow channel and

the fiber diameter increases when higher oil feed rate is set, whereas the lignin shell

width is reduced.

Figure 2.9. ALHCFs obtained at different synthetic oil flow rates. A) Q= 0.2 mL/h B)
Q=0.4 mL/h. C) Q=0.6 mL/h. Scale bars: 400 nm
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3. THE PRODUCTION OF SUBMICRON DIAMETER CARBON FIBERS
BY THE ELECTROSPINNING OF LIGNIN

3.0.Abstract

Lignin fibers with and without platinum were synthesized in a single step by
electrospinning of lignin/ethanol/platinum acetyl acetonate and lignin/ethanol solutions,
respectively. The fibers obtained were stabilized in air at low temperature to avoid fiber
fusion during the subsequent carbonization process. The effect of the carbonization
temperature (600-1000 °C) on surface chemistry, morphology, textural properties and
oxidation resistance of the final carbon fibers was studied. The carbonization process
decreased the oxygen content of the fibers, increasing the carbon and surface platinum
proportion and producing a well developed microporous structure. Carbon fibers with
and without platinum with apparent surface areas of 1178 and 14§5respectively,
and micropore volumes of around 0.52%tgmwere obtained. The diameter of the carbon
fibers obtained is in the range of 400 nm to 1 um. Carbon fibers with surface platinum
of 0.6% in weight were obtained. The carbon fibers with and without platinum showed

high oxidation resistance despite their highly developed porous structure.

3.1. Introduction

Carbon fibers have become materials that are of great technological and
industrial importance because of their unique chemical, electrical, magnetic, and
mechanical properties [1,2].Fossil pitches and polyacrylonitrile (PAN) are widely used
as precursors for the carbon fiber production and their choice is dictated by the end
application of the carbon fiber. PAN-based carbon fibers exhibit the highest tensile
strengths whereas pitch-based carbon fibers exhibit high modulus and high thermal
conductivity. Renewable sources of carbon have also been studied as carbon-fiber
precursors [3]. Lignin is the second most abundant polymer in nature after cellulose.
This natural, aromatic (phenolic), heterogeneous bio-macromolecule exists in the cell
wall of plants. It is obtained, also, as a co-product of the papermaking industry [4].The
low cost and high availability of lignin have brought interest on its use as precursor of
carbonaceous materials like activated carbons [5,6,7,8] carbon catalysts [9] or

composite materials [10,11].
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The use of lignin as a precursor for carbon fibers has been previously reported
[12,13]. The lignin glass transition temperature is much lower than the decomposition
temperature, as it happens with most of carbon fiber precursors, thus a pretreatment
must be performed to avoid fiber softening and fusion. Braun et al [14] suggested air
oxidation at low heating rates as a simple and low cost method of thermostabilization.
After the thermal stabilization, the fibers are usually carbonized to yield carbon fibers.
The use of blends that contain lignin and synthetic polymers improved melt extrusion to
produce fibers. These blends after a proper thermal treatment yielded carbon fibers with
sizes ranged from 80 to 30 um [15]. Smaller diameters were difficult to obtain because
of the inherent limitations (i.e., clogging) of the melt-extrusion process used to draw the

fibers and to the particulate impurities present in the lignin.

An interesting application of the carbon fibers is their use as support of metal
active catalysts (i.e. platinum) for catalytic oxidation [16], hydrogenation and
dehydrogenation [17] reactions and hydrogen storage for fuel cell applications [18].
Incipient wetness is a conventional way to deposit the metal phase on the carbon fiber
surfaces. However, the closure of the micropores by the deposition of the metal particles
and the insufficient penetration of the precursor solution in the inner of the micropores
are significant drawbacks of this method. Besides, additional thermal treatment steps are
usually necessary to assure the anchorage of the metal phase to the carbon fiber surface
[19].

In this work we present a simple and straightforward experimental method [20]
for obtaining lignin submicrofibers with and without platinum by co-electrospinning
lignin solutions at room temperature without any added polymer and in a single step.
The lignin submicrofibers were thermally air stabilized and carbonized to generate
carbon submicrofibers. We also report the effect of the carbonization temperature on
surface chemistry, morphology, textural properties and oxidation resistance of the
carbon submicrofibers obtained.
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3.2. Experimental
3.2.1. Electrospinning

Alcell® lignin was used as precursor of the carbon fibers. In contrast to Kraft
lignin, Alcell lignin contains very small amounts of inorganic materials because of the
different pulping process (organosolv process) used. In this process ethanol is used as
the delignifying agent and lignin solvent, and lignin is obtained as a sulfur-free, fine,
brown powder [21]. Alcell lignin fibers (ALF) and Alcell lignin fibers doped with
platinum (ALFPt) were synthesized by electrospinning of Alcell lignin solutions [20].
For ALF a spinnable solution of lignin and ethanol with weight ratio 1:1 was used,
whereas for ALFPt spinnable solutions of lignin, ethanol and platinum acetyl acetonate
with weight ratios 1:1:0.002 and 1:1:0.004 were prepared. The action of the electric
field over a drop forming at the tip of a capillary change its shape into a charged conical
meniscus known as the Taylor cone [22]. In our configuration while the solution comes
through the central capillary tip, pure ethanol flows by the outermost, feeding the Taylor
cone with enough solvent to compensate losses due evaporation and avoiding the
solidification of the Taylor cone. Parameters such as viscosity, flow, concentration of
electrospun solution or applied voltage control diameter and length of fibers. In fact, it
is possible to switch between steady electrospray and electrospinning controlling rate
flow between outer and inner solutions, which allows encapsulating of core liquid
[23,24]. Ethanol and lignin solution flow rates were 0.06 and 0.8 mL/h, respectively. To
apply the high voltage between the spinneret and the collector, two high voltage power
supplies were used: one positively polarized connected to the needle and the other
negatively polarized attached to a collector. This configuration provided better
electrostatic conditions to prevent fibers from flying to any grounded piece near the set-
up, therefore facilitating the deposition of the electrospun fibers on the collector. The
tip-to-collector distance was 20-25 cm, and the electrical potential difference was 12
kV (the collector was at —6 kV and the tips at +6 kV), although this value varied
depending on the collector/tip geometry.
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3.2.2. Thermostabilization and carbonization

The Alcell lignin fibers with and without Pt (ALFPt and ALF, respectively) were
thermostabilizied in a tubular furnace under an oxidizing atmosphere (f58Td®/min
of air). The fibers were heated from room temperature up to 200 °C at a heating rate of
0.05 °C/min, maintaining the final temperature (200 °C) for 36 hours. The stabilized
fibers with and without Pt (ALFSPt and ALSF, respectively) were subsequently
carbonized in the same tubular furnace with a flow ef(A50 cni STP/min, Air
Liquide, Alphaga? 1, purity of 99.999%, with amounts of oxygen and water lower than
2 and 3 ppm, respectively) at different temperatures, from 600 to 1000 °C. The heating
rate in the carbonization stage was 10 °C/min. Carbon fibers obtained with and without
Pt were denoted by ALCFPt and ALCF, respectively, followed by the carbonization
temperature in degrees Celsius. The carbon fibers with higher platinum load, those
obtained by electrospinning of a more concentrated lignin/ethanol/platinum acetyl
acetonate solution with weight ratio 1:1:0.004 and carbonized at 900 °C, are denoted as
ALCFPt-900b.

3.2.3. Characterization

Carbonization of the Alcell lignin fibers was studied in a thermogravimetric
system (CI Electronics). The amounts of CO and, @@lved from the carbonization
experiments were monitored by NDIR analyzers (Siemens; ULTRAMAT 22 model). A
mass spectrometer (OmnistarTM, Pfeiffer Vacuum) was used to analyze the evolved gas
concentrations of Hand HO. The surface morphology was studied by scanning
electron microscopy (SEM) using a JSM 840 JEOL microscope working at 25 KV
voltage and by transmission electron microscopy (TEM) in a Philips CM200
microscope at an accelerating voltage of 200 kV. Particle size distribution of the fibers
with high platinum content was obtained by counting between 100 and 200 particles.

The size distribution was fitted to a normal distribution. From the size distribution, we
determined the number average diameder > nd /> _n; [25]. Platinum particle size
(supposing spherical particles) and dispersion (D) are related by D =, 108/d[26].
Raman spectra were recorded with a RENISHAW micro-Raman system using an Ar
laser at 514 nm as the excitation source with a spectral resolution 6f.2 cm
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The porous structure was characterized byatlsorption-desorption at -196 °C
and by CQ adsorption at 0 °C, carried out in a Micromeritics ASAP2020 and a
Quantachrome Autosorb-1 apparatus, respectively. Samples were previously outgassed
for 8 hours at 150 °C under vacuum. From theabisorption/desorption isotherm, the
apparent surface areag#&) was calculated by applying the BET equation, and the
micropore volume (Y and the external surface area)(Were calculated using the t-
method. The narrow micropore volumepg) was estimated using the expression of the
Dubinin-Radushkevich adsorption isotherm, as well as characteristic engjgan(E
optimized Dubinin-Astakhov exponent (n) of the Dubinin-Astakhov equation. The three

parameters were obtained from the &@sorption isotherm.

The surface chemistry of the samples was studied by X-ray photoelectron
spectroscopy (XPS) analysis. XPS analyses of the carbons were obtained using a 5700C
model Physical Electronics apparatus with Mgkadiation (1253.6 eV). For the
analysis of the XPS peaks, the Cls peak position was set at 284.4 eV and used as
reference to locate the other peaks. The fitting of the XPS peaks was done by least
squares using Gaussian-Lorentzian peak shapes. The oxidation resistance of the carbon
fibers was evaluated using thermogravimetric analysis (TG) performed in a CI
Electronics MK2 balance under,Nand air flow (150 crh STP/min) from room
temperature to 900 °C at a heating rate of 10 °C/min with a sample weight of about 10

mg.

3.3. Results and Discussion
3.3.1. Preparation yields

Table 3.1 reports the yields of the stabilization and carbonization stages of the
Alcell lignin fibers with and without platinum. Both fibers show very similar
stabilization yields. Weight loss can be ascribed to condensation and dehydration
reactions involved in the cross-linking between lignin polymeric chains and to
evaporation of occluded ethanol while heating. In a lesser extent it can also be due to
elimination reactions which involve release of CO and.Ckaking into account that
lignin presents an already oxidized structure, a low oxygen gain is expected during the

stabilization step. Carbonization vyields decrease with increasing carbonization
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temperature, due to the progressive loss of volatile matter and are slightly higher for the

fibers without platinum than those with platinum.

Table 3.1. Yields of the stabilization and carbonization treatments.

Sample Stabilization Carbonization treatment (w%)
treatment (wW%) 600°C  800°C 900°C 1000 °C
ALF 76.0 47.8 41.2 39.0 36.1
ALFPt 76.8 46.3 40.8 38.7 34.3

3.3.2. Carbonization products

Lignin presents aromatic rings with a wide range of activity due to the different
chemical bonds, which results in a wide decomposition temperature range [27]. The
main weight-loss for ALSF takes place within a relatively narrow temperature range
(250-450 °C), with the maximum mass loss rate at about 380 °C (see information in
Supplementary Material). The amounts ofChl CO, CQ and H desorbed from the
fibers during heating are represented in Figure 3.1. The amounOofGO and CQis
due to the decomposition of the large amount of hydroxyl groups and oxygen atoms
present in lignin polymers. The,8 profile ranges from about 100 up to 600 °C,
indicating the multiple origin of water. The,®& desorbed at low temperatures is related
to the loss of humidity of the samples, whereas the water evolved at higher temperatures
is associated to the decomposition of the hydroxyl groups of the polymeric constituents
[28]. The CQ release can be formed probably through the release of COOH groups or
the rupture C-O groups during the lignin degradation, producing al9q2¥,29]. The
broad curve of CO up to high temperatures can be related to the char formation
reactions [28] and to the cracking of carbonyl (C-O-C) and carboxyl (C=0) groups [27].
Release of Klat high temperatures is observed probably due to the depolymerization of
the abundant phenyl groups of the lignin or the secondary reactions between heavy
molecular hydrocarbon liquids and the light hydrocarbon gases in the evolving volatiles
[30].

3.3.3. Fiber morphology

Figures 3.2a to d show SEM micrographs of ALFPt, ALSFPt, ALCFPt-600 and

ALCFPt-900, respectively. The electrospun fibers diameter is between 800 nm and 3
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pm. The stabilization stage avoided fiber fusion without modification of the fiber size as
clearly seen in Figure 3.2b. In contrast, fiber size decreases with increasing
carbonization temperature. The diameter of the fiber carbonized at 900 °C is in the
range of 400 nm to 1 um (Figure 3.2d). The behavior of the Alcell lignin fibers without
platinum is very similar [20].
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Figure 3.1. Amounts of KO, CO, CQ and H desorbed from ALSF fibers during

heating in inert atmosphere.

Figure 3.2. SEM micrographs of (a) ALFPt (bar lengthurh), (b) ALSFPt (bar length:
5 um), (c) ALCFPt-600 (bar length: Iny) and (d) ALCFPt-900 (bar length: Inj.
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Figures 3.3a to c represent TEM images of ALCF-900, ALCF-1000 and
ALCFPt-900b, respectively. The fibers show an apparent smooth surface with absence
of defects. The fiber without platinum carbonized at 900 °C shows a diameter of around
500 nm (Figure 3.3a). Figure 3.3b shows a more detailed image of the ALCF-1000. No
defects were observed in the fiber surface, which seems very smooth. TEM micrograph
of ALCFPt-900b (Figure 3.3c) shows well dispersed platinum particles with sizes in the
range of less than 10 nm to about 25 nm. The platinum particle size distribution of the
carbon fibers with high platinum content have been fitted to a normal distribution with
meanp = 10.25 + 0.54 nm and standard deviatmr= 2.95 + 0.26, resulting in a

platinum dispersion of 10.53 %.

Figure 3.3. TEM images of (a) ALCF-900 (bar length: 200 nm), (b) ALCF-1000 (bar
length: 50 nm) and (c) ALCFPt-900b (bar length: 100 nm).

3.3.4. Surface chemistry

X-ray photoelectron spectroscopy (XPS) analyses were performed to the
different fibers to study their surface chemical composition (Results are shown in the
Supplementary Material). The stabilization process increases the amount of all oxygen
surface groups by the oxidation of the fiber surface, especially those corresponding to
carbonyl groups. The carbonization process, however, produces a decrease in the
amount of the oxygen surface groups, which evolve as CO and mainly,a$ig@e
3.1). Lignin fiber carbonized at 600 °C, ALCF-600, shows still a significant amount of

carboxylic acid groups with lower amounts of phenol and carbonyl groups. However, an
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increase of the carbonization temperature results in a clear reduction of the amount of

surface oxygen groups of the carbon fibers.

Figure 3.4 displays the Pt 4f spectra for the Pt containing stabilized and
carbonized fibers. The Pt 4f region of the spectra for these fibers presents a doublet
corresponding to Pt 45 and Pt 4§, [31]. The separation between Py 4and Pt 44,
peaks, due to spin orbital splitting, is a quantized value of 3.33 eV. The, ek
lying at around 71.5 eV can be attributed t8 (Rtetallic Pt), while the Pt 4 peak
located at around 73.0 eV is related tG*Relectrodeficient platinum) [31]. The
stabilized fibers present most of the platinum in form df,Rirobably due to the
oxidation of the platinum species during the stabilization treatment in air at 200 °C. The
carbonization process produces an increase and a shift of the peaks to lower binding
energies, which indicate the presence of a higher contribution of Pt in fortharf #ie
surface of the carbonized fibers. This result suggests that during carbonization of the
stabilized fibers electrodeficient platinum is reduced to metallic platinum by the carbon

surface.
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Figure 3.4. Pt 4f spectra for the stabilized and carbonized fibers with platinum.

Table 3.2 summarizes the mass surface concentration obtained by XPS and the
ultimate analysis of the different lignin-derived fibers analyzed in this work. The
stabilization process, as expected, increased the oxygen content of the fibers due to the
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oxidation reaction that produces carbonyl, carboxylic, anhydride and ester groups on the
fiber surface [14], which seem to be responsible of maintaining the fibers in the glassy
state (T<T) [12]. Carbonization of the stabilized fibers produces an increase of the
carbon proportion. Higher carbonization temperatures yielded fibers with higher carbon
and lower oxygen percentages. The amount of hydrogen decreased with the
carbonization temperature due to the aromatic condensation process [32]. The amount
of surface Pt also increased with the carbonization. Amounts of surface Pt up to 0.32%
were obtained for the fibers carbonized at 1000 °C. Table 3.2 summarizes (in brackets)
the estimated global amount of platinum of the stabilized and carbon fibers obtained
from the amount of platinum used in the formulation of the lignin fibers and taking into
account the carbonization yield. As can be seen, there is a good correlation between the
amount of surface platinum obtained by XPS and the estimated global amount of
platinum. This suggests that platinum is homogeneously dispersed on the surface of the
carbon fibers. The maximum amount of platinum is obtained for ALCFPt-900b, which
shows about twice surface platinum than ALCFPt-900, obtained at the same
carbonization temperature. The content of platinum measured by EDAX (not show) is
0.5% for ALCFPt-900b, very similar to that obtained by XPS and that calculated based
in the amount of platinum used in the formulation of the fibers.

Table 3.2. Mass surface concentration obtained by XPS

guantitative analysis and ultimate analysis of the different fibers.

XPS Ultimate analysis
Sample C (%) O (%) Pt (%) C (%) H (%) N (%) O (%)
ALF 72.9 27.1 -- 712 52 03 233
ALSF 67.4 32.6 -- 63.3 2.8 12 328
ALCF-600 915 8.5 -- 87.1 14 05 11.0
ALCF-800 93.9 6.1 -- 90.2 1.1 0.6 8.1
ALCF-900 94.8 5.2 -- 943 1.0 0.5 4.2
ALCF-1000 96.2 3.8 -- 95.0 0.7 0.7 3.6
ALFPt 74.3 25.6 0.1 (0.10) 65.0 57 0.2 27.7

ALSFPt 674 325 01(0.10) 594 40 05 356
ALCFPt-600 930 68 02(0.21) 898 22 06 74
ALCFPt-800 944 54 02(0.24) 9.8 11 06 86
ALCFPt-900 955 4.3 02(0.26) 925 09 03 6.3
ALCFPt-1000 965 32 03(0.29) 947 08 05 40
ALCFPt-900b 94.8 47  06(0.63) - - - -
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3.3.5. Structural order

The first order Raman spectra of carbonized fibers with and without platinum
are represented in Figure 5S of Supplementary Material. The spectra show the typical
features of carbon materials with two broad and overlapping bands at about 1340 cm
and 1590 ci, the former being associated to thg Eibration mode of the a ideal
graphitic lattice, and the latter being usually referred as D band, which is characteristic
for disordered carbon [33,34]. The relationship between both bands intensities is largely
employed in literature as a measure of structural order. More band parameters, like the
width of the D or G band, are also correlated to the structural disorder [35,36].
Deconvolution of the spectra reveals the presence of other bands on the vicinity of 1170
and 1515 cn, which are ascribed to oxygen superficial groups and/or ions impurities,
i.e. platinum, and interstitial defects, respectively [35,36]. They are clearly visible on

the deconvoluted spectra of lignin fiber carbonized at 900°C, presented in Figure 3.5.

1170cm’! Ep 1515cm™ Eg
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Figure 3.5. First order Raman deconvoluted spectra of ALCF-900 lignin fiber.

Table 3.3 compiles the intensity of GXland 1170 cm (1179 bands related to
the total integrated intensity of the spectrg, &nd the full width at half maximum of D
and G bands, Wand W, respectively, for all carbonized fibers. The increase of the
carbonization temperature from 600 to 900 °C for the fibers without platinum causes a
narrowing of D and G band, accompanied by a more intense G band signal. These facts

suggest a lower contribution of structural disorder for the carbons fibers obtained at
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higher carbonization temperatures [37]. The degree of structural organization on these
samples is superior to those reported for pitch-based carbon fibers prepared at similar
temperatures [36]. Platinum carbon fibers follow the same trend with temperature, but
show higher values of Wand a lesser intense G band signal than those carbon fibers

prepared at the same temperature. It has to be pointed out the low differences in
structural ordering between fibers with and without platinum. The presence of well

dispersed Pt particles on the structure of the fibers could hinder the orientation of the
graphene layers during the carbonization process. The slightly higher total amount of
oxygen in carbon fibers containing platinum may also results in a lower structural

ordering than that corresponding to the platinum free carbon fibers. As expected, the

carbon fibers with the most platinum, ALCFPt-900b and ALCFPt-1000, show the most
intense 1170 cthband.

Table 3.3. Parameters obtained from deconvolution of first order Raman

spectrum of carbon fibers.

sample 6y omy  emd
ALCF-600 24.0 2.2 239.5 75.6
ALCF-800 25.0 2.4 218.1 7.7
ALCF-900 30.2 3.8 162.5 65.5
ALCF-1000 27.9 3.1 196.3 74.6
ALCFPt-600 23.5 2.9 239.5 78.1
ALCFPt-800 25.5 2.8 226.4 78.0
ALCFPt-900 25.5 3.3 211.3 72.5
ALCFPt-900b  25.8 5.6 197.2 71.2
ALCFPt-1000  26.5 4.5 162.1 65.1

3.3.6. Textural properties

Figures 3.6 a and b show the &bsorption-desorption isotherms at -196 °C for
the fibers carbonized at different temperatures without and with platinum, respectively.
The fresh and the stabilized lignin fibers, with and without platinum, adsorbed a
negligible amount of Mindicating very poor developed porous structures. Regarding
the other carbon fibers, all of them exhibit isotherms essentially of type I, typical of

microporous solids, with a sharp increase efugtake at very low relative pressures
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and the appearance of a plateau at higher relative pressures [38]. Desorption branch of

all samples follows the corresponding adsorption curve at low relative pressures,

pointing out the absence of irreversible adsorption, typical of constrained microporosity.

The carbonization process produces a substantial microporosity development, as a

consequence of the loss of volatile matter. The amount aidslorbed increased in the

range of low relative pressure with carbonization temperature except for the fiber

without platinum carbonized at 1000 °C, which shows a significant decrease in the

amount of N adsorbed if compared to that of the fiber carbonized at 900 °C. This high

carbonization temperature could produce a solid reorganization resulting in a shrinkage

of the porous structure of the carbon fiber [37,39]. ALCFPt-1000 is the only sample that

shows a small hysteresis loop beyond 0.4 relative pressures, indicating the presence of

some mesoporosity. The knee at low relative pressures broadened as carbonization

temperature increases, indicating a widening of the microporosity. The carbon fiber

with the higher platinum content, ALCFPt-900b, shows a similar adsorption-desorption

isotherm than that observed for the carbon obtained at the same carbonization

temperature with a lower amount of platinum, ALCFPt-900. This suggests that the

increase in the amount of platinum of the fiber has limited influence on the porous

structure development.
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Table 3.4 reports the porous structural parameters of the carbon fibers obtained

from the N adsorption-desorption isotherms and from the, @@sorption isotherms.
Alcell lignin fibers, ALF, have a very low #r. However, these fibers present
adsorption of C@at 0 °C, from which a micropore volume of 0.027fgnis obtained.

This result indicates the presence of narrow microporosity inaccessibjeatc 196 °C,
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but accessible to Gat 0 °C that adsorbs only in narrow micropores of size lower than
0.7 nm [40]. Stabilization of lignin fibers increases the narrow micropore volume,
Vpr“2% with no noticeable increase of theg This increase could be associated to

the oxidation of the lignin fiber during the stabilization process in air. Despite the
stabilization is performed at low temperature (up to 200 °C), thermogravimetric
analyses of Alcell lignin fibers previously reported [20] have shown that these fibers
begin to oxidize at temperatures as low as 200 °C, resulting in a slight oxidation of the
lignin fibers. Furthermore, at the low temperature, oxidation reaction is chemically
controlled rather than diffusionally controlled. This way, oxygen molecules could
diffuse to the narrow micropore surface, where the gasification takes place, increasing
the narrow micropore volume. The apparent surface area is significantly increased
during the carbonization step, with values of 1195 and 117§ abtained for ALCF-

900 and ALCFPt-1000, respectively. It is noticeable the high surface areas and
micropore volumes obtained for these fibers, comparable to those of commercial
activated carbon products and certainly much greater than that observed for chars not
submitted to an activation process. The high oxygen content of the lignin fibers after the
stabilization process (about 33%w according to the ultimate analysis) could act as
activating agent during the subsequent carbonization process, producing a large
development of porosity. The low/AgeT ratio values observed for all samples indicate

the lack of mesoporous structure. The n value reflects the width of the energy
distribution and is related to the pore size distribution. Values of n between 1 and 4 are
characteristic of most carbon adsorbents, values of n>2 are related to molecular sieve
carbons or carbon adsorbents with highly homogeneous and small micropores, whereas
n<2 is found for strongly activated carbons and heterogeneous micropore carbons [41].
The carbon fibers obtained shown values higher than 2 at low carbonization
temperatures and lower than 2 at high carbonization temperatures. This indicates that
the increase of the carbonization temperature results in carbon with a more
heterogeneous narrow micropore structure. In general trendy tredue decreases with

the carbonization temperature due to the enlargement of the narrow microporosity with

the carbonization temperature.
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Table 3.4. Porous structural parameters of the carbon fibers.

N, isotherm CGO; isotherm
AgeT At A Vo.905 Vpr Eo
sample 2 mPlg) (cmflg) (emlg) (cntlg)  (kd/mol) "
ALF <1 <1 - - 0.027 - -
ALFS <1 <1 - - 0.085 - -
ALCF-600 524 11 0239 0.254 0227 3487 2.44
ALCF-800 699 6  0.322 0.333 0.349 3121 216
ALCF-900 1195 21 0523 0.548 0443 16.18  1.32
ALCF-1000 821 12  0.380 0.396 0.389 29.76  1.97
ALFPt <1 <1 - - - - -
ALFSPt <1 <1 - - - - -
ALCFPt-600 505 6 0233 0241 0273 3576 255
ALCFPt-800 535 2 0243 0298 0276 36.66 2.44
ALCFPt-900 722 13  0.325 0341 0.366 3022  1.95
ALCFPt-1000 1178 61 0520 0592 0429 1937 152
ALCFPt-900b 818 12  0.371 0394 0.381 26.99  1.02

3.3.7. Oxidation resistance

Figures 3.7 a and b compare the non-isothermal oxidation profiles of fresh lignin
fiber (non-stabilized) and different lignin-derived carbon fibers without and with

platinum as a function of temperature in air atmosphere. The non-stabilized lignin

fibers, ALF and ALFPt, start to oxidize at a significant reaction rate at temperatures of

around 250 °C. In contrast, the carbon fibers show a high oxidation resistance, in spite

of the high developed porous structure of these fibers (Table 3.4) and even those

containing platinum (ALFPt serie). The Pt only slightly decreases the oxidation

resistance of the carbon fibers at the beginning of the reaction probably due to the low

amount of Pt in the carbon fibers. Once a significant burn-off is reached, the differences

are larger due to the higher relative amount of Pt in the carbon fiber. The carbon fibers

carbonized at low temperature (600° C) start to oxidize at temperatures higher than 400

°C and the fibers carbonized at high temperatures (900°C) at temperatures higher than

500 °C

8%
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Figure 3.7.0xidation resistance profiles of electrospun and lignin-derived carbon fibers

(a) without platinum and (b) with platinum.

The Raman spectra of the lignin-derived carbon fibers (Figure 5S of
Supplementary Material) suggest an onset of the structural organization in the carbon
fibers, although disordered carbon was present. The presence of certain carbon ordered
structures [42] and the lack of superficial defects (Figures 3.2 and 3.3) are responsible
of the high starting oxidation temperatures of the carbon fibers obtained. Figure 3.8
shows that there seems to be a correlation between the starting oxidation temperature
(established as that measured at 5% of weight loss) and the structural order of the
lignin-derived carbon-fibers, measured by meanspb&nhd width. In general, the heat
treatment causes an improvement on crystalline organization of the carbon fibers, which
leads to higher oxidation resistance. For a similar structural order the presence of
platinum produces a slightly lower oxidation resistance. This trend is also manifested
for the case of ALCFPt-900b that shows a TG curve similar to ALCFPt-900.
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Figure 3.8. Temperaturat 5% weight loss of carbonized fibers during oxidation TG
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The evolution of the morphology and size of ALCF-900 and ALCFPt-900b
submitted to several isothermal oxidation runs at 525°C is shown in Figure 9. The runs
stopped when remaining weight of 50%, 30% and 10% were achieved for both fibers.
The partially oxidized ALCF-900 fibers show a decrement of their diameter and
preserve a rather smooth surface, Figure 9.c, e and g. The observed diameters seems to
follow those predicted by a shinkring core model that assumes constant density of the

fibers while oxidation takes place at their surface, thus making their radii at different
burn-offs proportional to the square root of the remaining weidkt & -/ W/W, ). The

oxidation reaction seems to proceed mainly over the external fiber surface. In the case
of the fibers near complete oxidation (90% BO) the diameter is larger than that expected
from the model, probably due to the effect of oxidation on the inner surface of the

fibers.

For the fibers with platinum (ALCFPt-900b), an initial shrinkage of the fibers
during the first steps of oxidation (50% BO) is observed, comparable to that for ALCF-
900 (Figures 3.9 ¢ and d). Beyond 50% of burn-off (Figures 3.9.f and h) the diameter of
the carbon fibers with platinum is higher than that predicted by the shrinking core
model and some defects on the external surface of the fiber are observed. As deduced
from the XPS analyses (Table 3.2) platinum seems to be homogeneously distributed on
the surface of the fibers. The presence of platinum enhances the widening of the
micropore structure during the first steps of oxidation, which results in a more
homogeneous oxidation of the surface fibers (external and internal) at high burn-offs.
The platinum particles size increases (from around 10 nm on original carbon fibers to

20-30 nm at 90% of burn-off) with burn-off due to sintering during oxidation reaction.

87



88

Chapter 3: The production of submicron diameter carbon fibers by the electrospinning of lignin

1001 nm

1476 nm

Figure 3.9. SEM and TEM images of ALCF-900 (left) and ALCFPt-900b (right) at
several burn-offs (BO); (a & b) original carbon fibers (bar lengths: 1000 nm); (c & d)
50% BO (bar lengths: 100 nm); (e & f) 70% BO (bar lengths: 500 nm); (g & h) 90% BO

(bar lengths: 90 nm)
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3.4. Conclusions

Lignin fibers with and without platinum were synthesized by a straightforward
experimental method in a single step by electrospinning of a lignin/ethanol/platinum
acetylacetonate and lignin/ethanol solutions, respectively. The fibers obtained were
stabilized by an air oxidation process in order to avoid fiber fusion during the
subsequent carbonization step. The stabilization stage increases the oxygen content of
the fibers. The stabilized fibers were carbonized at different temperatures between 600
and 1000 °C. The increase of the carbonization temperature decreased the oxygen
content of the fibers, increasing the carbon and surface platinum proportion, as well as
result in fibers with a higher structuralder. Carbon fibers with surface platinum of 0.6%
in weight were obtained. All the carbon fibers obtained present an essentially
microporous structure. The increase of carbonization temperature produces a
development of the porous structure of the carbon fibers. Carbon fibers with and
without platinum with apparent surface areas of 1178 and 1£8f raspectively, and
micropore volumes of 0.52 ¢y were obtained. The thermal treatment of the lignin-
based stabilized fibers produced a decrease of the final carbon fibers diameters. TEM
micrographs show carbon fibers with no defects, very smooth surface and size in the
range of 400 nm to 1 um. The carbon fibers obtained present a high oxidation
resistance, probably due to a certain degree of structural order and to the lack of surface
defects. The presence of platinum slightly reduces the oxidation resistance of the lignin-

based carbon fibers.
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4. PREPARATION OF CARBON/CERAMIC COMPOSITE
SUBMICROFIBERS BY ELECTROSPINNING

4.0.Abstract

Electruspun alumina or silice-lignin microfibers have been obtained using a
coaxial electrospinning setup and sol-gel technique. Preparation of composite
electrospun fibers allows the encapsulation of lignin inside an alumina or silica shell
allows that can be carbonized saving time and energy in the stabilization step. The
presence of a ceramic coating the lignin does not hinder the great development of
porosity that lignin-based electrospun carbon fibers have previously show when
carbonized at 900 °C. The obtained lignin/ceramic composite submicrofibers can also be
properly treated to prepare alumina/silica tubes or carbon fibers by oxidizing the lignin
core or by washing the carbonized hybrid fibers with hydrofluoric acid, respectively.
These pure carbon fibers are highly microporous and present more than 2§Gff m
apparent surface area and surface acidity, which enable their use as heterogeneous

catalysts among other applications.

4.1. Introduction

Electrospinning is one of the most suitable methods for preparing very thin
fibrilar structures from ceramics and polymers precursors [1]. This flexible technique
allows generating continuous tubes and fibers with sizes under the micron, and it is
rather promising in terms of achieving large scale production [2]. The small sizes, the
surface topology, the rich variety of possible precursors along with the easiness to cast
composite or supported materials provide valuable structural, thermal, chemical and
electrical properties to the resulting electrospun fibers. These properties enable the use
of such materials on a wealth of applications so diverse that can include fuel cells [3],
protein immobilization [4], filters [5], catalysis [6], energy storage [7], supercapacitors

[8], drug delivery [9] among many others.

Carbon fibers can be obtained by this approach if a carbon source is used as
precursor. To the date, the rather expensive polyacrylonitrile (PAN) is the preferred
precursor [8,10,11], though other polymers [12,13] and even isotropic pitch [14] have
also been used. Some of the carbon fibers prepared by electrospinning showed a well-
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developed porous structure, which provides the key parameter for using them as
adsorbent for pollutant removal [15], being well supported by their fine fiber size and
adequate surface chemistry. Lignin could be a good alternative to those relatively high
cost precursors. It is one of the most abundant polymers in nature, being mainly
obtained as a co-product of the papermaking industry. Lignin has been proved to serve
as raw material for preparation of activated carbons [16], highly ordered carbons [17]
and carbon fibers [18]. Its properties as carbon precursor, low cost and high availability
motivated two previous works where it was reported the production of carbon
submicrofibers with high specific surface areas due to a well-developed microporosity
by coaxial electrospinning of Alcell lignin solutions, without needing to use any binder
[19,20]. The main drawback of this method is the necessity of a slow stabilization step
in order to change the thermoplastic character of lignin to thermostable [21,22], thus

avoiding the fusing of fibers in the ongoing carbonization step.

On the other hand, the possibility to combine the chemical and thermal stability
of inorganic materials and the precise control of the structure, a distinctive of the
electrospinning technique, in a micro or nanoscale size range has drawn several
advances in the preparation of ceramic fibers. Capability of electrospinning combined
with sol-gel chemistry for production of ceramic hollow fibers has been reported several
years ago [23]. More specifically, several papers have reported works that have
successfully produced alumina and silica fibers, along with titania in their formulation
to cast composites for photocatalysis applications [24-26]. Other authors have proposed
several approaches to produce macroporous electrospun ceramic hollow fibers, with
inner diameters ranging from 100 nm to more than a micron [27-32]. Three approaches
are postulated to achieve the tube shape; playing with the miscibility of the gel that is
condensing inwards on the external wall of the electrospun fiber and the alcohol solvent
that carries the sol [27]; using polymer electrospun fibers as a template to deposit the
ceramic precursor over it, followed by its removal [28,29]; and finally, coaxial
electrospinning has also been successfully used to encapsulate polymer cores inside
inorganic shells to produce hollow fibers [30,31]. In this technique, two spinnable
solutions are pumped into two needles which are displayed coaxially one inside the
other [32]. An immiscible liquid, usually oil, can be injected in the inner needle,
whereas the solgel precursor flows through the outer one. The oil is later removed

producing the hollow channel inside the fiber. This method provides an opportunity to
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combine the advantages of inorganic materials, such as high chemical and thermal
resistance, with the large porosity obtained when polymeric fibers are carbonized, and

has been successfully used for preparing silica/PAN fibers [33].

In this work, the electrospinning of lignin and alumina or silica precursors using
a co-axial needle configuration is proposed to obtain lignin/ceramic composites fibers.
The coated lignin fibers could be carbonized saving time and energy in the stabilization
step, as an alternative pathway to the already published lignin-based carbon fiber
process [19]. Removal of the ceramic shell or oxidation of the lignin core would result

in pure carbon or hollow ceramic fibers, respectively.

4.2 .Experimental
4.2.1. Electrospinning set-up

The precursor lignin solution was made adding Alcell ® lignin to an ethanol
(CH3CH,OH >99.5%, sigma Aldrich) at a weight ratio of 1:1. Thiscosity of the

solution ranged between 350 and 400 cPs, making it suitable for electrospinning.

Sol-gel process for preparation of spinnable ceramic xerogels is a well-known
technique which has been readily adopted in electrospinning [34]. Alkoxide precursor
solutions can be previously aged [31] or directly spun for on-course hydration [27]. In

both cases, the inorganic oxide is formed from the hydrated form via condensation:

C(OR)y + xH,0 = C(OH), + xROH  (hydration)
2:C(0H)x0 = (0)x-1€ = 0 = C(0)x-1 + H,0 (condensation)

WhereC stands for aluminum or silicon in this work aRds the corresponding
hydrocarbon radical of the alcohol. The alumina precursor is prepared from aluminum
s-butoxide bis-ethylacetoacetate (CAS. 93918-06-0). In a typical synthesis, 20 mL of
ethanol are added to 32 g of alkoxide solution. Then, 4 ml of 10 M HCI are slowly
added to the mixture. Solution is placed in a closed flask, stirred vigorously and heated
up to 80 °C for 2 hours. Afterwards, flask is removed from heat, opened and let
evaporate until viscosity increases until obtaining spinnable solution. This solution is

expected to get hydrolyzed during electrospinning. On the other hand, the silica starting
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sol-gel material is Tetraethyl orthosilicate (TEOS, CAS. 78-10-4), which is subjected to
a polymerization/ageing process during 4 days. The resulting sol-gel is then added to an
acetone mixture in a 1:1 weight ratio in order to reduce its viscosity and thus avoiding
the stop of the electrospinning process due to an early solidification of the sol-gel at the

tip of the nozzle, in the so-called Taylor cone.

The electrospinning device used in the preparation of the lignin-ceramic
composite is schemed in Figure 4.1. The precursor mixtures were placed into two
syringes. Syringe pumps delivered the liquids to the spinneret at a constant flow rate.
The lignin solution was feed to the inner needle using a flow rate of 4 mL/hour, which
is fast enough to avoid the formation of supernatants in the Taylor cone due to rapid
evaporation of the solvent. Additionally, the sol-gel was poured into the outer needle at
a flow rate of 0.5 mL/hour for casting the alumina composite. It was raised to 0.8
mL/hour when preparing the silica-lignin fiber. The purpose of feeding the ceramic sol-
gel through the outer capillary needle is to dispose a thin sheath of the ceramic over the
lignin fiber, resulting in the preparation of a ceramic-shell/lignin-core composite. Two
high voltage supplies, one positively charged and the other negatively polarized and
connected to the collector, were used to apply the high voltage between the nozzle and
the collector. The electrical potential difference was 16 kV, being the collector at -8 kV
and the spinneret at +8 kV. This electrostatic configuration helped to prevent fibers
flying to nearing grounded pieces. Finally, the tips of the needles were displayed at a

distance of 25 cm above the collector.
4.2.1. Characterization of the fibers

The porous structure of each sample was characterized,bgddbrption—
desorption at —196 °C and G@dsorption at 0 °C. The analyses were performed in an
ASAP 2020 apparatus (Micromeritics). All the fibers were previously outgassed for 8 h
at 150 °C at a relative pressure of’16rom the N isotherm, the apparent surface area
(AgeT) was calculated applying the BET equation, whereas the micropore volume (V
and the external surface area)(Were determined using the t-method. The mesopore
volume (Mne9 Was estimated as the difference between adsorbed volume at a relative
pressure of 0.95 and the previously stated~¥obm the C@adsorption data, the narrow
micropore volume (¥gr) and apparent surface areapff were calculated using the

Dubinin—Radushkevich equation.
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Figure 4.1. Coaxial needle spinneret set-up used in the co-electrospinning of alumina or

silica (through A needle) and lignin (B needle) solutions.

The surface chemistry of the samples was studied by means of X-ray
photoelectron spectroscopy (XPS). XPS analyses of the samples were obtained using a
5700C model Physical Electronics apparatus with Mg#&diation (1253.6 eV). For the
analysis of the XPS peaks, the Cls peak position was set at 284.5 eV and used as
reference to locate the other peaks. The fitting of the XPS peaks was done by least
squares using Gaussian—Lorentzian peak shapes. The full width at half maximum
(FWHM) was fixed at approximately 2.0 eV and the position of the peak center was
allowed to vary within£0.2 eV of the reported value. The intensity values of XPS
spectra shown in this work are proportional to the corresponding atomic concentration;
for that, first the area behind the spectra is normalized to one, and then each point of the

spectrum is multiplied by the atomic concentration of their respective element.

Non-isothermal thermogravimetric (TG) analyses were carried out in a

gravimetric thermobalance system, CI electronics. Experiments were carried out in inert
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atmosphere (B, and in air atmosphere, for a total flow rate of 150 cc (STP)/min. A

small piece of each fiber cloth was cut and placed inside the apparatus. The sample
mass was approximately 7 mg. The sample temperature was increased from room
temperature up to 900 °C at a heating rate of 10 °C/min. The TG profiles were then

derived to obtain DTG curves.

The morphology of the fibers was studied by scanning electron microscopy
(SEM). The micrographs were obtained using a JEOL JSM-840 instrument, working at
a voltage of 20-25 kV. Additionally, the inner texture of the samples was characterized
by transmission electron microscopy (TEM). Transmission electron micrographs were
carried out by a Philips CM200 instrument at high voltage of 100-200 kV. In order to
untangle the fiber cloth and thus making easier taking micrographs from isolated fibers,
the fibers were finely dispersed in a pure ethanol solution and were ultrasonically
treated for 1 hour. Small droplets of the dispersion were deposited onto a holey carbon
film supported by a copper grid. The elemental analysis was performed with energy
dispersive system (EDS, EDAX) attached to the microscope. The analysis probe
allowed scanning the composition of the fibers in axial or radial directions.

The acidity of some catalysts was determined by adsorption—desorption of
pyridine carried out in a thermogravimetric system (CI Electronics) at@0UThe inlet
partial pressure of the organic base, 0.02 atm, was achieved saturating He with the
organic base in a saturator at controlled temperature. After saturation of the sample,

desorption is carried out at the adsorption temperature in Helium flow.
4.2.2. Preparation of composites fibers

The as-spun hybrid fibrous composite, whether it has been casted with alumina
(noted by A) or silica (S) precursors, were recovered from the collector as a thin, non-
woven cloth of yellowish brown color. Those electrospun composites have been used to
generate different composite or pure materials. For clarity’s sake, Figure 4.2 shows the

scheme followed for producing all the materials presented in this work.

First, as-spun fibers were thermal treated under d@&imosphere. This
carbonization process was carried out with about 200 mg of fiber cloth pieces, in
crucibles (Alsint 99.7%) located in the isothermal region of a horizontal tubular furnace.

The required inert atmosphere was set under constant nitrogen flow of £&fircm
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(STP) that was maintained for 30 minutes before heating the furnace to the selected
temperature. The heating rate was 10 °C/min and two different final temperatures, 600
and 900 °C, were set to study the effect of the treatment temperature on the textural and
chemical surface properties of the composites. The furnace was then let cooled
overnight to room temperature, obtaining carbon-alumina/silica composite fibers. The
carbonization temperature is added at the end of the acronym to distinguish between the

treatment at 600 and the treatment a 900 Celsius degree.

On the other hand, lignin-ceramic composites were also placed inside an oven
for air oxidative stabilization at 200 °C for different times. Stabilized fibers were
denoted by the stabilization time in hours preceding the name of the parent as-spun
composite. Moreover, the air stabilized composites were also carbonized using the same
conditions detailed earlier. The resulting composites were denoted by their previously

shown acronym followed by their carbonization temperatures.

The air stabilized and carbonized composites were also acid washed for etching
the ceramic content. A sample of around 150mg was inserted in a flask with 50 mL of
hydrofluoric acid (48%, ACS reagent) and subjected to continuous stirring for one hour.

The washed material was named as the parent fiber acronym followed by W.

The as-spun lignin-ceramic composite fibers were also used as raw material to
prepare hollow ceramic fibers. In that sense, small quantities of each A and S fiber cloth
were heated under air atmosphere up to 600 °C and keep at that temperature for 1 hour

looking for a total removal of lignin, obtaining CA and CS ceramic hollow fibers.

Finally, textural and chemistry surface properties of lignin powder and carbon
fibers from electrospun lignin fibers prepared in previous works [19,20] are also
mentioned along the work for the sake of comparison. In those cases, they are named as
L or LF for lignin powder or fiber, respectively, preceeded by the air stabilization time

and followed by the carbonization temperature.
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600 °C 600 °C
(X600) Carbonization 24 hours | | Carbonization /’ (24X600)
(X900) 1 t (24X900)
inorganic/lignin _| Stabilization 900 °C HF Wash

as-spun fiber (X) | Air, 200°C (06X900) =

' v ) '

1h P Calcination 6 hours | Carbonization 49% 1hr

(CX) Air, 600 °C (06X) N, (XW)

Figure 4.2. Fiber composite’s production scheme. Boxes related to treatments are filled

in grey.

4 .3.Results and Discussion
4.3.1. Yields

The yield in each stage and for the overall production process was estimated in
dry basis from furnace experiments. It is shown in Table 4.1. Significant weight loss
occurred in the carbonization process, being much lower during thermostabilization.
Weight loss increased with stabilization time probably due to further condensation and
dehydration of lignin oxygen groups [20,21]. Yield for the thermostabilization process
in case of lignin powder seems to be higher than for A and S composites. Differences
can be accountable to incomplete hydrolysis/condensation of the alkoxides in
composites. The S composite showed lesser weight losses after thermostabilization,
which can be connected to the long gelation time of the TEOS precursor solution,
producing fibers with a ceramic layer which is hydrolyzed and condensed in a higher

extent than alumina-lignin ones.

Carbonization of powdered lignin used in the formulation of the fibers yielded
similar weights than those reported for pyrolysis of alcell lignin [39]. Carbonization
yields for the fibers are higher, due to the alumina or silicon fraction of the composite
fibers, which is thermally stable. On the other hand, a previous thermostabilization stage
induces a higher carbonization yield. The air stabilization process increases the
molecular weight of lignin as a result of formation of anhydride and ether linkages

between lignin polymeric chains [21,22]. The thermosetting polymer probably has a
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lower volatile fraction. Overall (thermostabilization plus carbonization) yield is higher
when composites are produced avoiding thermostabilization, especially when it lasted
for 24 hours in A composite. Dissimilarities cannot be assessed to elimination reaction
of oxygen groups from lignin, as the differences in carbonization yield are greater in
composite fibers (5%) than for powdered lignin (2%), which can be taken as a baseline.
This can be better explained by the complete hydrolysis/condensation of the ceramic
layer in air stabilized samples. The organic ligands of remaining alkoxide molecules in
as-spun fibers, which only decompose to dibuthylether at temperatures higher than 600
°C in nitrogen atmosphere, could be pyrolized in the presence of nascent surface acid
sites from the silica or the alumina surface in a similar manner than cracking volatiles
from polymer degradation in infiltrated zeolites [40], producing a higher carbonization
yield.

Table 4.1. Yields for each process step in the production of composite carbonized fibers
(wt.%)

Stabilization Carbonization Global

Sample time (hrs) vyield 600 °C 900 °C 900
No - 52.8 48.1 48.1

A 6 92.3 X 49.9 46.0
24 86.6 56.7 49.1 42.5

No - - 47.4 47.4

S 24 89.1 - 50.0 445
No - 45.0 42.1 42.1

L 6 92.8 - 455 42.2
24 90.8 50.9 43.8 39.8

4.3.2. Air stabilization of electrospun fibers

When studying the oxidative thermostabilization of lignin fibers, Kadla and
Kubo found that temperatures in the range of 200-250 °C are optimal for avoiding
excessive weight loss due to elimination reactions and for favoring lignin polymer C-O-
C cross-linking bridges, which turns to be a key factor to raise the glass transition
temperature of lignin [21,22]. This step was necessary to avoid fusion in the production
of carbon nanofibers from electrospun lignin fibers. In two previous works electrospun
pure lignin fibers have been stabilized in air at 200 °C for more than 30 hours using low
heating rate values of 0.05-0.10 °C/min [19,20]. In that sense, the heat treatment took
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about 60 hours. Aiming to reduce the treatment time, two modifications were taken.
First, the oven temperature for the air treatment of the composite fibers was directly set
to 200 °C, avoiding the slow heating ramp used in the previously mentioned papers.
Second, stabilization time at 200 °C was reduced. At such a high temperature,
evaporation of remnant solvent occurred at beginning of the stabilization, which was
confirmed by fast weight loss of 8% for A composite after the first hour. Evaporation is
followed by weight loss rate of 0.3% per hour which slowly decays until weight reaches

near steady value of 85% after 54 hours.

Hydration and condensation of the alkoxide layer during ageing or
electrospinning process could have result in formation of amorphous oxide shell
previously to the air stabilization step. In this sense, several works have already reported
production of amorphous silica or alumina electrospun fibers from alkoxide precursor
[27,31]. The aluminum or silicon oxide layer is expected to be solid enough to keep
enclosed the molecules of lignin, but permeable to diffusion of carbonization gaseous
products (H, H,O, CO, CQ) leaving from the fiber core. This way, ceramic/carbon
composite fibers would be obtained despise incomplete thermosetting or even avoding
it.

The effect of oxidative thermostabilization time on surface chemistry was
studied by means of XPS analyses. It is important to take into account that this
technique provides information only of the outermost 5-10 nm of the exposed solid
surface. Thus, the wider silica layer (observed in TEM micrographs for S fibers, see
section 4.3.7) hinders any effect of air oxidation or carbonization in the lignin core
behind it, and therefore A fiber were chosen for this study. XPS spectra for the as-spun
and air-thermosetted A fibers at 200 °C and different times are shown in Fig. 4.3. The
Al2p region of the spectra, Figure 4.3a, presents a maximum lying at 74.0 eV, which
shifted to 74.3 eV after air thermostabilization for 6 hours. This displacement can be
related to hydrolysis of aluminum alkoxide [35], producing higher contribution to XPS
signal from AbOs; (Al-O-Al bond, at 74-74.5 eV [36]) respect to that of aluminum s-
butoxide (C-O-Al bond, located at 73.0 eV). This result suggests that, after electrospun
of the composite fibers, the remaining alkoxide is hydrolyzed during the air
stabilization. Longer stabilization times just resulted in slightly higher Al2p peak

intensity.
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The changes in spectra in C1s and O1s photoemission region, Figures 4.3b & c,
confirmed the oxidative thermosetting of lignin fiber. As-spun fibers Ols spectrum
shows a nearly symmetric peak lying around 532.0 eV, which is product of convolution
of C-O-R, C=0 and Al-O signals at 532.6, 530.8 and 529.3 eV respectively [37]. The
stabilization process produces an increase of oxygen content and displacement of the
maximas to higher binding energies, which is associated to higher presence of C-O-R
groups. Deconvolution of Cls spectrum show three different peaks; (i) at 284.5 eV
associated to C-C and C-H bonds; (ii) at 286.1 eV that could be related to C-OH groups,
widely represented in liginin monomer; (iii) and at 288.5 eV associated to carbonyl and
C-0O-C groups [38]. While C-OH contribution seems to remain almost constant, the C-
C/C-O-C ratio seems to diminish from A to 24A fiber, being even lower in the case of
54A spectra. As aforementioned, condensation reactions between adjacent carboxylic or
phenyl groups, increasing glass transition temperature of lignin, are expected during air
treatment at 200°C and can be causing higher C-O-C contribution, whereas longer time
exposures to air produces increases in total oxygen content and lower C-C/C-O-C ratios
due to insertion of more phenyl, carbonyl and carboxyl groups and condensation of

carboxilic groups.

Al2p O1s Cils

* A

normalized intensity

78 76 74 72 70 68 536 534 532 530 528 290 288 286 284 282
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 4.3. Normalized Al2p, Ol1s and C1s regions of XPS spectra from as-spun and

air-stabilized A composite fibers.
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It can be concluded that the shell-core arrangement of the composite do not
difficult the oxidation of lignin because of restricted diffusion of oxygen through the
alkoxide/ceramic layer. On the other hand, the oxygen groups inserted in this step can
cause changes in the chemical or structural properties of the final composites, so short
and long time stabilized composites, i.e. air stabilization times of 6 and 24 hours
respectively, were further used for carbonization and confronted with direct carbonized

fiber composites.
4.3.3. Thermogravimetric analyses

Figure 4.4.a depicts the weight loss of as-spun A and S fibers as well as solely
lignin fibers during an air calcination run at 10 °C/min. Residual ethanol or organic
solvent, which accounted for 5-8% wt. and evaporate at temperatures under 100 °C, are
discounted from the TG profiles. All the fibers started losing weight at 150 °C. The S
and L fibers were completely burnt at 600 °C, while aluminum-lignin fiber still lost a
minor weight quantity up to 650 °C. The DTG profiles of both composites show a
similar pattern than pure lignin fibers, having two main peaks which are endorsed to
combustion of lignin, the principal component of all fibers. Faster weight loss rates for
both composites can be observed between 100 and 400 °C. Those mass losses can be
associated to condensation of the hydrous ceramic layer and decomposition of the

organic part of remnant alkoxides, which is removed in air below 500 °C [41].

Differences on the carbonization process of lignin in composites fibers were also
studied using nitrogen thermogravimetric analyses. Figure 4.4.b depicts the resulting
TG and DTG profiles. S and L DTG curves seem to be similar, exception made of the
differences at T~150 °C, where condensation of silicic acid to form silicon dioxide
proceeds with water elution, and the slightly superior weight loss at T>600 °C, which is
related to decomposition of remnant TEOS to form silicon dioxide and di-ethyl-ether. It
can be said that pyrolysis of lignin is not affected by the presence of the ceramic layer.
On the other hand, differences in thermal devolatilization onset temperature and
remaining weight at 900 °C are observed between S and 24S composites. The
devolatilization of the latter fiber seems to be delayed to higher temperature, and
proceeds in a lesser extent, as pointed out by its higher remaining weight at 900 °C. This
is related to condensation and, though less likely, elimination reactions of oxygen

surface groups that take place during the air stabilization of lignin [21].
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Thermostabilization also inserted C=0 groups, as revealed by XPS analyses.
Considering that Figuereido et al. [42] stated that ethers and anhydrides surface groups
evolves from activated carbon surfaces at temperatures between 600 and 800°C in form
of CO and CO/CQrespectively, the higher weight loss for 24S at 600 °C can be related
to removal of the inserted C=0O groups and C-O-C bridges formed during the air

stabilization stage.
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Figure 4.4. TG and DTG profiles of lignin and as-spun fiber composites in air (a),
lignin and S fiber before and after air stabilization for 24 h in nitrogen (b), carbonized

lignin and stabilized fiber composites in air (c).

Air TGs in Figure 4.4.c studies the effect of the ceramic layer on the oxidation
resistance of carbonized lignin fibers. For this purpose, it is also shown a TG profile of
a carbonized fiber from slowly air stabilized lignin fiber, LF900 [19]. 24S900 and
24A900 were chosen because they have been subjected to the most similar air
stabilization treatment. All three fibers show a remarkable oxidation resistance. The

silicon or aluminum oxide presence did not improve the oxidation onset temperature,
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probably due to the expected ceramic layer being porous or not closed, with the carbon

core being partially exposed.

On the other hand, weight after calcination at 900 °C is 10.0+0.4 for S and
3.1+0.2 % for A fibers, calculated from the respective Air-TG of S. Theoretical
calcination yields can be estimated taking into account the appropriate alkoxide/lignin
electrospun pumping feed ratio from the formulation of the electrospun fiber plus the
ratio between the Sgr AlO; s molecular weight and that of their respective precursor,
i.e. TEOS and aluminum sec-butoxide. Therefore, expected yield for production of CA
is 16.67% x 0.1425-= 1.58%, whereas CS yield means to be 28.6% x 0.2885= 4.81%.
The higher experimental values can be endorsed to the hydrolysis and condensation of
the alkoxide during solidification of the jet in electrospinning and to the ageing step for
the TEOS solution. Calcination yield if the external layer of the as-spun fibers is
considered as hydrous silica and alumina would be 10.42% and 7.26%. The similar
yield value for the production of CS is pointing out that TEOS solution was mostly
hydrolyzed, whereas the experimental yield value obtained from calcination of A fiber
points out the aluminum alkoxide layer is only partially hydrolyzed in them.

4.3.4. SEM and TEM analyses
4.3.4.1. Production of electrospun composites

The SEM micrographs compiled in Figure 4.5 depict the as-spun aluminum and
silicon/lignin composite fibers (A & S). The A mat proved to be compound by long
fibers with a high distribution of sizes, ranging from 200 nanometers up to 4 microns in
diameter. They also showed a circular cross-section. The regular appearance of the tip
of broken fibers, as can be seen in some of the fibers of Figure 4.5.a, indicated that the
core of the fiber is solid. The absence of ill formed fibers and the rather smooth surfaces
pointed out that the electrospinning process was working adequately at the chosen
combination of operation conditions. The electrospinning of the S composite performed
in a similar fashion, but this material showed a more homogeneous distribution of the

fiber size.
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Figure 4.5. SEM images of a) aluminum alkoxide/lignin composites and b) silica
alkoxide/lignin composite fibers. TEM images and EDAX spectrum of A fiber when c)
directly submitted to TEM or d) stirred in ethanol and ultrasonically treated for 30
minutes. Bar length: 100 and 60 nm respectively.

The inner structure of the composite was studied by means of transmission
electron microscopy. Figure 4.5.c confirmed that the core of the freshly electrospun
fiber is solid and homogeneous. The main elements found by EDAX are carbon, oxygen
and aluminum. The outer surface did reveal neither a gradual interphase nor a less
dense, dissimilar sheath, so lignin could be infiltrating the shell and concealing the
ceramic layer. The last image in Figure 4.5 corresponds to ethanol-cleansed A
composite. EDAX composition reveals the resulting mat consists mostly in aluminum
oxide tubes. It seems that ethanol diluted the lignin from the core of the composite.
TEM image reveals an irregular and less dense core with long and denser strings that
run sinuously along the fiber axis. The darker strings seem to be a transversal slit of the
alumina shell. When those striations are seen in the middle of the fiber, is because the

wrinkled topology of the external surface, which is probably due to ceramic shell
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having partially collapsed inwards. The layer is rather thin, showing a width of around
10 nm.

4.3.4.2.Inorganic oxide tubes

Once the electrospun lignin-ceramic composite fibers have been successfully
casted, they could be used as the starting material for the production of hollow inorganic
oxide fibers. The formation of the ceramic tube requires the removal of the lignin core
and the production of the alumina or silica layer from the matching alcoxide if it is not
completely gelated. The most straightforvard method to achieve both goals is the
calcination of the original composite. The calcination temperature to produce the
inorganic tubes was set to 600 °C, and was maintained for one hour to ensure entire
calcination of the organic compounds of the fiber, whis was verified by the hollow

structure observed in TEM images, Figure 4.6.

—

Figure 4.6. TEM images and EDAX spectrum of calcined fibers. (a) CA fiber. Bar
length: 500 nm. (b) CS fiber. Bar length: 300 nm

These tubes have external sizes to some extent lower than those detected for the
composite fibers (200-2000 nm for A and 400-1200 nm for S), probably due to
shrinkage during the polymer core removal in the oxidation process. Their surface
aspect is more regular that those obtained by lignin removal by ethanol washing, as the
remaining alkoxide and hydroxides over the fiber surface turns into amorphous alumina
or silica prior lignin oxidation, hardening the ceramic layer. Evidences of the
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morphological changes caused by the higher sol-gel flow rate in the production of S
fiber are clearly provided by the transmission images on Figure 4.6.a and b. The width
of the silica wall is two-three times higher of that measured for the alumina tubes. The
higher width of the silica wall in CS corroborates the correlation between the feed rate
of the sol-gel to the nozzle and the size of the ceramic tubes’ wall. They also showed
lesser cracks and defects and a more rigid and linear fiber structure than their alumina

counterpart.
4.3.4.3. Production of carbon-ceramic fiber composites

The controlling step of time production of carbon fibers is usually the
stabilization step. The feed rate of the ceramic shell precursor is going to be a critical
parameter if the composite stabilization procedure is to be improved. This is supported
by SEM and TEM results. Figure 4.7.a & b follows the morphology of A fiber after
stabilization and posterior carbonization. Figure 4.7.a supports the absence of fused
fibers when as-spun fibers are directly thermostabilized at 200 °C, despite the lower
glass transition temperature of lignin. The presence of the alumina shell has greatly
shorten the thermostabilization treatment time required for obtain lignin-based carbon
electrospun fibers. The stabilized composite fibers seem to be fairly similar in size to
the electrospun composite. Carbonization at 900 °C of alumina-lignin stabilized
composite fiber proved to produce stable alumina-carbon composite fibers with smooth
surfaces and lack of fusion points, as supported by the scanning image on Figure 4.7.b.
Figure 4.7.c and d shows SEM and TEM images from respective A and S composites
submitted to direct carbonization. In the pictures from the A900 composite, Figure
4.7.c, it can be seen fibers sharing fused cross-sections with nearby fibers. It seems that
the alumina layer is not wide or rigid enough to effectively encapsulate the lignin inside
it. Consequently, lignin is able to diffuse through the ceramic layer when carbonized,
causing fusion of the fiber with nearby fibers. On the other hand, when the ceramic-
lignin composite fiber was prepared using a higher flow rate and aged solution, as in the
case of S fiber, the SEM images showed lesser evidences of fused fibers, Figure 4.7.d.
No cross-linkage is detected, although some fibers are seen to get stuck and run in pairs
for some hundreds of microns before getting apart. Their surfaces are also rough,
probably related to the softening of the inner lignin core before getting carbonized,
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giving the fibers a relaxed appearance. Nevertheless, direct carbonization of this

composite keeping fibrile form seems to be possible thanks to the wider ceramic layer.

Figure 4.7. SEM images of carbonized composites. a) 06A, b) 06A900, c) A900, d)
S900. Bar length: 10m

Further information about the condition of the ceramic sheath after carbonization
of composite fibers can be obtained from TEM images. Figures 4.8.a and c presents
direct carbonized and carbonized after stabilization alumina-lignin fibers, respectively.
It is easy to notice the occurrence of a less dense sheath in the outer region of 06A900,
which is unnoticed in fibers from A900 sample. It seems air stabilization helped to tight
the alumina shell and to establish a vivid interphase with the carbon core. The
composition of that coat is studied in Figure 4.8.d. EDAX of C, O and Al K lines were
registered along the radial axis (following the black arrow) of the fiber presented in
Figure 4.8.c. Carbon signal takes the form of a plateau, whereas aluminum has two
strong peaks at both ends of the fiber, where the dark coat is located, and keeps a low
intensity profile along the rest of the fiber. Oxygen seems to follow a similar trend than

aluminum. From these results it can be said alumina is covering the whole lignin core,
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being located at the surface of the fiber. Lastly, Figure 4.8.b shows a S900 fiber which
was subjected to partial oxidation (30% burn off) under air atmosphere at 600 °C. The
silica coat at the outer surface of the fiber is clearly identified, while a less dense region
appears just under it. It seems that the oxidation of the carbon core proceeds radially,
which points out that the silica layer over the composite fiber is permeable to oxygen

diffusion.
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Figure 4.8. TEM images and EDAX spectrum of lignin and carbon alumina
composites. a) A900 fiber; line bar: 200 nm. b) S900 fiber, 30% burn off; line bar: 300
nm c) 06A900 fiber line bar: 90 nm d) 06A900 EDAX linear scanning spectra.
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4.3.4.4. Production of carbon fibers

Figure 4.9 displays SEM and TEM images from 24A900 composite cloth that
has been rinsed in a hydrofluoric acid wash for one hour. SEM images showed the fibril
morphology of the material have not been compromised, thus the scrubbing of the
ceramic material on the fiber have not damage the fiber, although the surface of the
fibers is now more rough, as can be seen in Fig. 4.9.b. The fiber diameter seems to be
smaller, probably due to the removal of some of the carbon core linked to the ceramic
layer. EDAX of carbon fiber core in Figure 4.9.b reveals that it is mostly made of
carbon, confirming utter removal of silicon dioxide. Fluorine presence reveals that some

of the etching agent seems to be retained in the porosity of the fiber.
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Figure 4.9. SEM and TEM/EDAX images of 245900 fiber washed in 49% HF for 1 hr.
4.3.5. XPS analyses

Table 4.2 Reports XPS quantitative analysis results for ceramic-carbon
composite fibers at different preparation stages. Results for lignin powder are also
included to establish a baseline. From the results of S series, it can be concluded that the
expected O/Si surface atomic ratio is slightly higher than 2 (silica) in as-spun fibers, as
some TEOS and silicic acid still remains to be hydrolyzed and condensed to form SiO
The O/Si ratio gets closer to 2 after carbonization and matches the silica value in
carbonized fibers after stabilization and in CS calcined fibers.

On the other hand, O/Al ratio in A as-spun fiber is 3.2, far from the 1.5
belonging to alumina. As commented in Section 4.3.2, oxygen amount increases after

air oxidative stabilization and with longer time for fiber exposure. Carbonization of the
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fibers lowers the O/Al ratio to approx. 2.5 at 600 °C and near 1.6 at 900 °C. The O/Al
ratio of 24A600 is higher than expected due to oxygen contribution from oxygen
surface groups of carbonized lignin under the alumina layer. The incomplete hydrolysis
of oxygen-rich aluminum sec-butoxide, which decomposes to alumina and
dibuthylether higher than 600°C, is exposed by the even higher O/Al ratio value
observed in A600 fiber. CA tubes show low carbon content and match the O/Al ratio of
alumina. Higher carbon content is detected for direct carbonized composites, probably
due to the lignin core getting fused and mixed with the incomplete-condensed alumina
layer. On the other hand, carbon content is unaltered in carbonized composites prepared

from the air stabilized fibers.

Table 4.2. XPS quantitative analyses on lignin powder and alumina-lignin and silica-

lignin composite fibers.

Series Silicon-lignin fibers Aluminum-lignin _Poyvdered
(at%) fibers (at%) Lignin (at%)

Sample C @) Si C @) Al C @]
X 295 48.8 217 57.0 32.7 103 87.5 125
06X -- -- -- 55.7 35.1 8.6 85.6 14.4
24X 341 46.8 19.1 53.7 36.0 9.2 83.6 16.4
X600 -- -- -- 85.3 10.9 3.8 92.5 7.5
24X600 -- -- -- 50.3 29.7 11.0 93.6 6.4
X900 264 49.0 246 73.0 166 104 93.1 6.9
06X900 -- -- -- 60.6 24.1 153 943 5.7
24X900 185 54.0 275 59.9 256 155 96.1 3.9

CX 7.3 61.1 31.6 151 526 323 -- --

XwW 828 158 0.6 88.8 108 04 -- --

Finally, XPS results allow ruling out the presence of silicon or aluminum in AW
and SW carbon fibers. HF acid washing seems to effectively etch the ceramic layer in
both A and S composites fibers. The remaining carbon core is richer in oxygen than
carbonized lignin powders and lignin-base carbon microfibers [20]. The presence of
oxygen surface groups could be of interest for catalytic applications.

4.3.6. N & CO, adsorption analyses

Figure 4.10 depicts the nitrogen adsorption-desorption isotherms for A

composite fiber series. As-spun fibers seem to be a non-porous material, showing
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negligible nitrogen uptakes before and after thermostabilization in air. Incipient porosity
is developed in the fibers after carbonization at 600 °C. Air stabilization seems to
neither compromise nor improve the micropores formation at this preparation point.
After carbonization at 900 °C, all mats increases notoriously nitrogen adsorption
capacity and show type | adsorption isotherms, characteristics of strictly microporous
materials. The absence of hysteresis loop, as nitrogen desorption branch seems to follow
adsorption one, allow discarding the presence of mesopores in these fibers. Although a
variation in nitrogen uptake is registered when carbonizing fibers after air stabilization
at quite long times (54 hours), increasing near 20% the nitrogen adsorption amount, it
can be also seen that fibers which were carbonized after small and medium stabilization
times show similar and even lower nitrogen uptake than directly carbonized fibers (see
06A900 & 24A900 vs A900).

This particular discordance between medium and long stabilization times can be
better explained appealing to textural properties obtained fropna@sdrption at 0 °C.
Comparison between micropores volume measured using both techniques allow to
assess activated diffusion problems and discerning between supermicropores, which are
not filled at the low relative pressure range covered by adsorption at 0 °C,ctCO
atmospheric pressure, and micropores with sizes under 0.7 nm, which are narrow pores
where CQ can readily adsorb at 0°C, while nitrogen has huge diffusional constraints to
reach and get adsorbed in them at -196°C [43]. In that sense, Table 4.3 reports the
textural properties derived from the Bnd CQ adsorption isotherms at 77 K and 273K,
respectively. LF900 carbon lignin-based fiber and silica-carbon composite 24S900 are
also included for comparison sake. The eminently microporous character of all samples
are confirmed by the low HAget ratios. The low micropore volumes measured by N
adsorption in stabilized fibers and carbonized fibers at 600 °C are now confronted by
CO, micropore volumes of 0.072 and circa 0.200/gmespectively. It seems that 24A
fibers developed a nascent and quite close porosity during the air stabilization process,
being further developed on devolatilization of lignin at 600 °C. Raising the
carbonization temperature to 900 °C improves the development of the porosity,
widening the pore size and thus allowing the diffusion of nitrogen into them, obtaining
similar N, and CQ micropore volumes. Although in carbonized fibers prepared at

900°C a clear trend is not observed betwegmiropore volume development and air



Chapter 4: Preparation of Carbon/Ceramic Composite submicrofibers by Electrospinning

stabilization time, C@micropore volume does correlate with higher time for oxidation
at 200 °C, obtaining increases of microporosity around 30% in the best case.
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Figure 4.10. N adsorption-desorption isotherms at -196 °C of as-spun, air stabilized,

carbonized and HF-cleansed alumina-lignin composites fibers.

When the alumina shell of the carbonized composite is removed (24A900W),
the BET area and micropore volume turn to be very close to those reported for LF900
[20]. Highly porous carbon nanofibers could be used as supercapitors or in hydrogen
storeage. It is noteworthy the specific internal area of these carbon fibers are much
higher than those reported for porous carbon nanofibers from etching with HF
electrospun polyacrylonitrile/SgJ7], higher to those of PAN-based carbon nanofibers
chemically activated using 2 M NaOH at 750 °C [44] and similar to those of physically
activated at 750 °C with 30 vol. % of steam for 30 minutes [8]. The amorphous alumina
usually has a much lower porosity and specific areas than porous carbon materials, and
consequently removal of alumina shell is expected to produce a raise in microporosity.
But observed differences cannot be accountable just to etching of a non-porous part of
the fiber, which would produce BET area of 667/0.685=972yniThe additional
developed porosity could be obtained because occluded porosity by alumina particles in
the carbon core is getting available for adsorption. Furthermore, the alumina layer
accounts for only 6% of total weight of the fiber, whereas the weight loss in HF

treatment is more than 30%, so it could be possible that removal of part of the carbon
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core is opening new porosity. Another option is partial mixing of alumina precursor and
lignin during elecrospinning. Ji et al. reported the production of porous carbon
nanofibers from electrospun Polyacrylonitrile (PAN)/Si€dmposite nanofibers. After
using hydrofluoric acid as etching agent, Sianoparticles and agglomerates are
removed from the carbon matrix, releasing new porosity inside them [7]. In a similar
way, small droplets of alumina inside the carbon core could act as template for

formation of new porosity when they are removed during HF washing.

Table 4.3. Textural properties of composite fibers

N, Adsorption CO, Adsorption

ABgeT At Vi V meso Vpr Apr

Sample (mig) (milg) (cmflg) (emllg)  (emlg) (mPlg)

A 3 1 0.001 0.003 0.023 68
54A 4 1 0.002 0.002 0.072 213
A600 48 1 0.024 0.002 0.204 510
06A600 40 1 0.018 0.003 0.203 509
A900 715 13 0.342 0.015 0.268 667
06A900 710 10 0.296 0.020 0.253 625
54A900 996 19 0.400 0.016 0.376 938
24A900 667 10 0.298 0.014 0.313 781
24A900W 1126 18 0.473 0.013 0.406 1017
LF900 1195 21 0.523 0.025 0.443 1109
245900 886 12 0.354 0.008 n.m. n.m.

& not measured

4.3.7. Pyridine adsorption

Chemisorption of basic molecules such as pyridine (Py) is frequently used to
determine the surface acidity of solids [45]. The lone electron pair at the nitrogen atom
and availability to accept protons in pyridine allow interaction with Lewis and Brgnsted
acidic sites. Fig. 4.11 displays the adsorption and desorption kinetics of Py-& &A0
alumina-carbon composite fiber carbonized at 600 °C and 900 °C, as well as activated
carbon catalyst HA2800 (BET area: 104%gn A" 475 nf/g). A600 shows a low Py
uptake before and after desorption. HA2800 have adsorbed more reversible pyridine
than A900, while the amount of Py irreversibly adsorbed on boths samples are very
similar (approximately 1.0 mmol/g after desorption for 20 h). Reversible or physisorbed
pyridine adsorption depends on specific surface area and porosity size, therefore the

lower physisorption in carbon-alumina fibers is probably related to a lower specific area
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and a more constricted porosity than HA2800 carbon. On the other hand, the amount of
Py retained after the desorption process (irreversible chemisorbed Py) has been related
to the acidity of HA2800, which have been proven to act as catalysts for alcohol
dehydrogenation [46,47]. Therefore, similar irreversible pyridine uptake on HA2800
and A900 confirms the presence of surface acidity in the alumina-carbon composites
that could be useful in heterogeneous catalysis. Their use as catalysts will be further

studied in a subsequent work.
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Figure 4.11. Adsorption and desorption kinetics of pyridine at ID@n A600, A900
composite fibers and HA2-800 carbon.

4.4.Conclusions

Alumina or silica-lignin fibers with sizes between 500 and 2000 nm in shell-core
arrangement can be casted using coaxial electrospinning of an alkoxide precursor, not
necessary aged, through the outer needle of the spinneret. Six hours of air
thermostabilization at 200 °C or carbonization at temperatures higher than 600 °C is
required to form the ceramic shell if alkoxide has not been gelified. The alkoxide
precursor rate allows controlling the width of the ceramic shell. The ceramic shell
allows diffusion of oxygen and other gases, but it does not allow the thermoplastic
lignin diffusing outside it when fibers are heated. In consequence, these fibers can be

directly carbonized if the ceramic shell is properly formed, saving a great time in the air
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thermostabilization step, which is the time-controlling step in carbon fiber production.
The obtained carbon/alumina composite fibers are thermally stable in air and can also
be treated to prepare alumina tubes oxidizing the carbon core or carbon fibers by
washing the carbonized fibers with hydrofluoric acid. These carbon fibers are highly
porous, showing a narrow microporosity that gets broadened with carbonization
temperature, achieving BET areas from 600 to 116@ mt 900 °C. Moreover, XPS
demonstrated that air stabilization introduces oxygen surface groups that seem to be
related to an increase in porosity of about 30% in the best case. In addition, pyridine
adsorption results show that the remaining functional groups after carbonization at 900
°C are acid enough to be used as heterogeneous catalysts.
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5. METHANOL DECOMPOSITION ON ELECTROSPUN ZIRCONIA
NANOFIBERS

5.0. Abstract

Electrospinning has been used for the preparation of pvp-zirconium acetate
nanofibers. The obtained non-woven cloths have been calcined at different temperatures
(200-1000 °C) and used as heterogeneous catalysts in the gas phase decomposition of
methanol. The X-ray diffraction spectra of the zirconia nanofibers show the onset of a
semicrystalline tetragonal structure for the fibers calcined at 400°C. Transformation
from tetragonal to monoclinic zirconia starts at a calcination temperature between 600
and 800 °C. SEM and TEM images of the zirconia nanofibers show fibers with a high
aspect ratio and sizes as thin as 200 nm. The increase of the calcination temperature
results in zirconia fiber catalysts with lower methanol steady state conversions,
probably due to changes in the crystalline phase and crystal sintering. The fibers
calcined at 500 °C yielded the highest methanol conversion and selectivities to dimethyl
ether. In general trend, methanol dehydrates to dimethyl ether at the lower reaction
temperatures and decomposes to hydrogen and carbon monoxide at the higher reaction
temperatures. Deactivation of the catalyst is observed only at the highest reaction
temperature, being probably related to deposition over the fiber surface of pyrolitic

carbon from cracking reaction of dimethyleter.

5.1. Introduction

Zirconia exhibits advantageous physical and chemical properties such as
excellent thermal and chemical stability, high strength and fracture toughness, low
thermal conductivity, high corrosion resistance and both acidic and basic properties.
These advantages make zirconia materials suitable for applications in structural
materials, thermal barrier coatings, oxygen sensors, fuel cells, catalysts and catalytic

supports and as a gate dielectric in metal oxide-semiconductor (MOS) devices [1,2].

Nanostructured materials such as nanofibers or nanowires show interesting
physical and chemical properties, which make them promising materials for
applications in semiconductor, energy storage, biomedicine or catalysis fields and play

an important role in fundamental research as well as industrial application [3-6]. Pore
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diffusion resistance is significant in pellet shaped catalysts, while powdered catalysts, as
was the practice in most laboratory-scale studies could cause problems of high pressure
drop in industrial size reactors. Therefore, the use of novel forms of catalyst supports, as
fiber catalysts, is a key point for many catalytic industrial processes. Fibers as catalyst
supports are easy to handle, may be packed or constructed in the best form to fit the
particular use and show very small resistance to diffusion and lower pressure drop [7].
In the technical literature, zirconia nanofibers or nanowires are obtained from porous
anodic alumina oxide templates [8], sol-gel deposition procedtjres $olution routes

[10]. In contrast to these methods, electrospinning is a simple and straightforward
method that has been used to obtain carbon and polymer fibers in the submicro and
nanoscale [11-14]. In the electrospinning process, a polymer solution held by its surface
tension at the end of a capillary tube is subjected to an electric field. When the applied
electric field reaches a critical value, the repulsive electrical forces overcome the
surface tension forces. Eventually, a charged jet of the solution is ejected from the tip of
the charged conical meniscus known as the Taylor cone and a rapid, unstable whipping
of the jet occurs in the space between the capillary tip and collector which leads to
evaporation of the solvent, leaving a polymer fiber behind [11]. Parameters such as
viscosity, flow, concentration of electrospun solution or applied voltage control
diameter and length of fibers. In fact, it is possible to switch between steady
electrospray and electrospinning controlling rate flow between outer and inner

solutions, which allows encapsulating of core liquid [15,16].

The intensive use of biomass, especially of biomass waste, as a renewable
source of energy and high added valued products could reduce significantly the
dependency of the fossil fuels and decrease the carbon dioxide emissions [17]. The use
of biofuels offers advantages over the fossil fuels in terms of (a) availability of
renewable sources; (b) representing ,Gcle in combustion; (c) environmentally
friendly; and (d) biodegradable and sustainable [18].

(Bio)methanol is used as source of a high amount of very valuable products by
means of different catalytic processes such as, methanol to hydrocarbons [19-21] or
methanol to olefins [22,23]. It has also attracted worldwide attention for onsite or
onboard hydrogen production from methanol, since hydrogen is inconvenient for

transporting and storage. Unlike gasoline or diesel fuel, liquid methanol can be readily
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produced from biomass, it is easily adaptable to the current infrastructure, it is easily
transported and stored, and finally it has a high hydrogen density [24].

One of the most promising candidates to be directly used as fuel in compression-
ignition engines is dimethyl ether (DME). In the last decades the most important
application of DME is its use as clean alternative fuel in diesel engines [25-27]. DME is
produced by the conversion of various feedstock such as natural gas, coal, oil residues
and bio-mass. Although the most interesting raw material would be bio-mass, natural
gas is arguably the economically most viable feedstock at the present [28]. DME
production methods consist essentially in dehydration of methanol or direct conversion
from synthesis gas (syngas). In the latter case, the first step is usually production of
syngas from the carbonaceous feedstock, then methanol synthesis using a copper-based
catalyst, while the third step is the dehydration of methanol to DME using alumina- or
zeolite-based catalysts. For the former case, second and third steps can occur
simultaneously in one reactor using appropriate catalysts. A final step of purification of
the product would be needed, as it may also contain some methanol and water [28].
Besides the aforementioned application as bioethanol, DME is also used to obtain many
chemical products as methyl acetate, dimethyl sulphate and in propellant formulations,
replacing chlorofluorocarbons (CFC) that destroy the ozone [@@B1]. The catalytic
dehydration of methanol to DME has been widely studied in the literature [32-34].
Dimethyl ether can be produced by methanol dehydration over acidic porous materials,
which usually yield non desirable hydrocarbons as by-products [35]. Moreover, the
methanol dehydration produces a fast deactivation of the catalysts due to the coke
deposition [36,37]. To avoid the coke deposition and to increase the selectivity to DME,

the strength of the acid sites should be decreased [29].

In this study we have synthesized zirconia nanofibers by the electrospinning
technique. The zirconia nanofibers were further calcined at different temperatures
between 200 and 1000 °C and characterized. The calcined zirconia nanofibers have been
used as heterogeneous catalysts in the gas phase catalytic dehydration and

decomposition of methanol.
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5.2. Experimental
5.2.1. Zirconia fibers preparation

A zirconium solution was prepared from a zirconium acetate solution diluted in
acetic acid (Sigma-Aldrich, CAS 7585-20-8,”ZkCHsCOOH, Zr ~16% wt.) mixed
with 6%wt. of polyvinylpyrrolidone, PVP (CAS 9003-39-8, Mw = 1300000). In order
to turn it spinnable, viscosity is increased shaking the mixture for 10 hours up to
transparency. Figure 5.1 represents the single electrospinning setup for the preparation
of the fibers. The flow rate through the spinneret of zirconium solution ranges between
0.1 and 0.4 mL/h, depending on the tip to collector electric potential difference. To
apply the high voltage between the spinneret and the collector (Figure 1), two high
voltage power supplies were used: one positively polarized connected to the needle and
the other negatively polarized attached to a collector. This configuration provided better
electrostatic conditions to prevent fibers from flying to any grounded piece near the set-
up, therefore facilitating the deposition of a non-woven cloth of electrospun fibers on
the collector. In a usual run, the tip-to-collector distance was 15 cm, and the electrical
potential difference was 10 kV (the collector was at —5 kV and the tips at +5 kV).

Finally, the electrospun fibers were recovered in form of non-woven cloth and
calcined in air at different temperatures between 200 and 1000 °C for 2 hours in a

muffle furnace, in order to eliminate solvent and stabilize the zirconia fibers.
5.2.2. Characterization

Thermogravimetric analysis (TG) and differential thermogravimetric analyses
(DTG) were performed to the electrospun fibers (not calcined) in a Cl Electronics MK2
balance under air flow (150 énSTP/min) from room temperature to 900 °C at a
heating rate of 10 °C/min with a sample weight of about 10 mg. X-ray diffraction
patterns (XRD) of the fibers calcined in air at different temperatures were recorded in
the region of 26= 5-80° on a Philips X'Pert PRO MPD diffractometesing Cuku
monochromatic radiation (operation value 45 kV and 40 mA), using a step size of
0.017° (20 and counting time of 712 s/step. The monoclinid &tragonal fractions,

xm and x respectively, were calculated from the XRD patterns using the following

equations:
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l, @1D+1,@11

X l, @121, @1D+1,(0 11

Xt =1-X

where |, and I are the integrated intensities of the monoclinic and tetragonal

phases, respectively [38]. The average crystallite size of the samples size was calculated

from the peak (11) for the monoclinic phase and from the (011) for the tetragonal one

using the Scherrer equation [39]:

D_

where D is the crystallite size (nni)js the radiation wavelength (0.15406 nm),
0 is the diffraction peak angl@,is the corrected half-width at half-maximum intéysi

(FWHM) in radians and k is a crystallite shape constant, here taken as 0.9.
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Figure 5.1. Electrospinning set up.
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The porous structure was characterized byatlsorption-desorption at -196 °C
and by CQ adsorption at 0 °C, carried out in a Micromeritics ASAP2020 apparatus.
Samples were previously outgassed for 8 hours at 150 °C under vacuum. Frog the N
adsorption/desorption isotherm, the specific surface arear)(Avas calculated by
applying the BET equation. The surface chemistry of the samples was studied by X-ray
photoelectron spectroscopy (XPS) analysis, using a 5700C model Physical Electronics
apparatus with MgK radiation (1253.6 eV). For the analysis of the Xfe8ks, the Cls
peak position was set at 284.8 eV and used as reference to locate the other peaks. The
fitting of the XPS peaks was done by least squares using Gaussian-Lorentzian peak

shapes.

FTIR were obtained using a Bruker Optics Tensor 27 FT-IR spectrometer by
adding 256 scans in the 4000-400tapectral range at 4 ¢hresolution. Pressed KBr
pellets at a sample/KBr ratio of around 1:250 were used. The type of surface acidity
(Bronsted or Lewis) was studied by FTIR analysis of the sample with chemisorbed
pyridine. The inlet partial pressure of the pyridine was 0.02 atm and it was established
by saturating a stream of He with the organic base in a saturator at controlled
temperature. The pellets were exposed to the probe molecule, pyridine, at 100 °C and a
pressure of 0.02 atm for 120 min. The wafer was then evacuated during 1 hour at the

adsorption temperature and then the spectrum was recorded.

The surface morphology was studied by scanning electron microscopy (SEM)
using a JSM 840 JEOL microscope working at 25 kV and by transmission electron
microscopy (TEM) in a Philips CM200 microscope at an accelerating voltage of 200
kV.

5.2.3. Methanol decomposition

The zirconia nanofibers were used as catalysts in the dehydration and
decomposition of methanol at atmospheric pressure in a fixed bed microreactor (i.d. 4
mm) placed inside a vertical furnace with temperature control. In a typical experiment
80 mg of zirconia fibers were used as catalyst. Helium was saturated with methanol
(Sigma—Aldrich, >99.9%) vapor by contact in a saturator at controlled temperature
resulting in partial pressures from 0.01 to 0.04 atm and space times between 0.027 and
0.107 g-s/umol (GHSV from 1770 to 7000°j@h" m°.ays). To avoid the
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condensation of any reactant or product, all the lines from the saturator to the gas

chromatograph were heated above 120 °C.

The concentrations of methanol and products in the outlet gas stream were
analyzed by gas chromatography (Perkin-Elmer, Autosystem GC) using an auto-
sampling valve with a methyl silicone capillary column (HP-1, 50 m) and a flame
ionization detector. A mass spectrometer (OmnistarTM, Pfeiffer Vacuum) was used to
analyze the outlet gas concentrations of, 300, H and HO. In all the cases carbon
and hydrogen mass balances were closed with errors lower than 5%. The methanol
conversion is defined as the molar ratio of methanol converted to methanol fed to the

reactor. The selectivity is defined as:

S =
Ci

2

where C; is the molar flow ofi product in the outlet stream. The carbon-
containing products detected in the decomposition of methanol catalyzed by the zirconia
nanofibes were methane, ethylene, propylene, butenes, dimethyl ether, carbon monoxide

and carbon dioxide. Hydrogen-containing products were hydrogen and water.

5.3. Results and discussions
5.3.1. Fiber characterization
5.3.1.1. Characterization by SEM, TEM and EDAX

Figure 5.2.a presents a SEM image of the as-spun zirconium acetate nanofibers.
The fibers show a high aspect (length to diameter) ratio, and no fused zones or beads
were found. Fiber size is quite uniform, ranging from 300 to 500 nm and mean diameter
of 350 nm. After calcination at 500 °C, the resultant zirconia fibers are able of retain the
cylindrical shape and high aspect ratio of electrospun fibers, while thermal
decomposition of zirconium acetate causes a diameter shrinkage of about 30%, Figure
5.2.b. Zirconia fibers with sizes lower than 200 nm are produced, showing an average
diameter of 240 nm. Higher calcination temperatures do not render any further diameter

reduction. Size of as-spun fibers is similar to those obtained from electrospinning of
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mixtures of PVP and zirconia suspensions [40], although shrinkage after calcination
was not detected in this case because only PVP is removed during the heat treatment.

Figure 5.2. Scanning electron micrographs of (a) as-spun zirconium acetate nanofibers
(b) zirconia nanofibers calcined at 500 °C (bar lengths, 500 nm).

Figure 5.3 displays a collection of TEM images of zirconia nanofibers calcined
at 500 and 1000 °C. Fibers calcined at 500 °C, Figure 5.3.a, show the onset of a
crystalline structure. Small ordered regions with sizes around 10-20 nm appears inside
the amorphous zirconia core of the fiber. When calcination temperature is raised to 1000
°C, fiber surfaces gets intensely roughened, Figure 5.3.b. Zirconia grains with sizes of
30 nm are found arraying firmly against each other. These grains seem to be deformed
prisms with parallelepiped sides, Figure 5.3.c. Figure 5.3.d. details the inner structure of
those grains. The stacks of ordered zirconia layers observed in the upper grain of the

micrography point out the crystalline nature of the grains that compose the nanofibers.

Figure 5.3.e shows four selected-area electron diffraction pattern (SAED) of
fibers calcined at increasing temperatures. The microstructure evolution after heat
treatment at increasing temperatures is clearly proved. At 200 °C, no diffraction pattern
is obtained. On raising calcination temperature to 500°C (Figure 5.3.e), SAED verified
the presence of crystalline ZrQ@lisplaying characteristic diffuse electron diffraction
rings. The continuous diffraction rings in nanofibers calcined at 500 °C indicate that the
crystals have random orientation, whereas the absence of rings in dotted SAED image
taken from fibers calcined at 800 and 1000 °C remarks the higher crystallinity and long-

range order attained at temperatures beyond 600 °C.
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200

1000 °C 500 °C

’

1000 °C

1000 °C

Figure 5.3. TEM and SAED images of zirconia nanofibers calcined at different
temperatures. Bar lengths: (a) 20 nm (b) 200 nm (c) 30 nm (d) 5 nm.

Figure 5.4 represents the energy dispersive X-ray spectroscopy analysis (EDAX)
of the fibers calcined at 200 and 800 °C. The fibers calcined at 200 °C show a clear peak
associated to carbon indicating that the solvents used in the formulation of the fibers are
not completely removed. However, EDAX of fibers calcined at 800 °C displays no
carbon peak which suggests a correct removal of both PVP and carbonate and acetate

ligands during the calcination process.
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Figure 5.4. Energy dispersive X-ray spectroscopy analysis (EDAX) of the fibers
calcined at 200 and 800 °C.

5.3.1.2. Characterization by TG-MS

Figure 5.5 represents the weight loss (TG) and the derivative of the weight loss
(DTG) as a function of temperature, from room temperature to 900 °C at 10 °C/min. The
outlet calcination products where monitored using a mass spectroscopy (MS). The TG
plot shows three major weight loss zones at 56, 340 and 678 °C. The DTG peak at low
temperature corresponds to evaporation of moisture. The remaining solvent from the
zirconium acetate precursor used in the formulation of the spinable solution (mainly
acetic acid and ammonia from ammonium zirconium carbonate), also evolved to 200-
250 °C. Together they sum up 20.8% of the total weight of electrospun fibers. The mass
loss registered around 300-400 °C is about 30.4% and can be related to the
decomposition of the PVP polymer, as the oxidation temperature of the polymer fits in
that range. The zirconium-PVP mixture used as precursor solution has in its formulation
20.3% of equivalent ZrQand 5.7% of PVP. The remaining fiber cloth weight after
calcination at 900 °C is 45.2%, where fiber is expected to be composed mostly.of ZrO
PVP amount can be then estimated from the aforementioned starting composition, if we
consider no PVP losses during the preparation process, to be 12.5%. Therefore, the
remaining 17.9% mass reduction at 300-400 °C is thus attributed to decomposition of
acetate ligands and dehydroxilation of hydrated zirconia in the as-spun fiber. The third

peak observed in the DTG plot, with the maximum located at 678.5 °C is coupled to
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evolution of CQ, thus is associated to decomposition of the zirconia carbonate. The

small and continuous mass loss beyond that temperature is mainly related to oxidation
of decomposition products from acetate ligands and further dehydroxilation reactions,
as suggests the presence of,@@d small amount of D, detected by MS in the outlet

gas at those temperatures.
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Figure 5.5. TG (a) and DTG (b) profiles of the electrospun zirconia fibers.
5.3.1.3. Characterization by XRD

The X-ray diffraction spectra of the zirconia nanofibers calcined at different
temperatures from 200 and 1000 °C are shown in Figure 5.6. The zirconia fibers
calcined at 200 °C show amorphous structure. The onset of a semicrystaline tetragonal
(T) structure is observed for the fibers calcined at 400°C. It seems the initial crystal
phase right after the start of crystallization depends on sample preparation methods,
although it is stated that usually tetragonal form is the preferential phase during
crystallization of amorphous zirconia [41]. Transformation of tetragonal to monoclinic
(M) zirconia starts at a calcination temperature around 600 °C. Calcination at
temperatures higher than 800 °C results in sharpening and increasing intensity of the
monoclinic peaks and a further decrease of tetragonal zirconia. The percentage of

tetragonal phase and the crystallite size obtained by the Scherrer equation for the
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zirconia fibers calcined at different temperatures are reported in Table 5.1. The similar
cristal size of fibers calcined at 500 and 600 °C seems to point out the hindering effect
of residual carbonate on the crystallization process. The increase in calcination
temperatures from 600 to 1000 °C was accompanied by enlargement of the crystallite

size. For the fibers calcined at 1000 °C most of the zirconia is in monoclinic phase.

M M
1000 °C Mo My M o m M

800 °C

M
600 °C

500 °C
A P, N

400 °C

200 °C S, P

Intensity (a.u.)

20 25 30 3B 40 45 50 55 60
26 [7]

Figure 5.6. XRD patterns of zirconia fibers calcined at temperatures between 200 and
1000 °C.

Table 5.1. Percentage of tetragonal phase and the crystallite size of the zirconia

fibers calcined at different temperatures.

Calcmatlo?oée)mperature % ng:gé)nal Crystallite size (nm)
200 - Amorphous
400 - Poorly crystalline
500 100 14.5
600 100 14.9
800 88.5 19.8
1000 14.6 26.9*

* Obtained from peak at @ at 28.54°
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5.3.1.4. Characterization by, lddsorption

The porous structure of as-collected and calcined zirconia fibers at 500 °C has
been analyzed by Nadsorption-desorption isotherms at -198 °C. Both as spun and
calcined fibers at 500 °C show very low &tisorption resulting in BET areas of 3.4 and
5.9 nf/g, and external surface areas of 2.5 and 3,mespectively. The expected
external surface area of the fiber can be estimated, assuming cylindrical shape of fiber,

taking into account the mean fiber radio and zirconia density from the expression,
p2
A= %, which results in values of 2.0 and 2.8/gnfor as-spun and calcined fiber,

respectively. Reversing the expression is possible to estimate mean fiber radio, which is
290 nm for as-spun and 200 nm for calcined fiber. The small difference observed
between the calculated values taking into account the former equation and those
obtained from the Nisotherms can be explained by external roughness of fiber surface
being evidently unaccounted or by uncorrected assessment of mean diameter of fiber,

probably related to a non-symetric size distribution with lower side deviations.
5.3.1.5. Characterization by XPS

Table 5.2 summarizes the atomic surface concentrations obtained from the
numerical integration of the XPS peaks for the zirconia nanofibers not calcined and
calcined at different temperatures. The freshly electrospun zirnonia nanofibers show a
high amount of carbon due to the presence of PVP polymer and carbonate ligand of the
zirconia precursor used in the formulation of the fibers. The presence of a low but
significant amount of surface nitrogen in these fibers is due to the utilization of the PVP
polymer as binder, as sample preparation for XPS analysis forces removal of residual
ammonia,as well as moisture and acetic acid. The detected amount of surface zirconia is
higher than that calculated from the PVP/zirconia ratio and using the molecular
formulas of the binder polymer and the two possible zirconium species after
electrospinning: zirconium carbonate or zirconium acetate (7.6 for the latter and 8.9%
at. for the former). On the other hand, nitrogen content is lower than expected (2.0 and
2.8% for carbonate and acetate zirconia, respectively), therefore differences are assessed
to zirconium-containing species being primarily displayed in fiber surface. Calcined
nanofibers at 500 °C and higher temperatures do not show nitrogen amount, and they
have a much lower carbon content than the freshly electrospun fibers. This seems to be
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in agreement to the TG analysis (Figure 5.5), where PVP decomposition finishes at
temperatures around 500 °C, whereas carbonates are removed at temperatures higher
than 650 °C, explaining the slightly higher surface carbon and oxygen contents in fibers
calcined at 500 °C. That content seems to be unaltered at temperatures higher than 800
°C. The calcination evidently increases the surface oxygen and zirconia content, which
show an atomic ratio (O/Zr) value close to 2.

Table 5.2. Atomic surface concentration (%) of zirconia fibers determined by

XPS guantitative analysis.

%C %N %0  %zZr OlZr

Freshly electrospun 50.9 1.7 37.5 9.9 3.79
Calcined at 500 °C 19.5 -- 54.0 26.5 2.04
Calcined at 800 °C 17.7 -- 54.2 28.1 1.93
Calcined at 1000 °C 17.9 -- 54.3 27.8 1.95
Calcined at 500 °Giter reaction at 600°c) 82.7 -- 11.6 57 2.04

Figure 5.7 show the Cls deconvoluted spectra, for the freshly electrospun and
Cl1s spectra for the calcined (500 °C) zirconia fibers. The Cl1s deconvoluted spectrum
show three different peaks (i) at 284.8 eV associated to C-C and C-H bonds, (ii) at
around 287.6 eV that could be related to the aldehyde group of the PVP polymer and
(i) at approximately 288.6 eV associated to carboxyl groups from the carbonates and
maybe to acetate ligands from acetic acid used as solvent for the fiber formulation [42].
In contrast, the C1s spectra of the fibers calcined at 500 °C presents a main peak located
at 284.8 eV, less intense than that observed for the freshly fibers, probably due to
aliphatic carbon. A low photoemission in the carboxyl region is still detected for the
calcined fibers, probably related to the presence of carbonates that are not fully removed

at the current calcination temperature.
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Figure 5.7. C 1s spectra of the freshly elesctrospun (deconvoluted) and calcined at 500

°C zirconia fibers.

Figure 5.8 represents the Zr3d spectra of as-spun and the calcined (500, 800 and
1000 °C) zirconia fibers. The Zr3d region of the spectra for all the catalysts present a
doublet corresponding to Zrggdand Zr3d), [42]. The separation between Zrsgdnd
Zr 3ds/, peaks, due to spin orbital splitting, is a quantized value of 2.2 eV. TheZr3d
peak maximum is close to 182 eV for all samples, being attributed ‘toN&vertheless,
it can be noticed a shift of the maxima towards lower photoemission energies when
calcination temperature was increased. This could be a consequence of the different
coordination environments of zirconium and oxygen in zirconia polymorphs. In the
tetragonal lattice the Zf cation is octacoordinated and th& @nion is tetracoordinated.
Whereas in the monoclinic lattice the*Zcation is heptacoordinated and th& énion
is either tri- or tetracoordinated [43]. Furthermore, the high-temperature annealing
favors the removal of hydroxyls of terminal Zr-OH, which was also seem in O1s spectra
(not shown), producing more oxygen defects [44]. This would render a somehow lower
oxidation state for monoclinic zirconia, which is the most available crystalline phase of
ZrNF-1000.
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Figure 5.8. Zr 3d spectra of the freshly elesctrospun and calcined zirconia fibers.
5.3.1.6. Characterization by pyridine adsorption

Adsorption of pyridine (Py) on the surface of acid solids is frequently used for
the characterization of the surface acidity. The use of IR spectroscopy to analyze
adsorbed pyridine also allows discriminating between the different acid sites. The
coordination of Py molecules to the surface is indicative of exposure on the surface of
coordinatively unsaturated metal sites, i.e. Lewis acid sites. On the other hand,
protonation of Py molecules into pyridinium ions are indicative of the availability of
Bronsted acid sites (bridging or multicentered OH groups and coordingt®d H
molecules) [45]. Occurrence of both acid sites is likely to happen in crystalline zirconia.
Figure 5.9 represents the FTIR spectra of ZrNF-500 before and after pyridine
chemisorption over the frequency range of ring breathing modes of vibration. The band
at 1635 crit in the ZrNF-500 spectrum is attributed to the flexion vibration of the O-H
band of terminal hydroxyl groups. The presence of a band at 1620comid be
associated to thes, vibration mode of pyridine and suggests the presence of Lewis acid
sites, which is supported by the peak at 1441 amlated to the:qp, vibration mode of
pyridine on Lewis acid sites [45]. On the other hand, appearance of protonated pyridine
species over Bronsted acid sites could not be undoubtedly concluded. In our case, it is

clearly seen a peak at 1540 tmvhich is assessed tggpvibration mode of pyridine on
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Bronsted acid sites; however, thg, vibration mode (1640—1630 ¢h) is not clearly

resolved [45]. Nonetheless, the presence of —OH groups in terminal positions in the
crystalline framework which could work as Bronsted acids was confirmed by XPS O1l1s
and Zr3d spectra, along with Lewis acidity detected on surface, makes conceivable

further use of these fibers as catalyst in methanol dehydration.
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Figure 5.9. FTIR spectra of ZrNF-500 sample without and with chemisorbed pyridine
[ZrNF-500 (Py)].

5.3.2. Methanol decomposition
5.3.2.1. Methanol decomposition over calcined zirconia nanofibers

Figure 5.10.a represents steady state methanol conversions as a function of
reaction temperature at an inlet methanol vapor pressure of 0.02 atm and space time of
0.214 g-s/umol for zirconia fibers calcined at different temperatures, 500, 800 and 1000
°C. ZrNF-500 shows a similar performance (conversion and selectivity) to that reported
for grounded (20-42 mesh) pure zirconia catalyst pre-conditioned at 550 °C in air for 3.5
hours, working at higher methanol partial pressufgadf= 0.15 atm and space time of
0.077 g-s/umol) [27]. The highest calcination temperatures analyzed, 1000 °C, results in
a catalyst with the lowest methanol steady state conversion values. Li et al. [46]
observed changes in the selectivity of the CO hydrogenation reaction for monoclinic
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and tetragonal zirconia and Stichert et al. [47] stated that the activity of monoclinic
sulfate zirconia is lower by a factor of 2-5 compared to that of tetragonal sulfated

zirconia for n-butane isomerization in a fixed bed reactor.

Differences in activity could be associated to the crystal size and surface
properties of the fibers by changing from tetragonal to monoclinic phase, or to
differences in surface acidity, i.e. nature, strength and amount of acid sites, which
happens to be related to crystalline properties and calcination temperature. Bronsted
acid sites or Lewis acid-base pair sites are believed to play a role in methanol
dehydration and, generally, the stronger the acid sites the more active the catalysts. As
far as Bronsted sites are involved, their strength and the reaction temperature should be
controlled if hydrocarbons formation is to be avoided. The reaction mechanism based
on Lewis acidity, on the other hand, requires an adjacent acid—base pair sites to provide
the reaction between the adsorbed alcohol molecule on an acidic site and an adsorbed
alkoxide anion on a basic site [48-50]. Fibers calcined at high temperatures have faced a
more pronounced dehydroxilation, rendering lower number of Bronsted acid sites than
ZrNF-500. For the fibers calcined at 1000 °C, although in monoclinic zirconia high-
temperature annealing favors the production of more oxygen defects, i.e. Lewis sites
[44], the number of those acid sites available for methanol adsorption is lower, as
sintering leads to higher crystal size which reduces the surface/bulk zirconia amount

ratio.
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Figure 5.10.b represents the distribution of carbon products as a function of
reaction temperature for the zirconia nanofibers calcined at 500, 800 and 1000°C. DME,
CO, H, H,O were the main products found by GC/MS at reactor exit. Propene and
small amounts of C4 hydrocarbons, named olefins for brevity sake, were also found at
low temperatures. Secondary products were methane apdaC0>500°C, showing
distribution values lower than 10%.,6/(DME +olefin/2) molar ratio values were
found to be close to 1, whereas/€O ratio values were near 2, which suggest that
syngas is produced from methanol rather than for DME, being differences accountable
to hydrogen formed in methanation of methanol. Small traces of ethane were found for
ZrNF-500 at 550°C. The low amount of ethene obtained in our study is in agreement
with the previously reported by Gayubo et al [37] for the methanol-to-olefins process
over a SAPO-18 catalyst. In general trend, at low-intermediate reaction temperatures
methanol is mainly dehydrated to dimethyl ether and olefins (propylene or butenes),
while at high reaction temperatures methanol begins to decompose to CO and hydrogen,
with small participation of methanation [26,27,51]. Finally, the carbon dioxide could be
produced by water-gas shift, the methane/C&io observed, close to a value of 1,
suggests that it is probably formed as a side product of methanol methanation and
perhaps in Boudart reaction (2C® C + CQ). Selectivity values to DME for the
different catalysts followed the order ZrNF-500>ZrNF-800>ZrNF-1000. In
consequence, the kinetics of methanol dehydration was studied in ZrNF-500; although
the ones calcined at 800 and 1000 °C render high selectivity to syngas, which could be
of interest for catalyst support in hydrogen production from methanol.

5.3.2.2. Catalyst deactivation

Experiments conducted at 550 °C with time on stream longer than 18 hours over
ZrNF-500 did not show relevant decrease in conversion. For higher reaction
temperatures, deactivation of the catalysts takes place in about 6 hours of time on
stream. The temperature at which the deactivation begins increases with the calcination
temperatures of the zirconia fibers from around 580 °C for the ZrNF-500 to 650 °C for
ZrNF-1000. This change in deactivation temperatures could be related to the lower
activity of the catalyst, due to a lower number of acid sites with increasing calcination
temperatures, as previously discussed. Table 5.2 shows the atomic surface concentration

of the fibers calcined at 500 °C after reaction at high temperatures. A significant
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increase of the atomic concentration of carbon for the wasted catalyst is observed,
suggesting the deposition of pyrolytic carbon during the methanol decomposition
reaction. Figure 5.11 represent TEM micrographs of zirconia nanofibers calcined at 500
°C after reaction with methanol at 600°C for 6 hours. Micrograph in Fig 5.11.a shows a
thin layer of 5-20 nm of deposited pyrolytic carbon over the zirconia fiber. Figure
5.11.b presents a higher magnification micrograph of this layer, in which two different
structures are observed. The inner one is constituted by regular zirconia crystals, in
which the ordered planes of the zirconia are observed. The exterior one seems to consist
in a layer of pyrolytic carbon —composition confirmed by EDAX- covering the external
boundary of the zirconia. These facts point out that deactivation of catalyst probably
proceeds by pyrolytic carbon formation by means of cracking or Boudart reaction,
blocking the access to the active sites. Air-TG of wasted catalyst shown that the amount
carbon pyrolitic deposited was around 2.5% wt. Carbonaceous deposits were burnt-off
at 400 °C, but further experiments over the regenerated nanofiber are required to verify

recovery of activity.

7nm

Pyrolitic Carbon

Zirconia
Crystal

Figure 5.11. Transmission electron micrographs of the ZrNF-500 after reaction with
methanol at 600 °C bar lengths: (a) 100 nm (b) 7 nm.

5.3.2.3. Mechanism for methanol consumption

In the proposed reaction mechanism, adsorbed methanol is first dehydrated to
dimethyl ether. DME and methanol then interacts to produce light olefins. Side
reactions for decomposition of methanol to hydrogen and CO runs in parallel. Lastly, at
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high temperatures, adsorbed methanol undergoes methanation, producing methane and
carbon dioxide. It is generally accepted that the dehydration of methanol to dimethyl
ether over solid acid catalysts goes through an intermediate protonated surface
methoxyl, which is subjected to a nucleophilic attack by methanol [51]. However, in the
literature, there is no agreement for the reaction mechanism responsible of the formation
of the C-C bond of the olefins from the C1 reactants (methanol and dimethyl ether). A
summary of the most relevant proposed mechanisms for this step are reported by Stoker
[26]. On the other hand, water is believed to block active sites for methanol
consumption through competitive adsorption with methanol on the catalyst surface [21].
An experiment over the same catalyst and operating conditions, just adding water in
methanol equimolar amount to gas inlet, proved to delay 30 °C methanol conversion

onset temperature. In this sense, the following reaction scheme is proposed:

Km

kpmE

CH;0H — | + CH;0H —5 DME — 1+ H,0  (2)

1/KpME

DME — | <5 DME +1 (3)
Kw
H,0H + 1< H,0 —1 (4)
kole
DME — 1+ CH;0H — C3Hg + 2H,0 + 1 (5)
ksyn
CH;0H — 11— CO — | + 2H, (6)
1/K
co—17%co+1 )
kbou
200 —1—C—-1+CO0, (8)

k
C3Hg — 1 == 3H, + C3 — l(coke deposition) 9

k t
CHy;OH — | + CH30H — | —> CH, + CO, + 2H,  (10)

The proposed mechanism accounts for methanol being first adsorbed over acid
active sites| (1). DME is formed over the active site by reaction between the adsorbed
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methanol, which at current temperatures studied in this work could be probably in form
of protonated methoxyl, and gas methanol by Eley-Rideal mechanism (2,3). The water
formed in this dehydration reaction competes with methanol for adsorption in the active
site (4). Adsorbed DME can react with gaseous methanol to produce propylene or
higher olefins (5). On the other hand, the methoxyl intermediate can produce and
adsorbed formaldehyde intermediate that can decomposes to syngas at higher
temperatures (6,7) [52]. At temperatures higher than 580 °C, retained CO or olefins
produces coke deposition through Boudart reaction or cracking (8,9). Methanation from
intermediates producing equimolar amount of,@@d CH occurs at high temperatures

(10).

It should be noted that in these set of equatiGnsccounts for kinetic rate
constant, whil&; stands for adsorption equilibrium constants. Both of them depend on

temperature following the Arrhenius and Van'’t Hoff laws, respectively:

—Eqi

ki =ko; - exp ( R,T') (11)
—AH;

Ki = Ko,; - exp(—— (12)

Now k, andKg are the preexponential factétjs the universal gas constaitis

the temperature, &s the activation energy amtH the enthalpy of adsorption.

For the proposed kinetic model it is assumed that CO formed in the
decomposition reaction is probably desorbed rapidly to the gas phase. Moreover,
Boudart and cracking reactions for formation of pyrolitic carbon does not reach
notorious extend until temperatures beyond the scope of the Kkinetic model.
Consequently, Eqn. 7 to 9 are not considered. Besides, in all the adsorption steps a
quasi-equilibrium state is supposed to be reached. Taking these considerations into
account, the kinetic rate expression for the formation of each product can be drawn from

the above reaction scheme.

ksyn'KM'PCH3OH
Teo = Kgyn * Cp = 12
co syn “L=CH30H ™ 14Ky -Peyson+Kw-Pw+KpmE-PDME (12)

2
2 Km-PcH3oH
Fmet = Kmet - Ci_ = kee " ( ) @3
met met l-CH30H met 1+K gas'Pcazon+Kw Pw+Kpme-PDME ( )
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kole'KM'PcH30H PDME (14)

r =k .- P - Ci_ =
ole ole CH30H I-DME 1+Kp-Pcrzon+Kw Pw+KpmE-PDME

r —k P .C = kpme-KMPcuzon”—Kote'KmPchsonPpME (15)
DME pME " Fecrzon * Li—cH3oH ~ Tole LKy Pertson +Ke Pt Kome Pome

Finally, the following suppositions were assumed: the reactor is considered as a
plug flow integral reactor, homogeneous distribution of active sites on the catalyst
surface, catalyst operates at steady-state conditions, diffusional constraints and transport
limitations were negligible (theoretically proven from Damkohler and Thiele modulus),
and changes in temperature and pressure within the reactor were neglected. All these
suppositions have been checked in previous work on alcohol dehydration using the
same experimental procedure [53,54]. They allow considering plug flow integral for the
interpretation of the experimental data. To this purpose the reactor mass balance
equation (16) was numerically integrated to calculate the exit conversion of methanol as
well as product yields:

ax;

d(W/F) = ri (16)

where W/F is the ration between catalyst weight and the methanol molar flow
rate, i.e. the space time, aidis the methanol conversion or product yield (methanol
conversion x product selectivity). Thus, combining molar balances, rates equations and
stoichiometrics relationships, a system of differential equations is obtained. The kinetic
parameters involved in the differential equations system were calculated using the
Runge-Kuta method, implemented in Matlab 2010a software, by minimizing the
objective function (O.F.):

O0.F.= (iji (Xcal;; — Xexpl-,j)z)/i -(j—n) (17)

where Xexp; represents the value of the conversion of reactant or prodict
experimentj, obtained experimentally, andcal; the calculated value, being the
number of kinetic parameters, 14. The optimization routine was based in the Levenberg-
Marquart algorithm. 52 experiments at different temperatures, space times and methanol
partial pressures were considered. Solution of the optimization problem gave a OF value
of 1.36-1C. The good agreement between calculated and experimental conversion and

yields is illustrated in next section.
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5.3.2.4. Kinetic study

Table 5.3 summarizes the values of the activation energy or enthalpy of
adsorption and the preexponential factdts Ko) for all the implied reactions and
equilibriums. The values obtained for methanol dehydratigrn, lnd decomposition,
ksyn, @re within range to those reported by Mastalir et al [S55] on Cu/ZeQ) catalysts
with different copper loadings (75-143 kJ/mol) and by Croy et al [56] using bimetallic
Pt-M catalysts, with M = Au, Pd, Ru, Fe, supported on,489-96 kJ/mol). Activation
energies for olefin production and methanation are slightly higher than those reported
by Gayubo et al. in the kinetic modeling of methanol-to-olefin process a SAPO18
catalyst (57 and 127 kJ/mol respectively) [37].

Table 5.3. Kinetic parameters for methanol conversion.

E./AH Ko/Ko
(kd/mol) (L mol'll, g-s-mol
)
Kag: -17.8 672.0
Kw -25.5 854.7
Kdme -30.3 44.74
Kdme 69.8 475.2
Ksyr 134.5 3136
Kme 156.7 1.567-16
Kole 7.7 1179

Figures 5.12.a and b illustrate the steady-state methanol conversion and product
yields to main products of ZrNF-500 at constant space time and different methanol inlet
pressures. The results predicted by the model are shown in solid lines for comparison
sake. It can be noted the good agreement in methanol conversion between experimental
and estimated values. Increase of Methanol pressure did not modify substantially
conversion, though DME kinetic rate, eqn. 14, depends on gas methanol pressure, and
consequently greater yields of this product were achieved at high methanol partial
pressure. In general, the results for all products were successfully reproduced, with the
exception of those for the yield to olefins, especially at low temperatures. A possible
explanation for the difference observed between the experimental and calculated olefin

yields is that methane could be produced from the olefins pool rather than from
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methanol, so olefin kinetic rate could be raised to satisfy low yield requirements, while

olefin yield would be lowered at high temperatures.
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Figure 5.12. Experimental and simulated steady state methanol conversions and
selectivities to main products as a function of reaction temperature for ZrNF-500.

Methanol space time: 0.107 g4mol™. Pygor= 0.01 atm (a) 0.04 atm (b)

Figure 5.13.a represents the steady state methanol conversions as a function of
space time at reaction temperature of 500 °C and different inlet methanol partial
pressures from 0.01 to 0.04 atm for ZrNF-500 catalyst. Solid lines represent the
simulated conversion profile. It is noteworthy the good agreement between
experimental and calculated values provided by the kinetic model. Figure 5.13.b
displays the steady state methanol conversions as a function of reaction temperature at a
inlet methanol partial pressures of 0.02 atm and different space times, from 0.027 to
0.107 g-s/umol for zirconia fibers calcined at 500 °C. Steady state methanol conversion
increases with the inlet methanol partial pressures, although this effect is no longer
observed for methanol partial pressures higher that 0.02 atm. This could be due to the
high affinity of methanol for zirconia and a relatively low active site concentration.
Hence, at the highest partial pressure most of the catalysts active sites are covered by
methanol, and therefore a further increase in the methanol inlet vapor pressure does not
result in a significant increase of the methanol rate conversion. At higher reaction

temperatures, saturation seems to be readily reached at methanol partial pressure of 0.02
atm.
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Figure 5.13. Steady state methanol conversions for ZrNF-500. Space time influence at
given temperature = 500°C and different methanol partial pressures (a). Partial pressure

influence at given space time = 0.107 grsel* and different reaction temperatures (b).

5.4. Conclusions

Zirconia nanofibers, obtained by electrospinning technique, have been calcined
at different temperatures and used as heterogeneous catalyst in the gas phase
dehydration of methanol. SEM and TEM images of the electrospun nanofibers show
uniform and no sintering fibers with a high aspect ratio and sizes around 400 nm.
Calcination at 500 °C produces shrinkage of about 30%, whereas increasing calcination
temperature confers the fiber surface a granulose aspect due to crystallization of
zirconia. As a consequence of the crystal sintering, the resulting nanofibers shown low
BET areas similar to the exposed surface area per gram of the fibers. The X-ray
diffraction spectra of the zirconia nanofibers show the onset of a semicrystaline
tetragonal structure for the fibers calcined at 400°C. Transformation of tetragonal to
monoclinic zirconia starts at a calcination temperature of 600 °C. Calcination at
temperatures higher than 800 °C results in monoclinic crystal size growth. The catalytic
results have shown that increase of the calcination temperature results in zirconia fiber
catalysts with lower steady state conversion values, probably due to a change of the
surface acidity of the zirconia fibers because the higher extend of dehydroxilation. For
reaction temperatures higher than 580 °C, a deactivation of the catalysts takes place
probably due to the cracking reaction of reaction products that blocks with pyrolytic
carbon the active sites responsible of the methanol decomposition reaction. The fibers
calcined at 500 °C show significantly higher selectivities to dimethyl ether, probably

due to the higher strength and number of acid sites of the catalyst prepared at lower
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calcination temperature, whereas the monoclinic crystalline nanofiber are more selective
towards syngas production. The kinetic study carried out over the zirconia nanofiber
calcined at 500°C allowed assessing the influence of temperature and methanol partial
pressure in conversion and selectivity to DME. Selectivity and yield to this product has
been proven to increase with increasing methanol pressure, while methanol conversion
increased with space time and temperature, although at temperatures higher than 500 °C
syngas production started to compete with DME. Additionally, it was also showed that
methanol conversion and product yields can be accurately predicted by the proposed

kinetic model.
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6. ELECTROSPINNING OF SILICA SUB-MICROTUBES WITH
PLATINUM NANOPARTICLES FOR CATALYTIC NO REDUCTION

6.0.Abstract

The preparation of sub-microstructured fiber catalysts with well dispersed metal
nanoparticles is currently of great interest. In this work, we present the preparation and
characterization of silica sub-microtubes with and without platinum nanoparticles
obtained by electrospinning (in co-axial configuration) of silica sol-gel followed by a
calcination process. The silica sol was prepared from TEOS, ethanol, distilled water,
and HCI using platinum (Il) acetylacetonate as the catalyst metal precursor. The
electrospinning process allows the preparation of one-dimesional structured materials
with well dispersed platinum particles by a simple and straightforward method. The
silica tubes obtained are very uniform, showing a high aspect ratio with external/internal
diameters of around 350/125 nm and well dispersed platinum nanoparticles of around 2
nm in size on the surface. The sub-microtubes with platinum were used as catalysts for
the NO reduction reaction. This catalyst shows a high NO conversion, with very high
selectivity to N at moderate conditions when usingHg as reducing agent in the
presence of oxygen. When CO was used as reducing agent, NO conversion was
negligible, probably due to the strong chemisorption of CO on the catalyst active sites.

6.1.Introduction

One dimensional nano- and sub-microstructured materials, such as fibers, wires
or tubes show novel and interesting physical and chemical properties, which make them
promising materials for applications in semiconductor, energy storage, sensor, optics or
catalysis and play an important role in fundamental research [1-4]. In catalytic
processes, pore diffusion resistance is significant in pellet shaped catalysts, while
powdered catalysts, as is the practice in most laboratory-scale studies could cause
problems of high pressure drop in industrial size reactors. Therefore, novel forms of
catalyst supports, as sub-microtubes catalysts, which are easy to handle, may be packed
or constructed in the best form to fit the particular use and show very small resistance to

diffusion [5], represent a key research issue for many catalytic industrial processes.
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In this sense, electrospinning is a simple technique that has been used to obtain
polymer and carbon fibers and tubes in the submicro- and nanoscale [6-11], in which a
solution held in a capillary tube by its surface tension is subject to an electric field that
stretched the electrified jet due to the electrostatic repulsions between the surface
charges and the evaporation of the solvent. The action of the electric field over a drop,
forming at the tip of a capillary, changes its shape into a charged conical meniscus
known as the Taylor cone [9]. Parameters such as viscosity, flow rate, concentration of
electrospun solution or applied voltage control the diameter and length of fibers/tubes.
Moreover, using a co-axial electrospinning setup makes possible to switch between
steady electrospray (droplets) and electrospinning (fibers/tubes) just controlling rate
flow between outer and inner solutions. It also allows encapsulating of core liquid and
the production of tubes [12,13]. The sol-gel technique has been widely studied for the
preparation of different forms including monoliths, powders, coatings, and fibers
[14,15]. In the case of silica forms, the typical sol-gel method consist of the hydrolysis
and condensation of tetraethyl orthosilicate (TEOS), Si(&XE),.

Co-electrospinning technique, i.e., adding a second compound to the spinnable
solution in order to cast both of them together, presents the advantage to allow an easily
deposition of metal catalysts on fiber/tubes by simple solution of the metal precursor in
the spinnable solution [11]. The presence of metal nanoparticles on the electrospun
fiber/tube displays a huge potential in the area of heterogeneous catalysis. Specifically,
among noble metals, platinum could be very active for selective catalytic reduction of
NOx with hydrocarbons (HC-SCR) at low temperature (T < 300 °C). The platinum
particle size and the support properties play an important role in the NOx reduction
mechanism through the hydrocarbon activation [16,17]. Therefore, the preparation of
one-dimensional microstructured catalysts with well dispersed metal nanoparticles can

be currently of great interest.

In this work, we present the preparation and characterization of silica sub-
microtubes with and without platinum nanopatrticles using a sol-gel method followed by
an electrospinning process. This way, we are able to obtain one-dimesional structured
materials with well dispersed platinum particles by a simple and straightforward
method. The sub-microtubes with platinum were used as catalysts for the NO reduction

reaction in the presence of oxygen.
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6.2.Experimental Procedures
6.2.1. Catalyst preparation.

The silica sol was prepared from TEOS, ethanol, distilled water, and HCI. The
sol composition in molar ratio was 1:2:2:0.025 (TEOS:ethanol:water:HCI). First, the
HCI was mixed with water. Once diluted, ethanol was added to the solution. This
solution is added to the TEOS. The acid catalyzes the hydrolysis reaction, which is
strongly exothermic, and the TEOS is dissolved. The mixture, stirred vigorously, was
heated up to 80 °C for 1 h and then cooled down to 60 °C. In the case of the tubes
containing platinum, platinum (Il) acetylacetonate is added to the solution at 60 °C in a
molar ratio to TEOS of 0.006. The solutions (with and without platinum) were
maintained at this temperature under stirring for approximately 48 h in order to
evaporate the alcohols formed during the condensation phase of the sol gel and to reach
the proper viscosity for the electrospinning process. Silica sub-microtubes were
generated by using the coaxial electrospinning method reported in the literature [12] in a
co-axial configuration, with the sol gel coming through the external capillary tip and
synthetic oil flowing by the central one (Figure 6.1). This central needle supplies the
synthetic oil that acts as a template fluid and that after its removal produces the tube
configuration. The flow rates through the needles ranged from 1.0/0.2 to 2.0/1.0 mL-h
for sol gel/synthetic oil, respectively. To apply the high voltage between the spinneret
and the collector (Figure 6.1), two high voltage power supplies are used: one positively
polarized connected to the needle and the other negatively polarized attached to a
collector. This configuration provided better electrostatic conditions to prevent tubes
from flying to any grounded piece near the set-up, therefore facilitating the deposition
of the electrospun tubes on the collector. The tip-to-collector distance was 20-25 cm,
and the electrical potential difference was 10 kV (the collector was at -5 kV and the tips
at +5 kV), although this value could varied depending on the collector/tip geometry.
The electrospun tubes with and without platinum are denoted as SiT-Pt and SiT,
respectively. Finally, the electrospun tubes were calcined at 500 °C for 2 hours in a
muffle furnace, in order to eliminate the solvents and the synthetic oil and stabilize the
silica tubes. The stabilized (calcined) electrospun tubes with and without platinum are

denoted as SSiT-Pt and SSiT, respectively.
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Figure 6.1. Electrospinning set up.
6.2.2. Catalyst characterization.

Thermogravimetric analysis (TG) were performed in a Cl Electronics MK2
balance under air flow (150 én8TP/min) from room temperature to 900 °C at a
heating rate of 10 °C/min with a sample weight of about 10 mg. X-ray diffraction
patterns (XRD) were recorded in the region of 26-80° on a Philips X’Pert PRO
MPD diffractometer using CukKmonochromatic radiation (operation value 45 kV and
40 mA).

The porous structure was characterized byatlsorption-desorption at -196 °C
and by CQ adsorption at 0 °C, carried out in a Micromeritics ASAP2020 apparatus.
Samples were previously outgassed for 8 hours at 150 °C under vacuum. Frogn the N
adsorption/desorption isotherm, the apparent surface anga)(Was calculated by
applying the BET equation and from the £&asorption isotherm the narrow micropore
surface area (Ar) was obtained by applying the Dubinin-Raduskevich equation [18].
The surface chemistry of the samples was studied by X-ray photoelectron spectroscopy
(XPS) analysis, using a 5700C model Physical Electronics apparatus witlu MgK
radiation (1253.6 eV). For the analysis of the XPS peaks, the Cls peak position was set
at 284.5 eV and used as reference to locate the other peaks. The fitting of the XPS peaks
was done by least squares using Gaussian-Lorentzian peak shapes. Fourier transform
infrared (FTIR) spectra were obtained using a Bruker Optics Tensor 27 FT-IR
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spectrometer by adding 256 scans in the 4000-400 spectral range at 4 ¢

resolution. Pressed KBr pellets at a sample/KBr ratio of around 1:250 were used.

The surface morphology of the tubes was studied by scanning electron
microscopy (SEM) using a JSM 840 JEOL microscope working at 25 KV voltage and
by transmission electron microscopy (TEM) in a Philips CM200 microscope at an
accelerating voltage of 200 kV. Platinum size distribution of the SSiT-Pt sample was
obtained by counting between 100 and 200 particles. The size distribution was fitted to

a normal distribution. From the size distribution, we determined the number average
diameter d, = Z nd /Z n, [19]. Platinum particle size (assuming spherical particles)

and dispersion (D) are related by D = 1Q&fm) [20].
6.2.3. NO reduction experiments

The NO reduction experiments were performed in a quartz fixed bed
microreactor (4 mm i.d.) at atmospheric pressure. Experiments were carried out with 80
mg of stabilized tubes (SSiT or SSiT-Pt). The inlet flow rate used was 260 cm
STP/min, with NO concentration of 200 ppm, resulting in a space time qid/#/2.88
g-s/umol. The concentrations of other inlet gases were 1500 pprHefo€ 1% CO
and 3% of @ A chemiluminiscent analyzer (EcoPhysics, CLD 700 AL model) was
used to measure the outlet gas concentrations of NO apdT™®@ CO and C@outlet
concentrations were analyzed by means of a non-dispersive infra-red analyser (Ultramat
22, Siemens model).s86, H2O, N, NoO and Q concentrations were measured by a

mass spectrometer analyzer (Balzers MsCube).

6.3.Results and Discussion
6.3.1. Catalyst characterization

Figure 6.2 represents the weight loss of the silica tubes with and without
platinum and of the synthetic oil used as template in the electrospinning process as a
function of temperature, from room temperature to 900 °C, at a heating rate of 10
°C/min in air atmosphere. TGA results revealed different steps in the degradation of the
template oil under oxygen atmosphere, probably corresponding to decomposition of

unsaturated and saturated fatty acids which are the main component of oils [21] and also
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the oxidation of carbon residue. In the case of the tubes, the mass loss begins at
temperatures lower than 100 °C probably due to the evaporation of the solvents used in
the formulation of the silica tubes. The TG profiles for the tubes show a significant
mass loss at around 300 °C, coinciding with those of the synthetic oil used as template
and, therefore, associated to the decomposition and oxidation of the oil remaining in the
inner of the non stablized silica tubes. This mass loss is more pronounced and starts at
lower temperature for the SiT-Pt tubes than for the SiT ones, probably as a consequence
of the catalytic effect of the platinum in the decomposition and oxidation reaction. The
weight loss of the tubes slowly continues with increasing temperature up to around 800
°C, probably as a consequence of the evaporation of the water molecules formed during

the self-condensation reaction of the silanol groups [22].

1.0 — —
0.8 | — SiT
_ 06 SiT-Pt
z
=
0.4 Template oil
0.2
00 1 1 1 1 T
0 100 200 300 400 500 600 700 800 900

Temperature (°C)

Figure 6.2. TG profiles of the silica sub-microtubes with and without platinum and of

the synthetic oil used as template in the electrospinning process in air atmosphere.

The crystalline structure of the silica tubes was investigated by X-ray diffraction
analysis. Figure 6.3 represents the XRD patterns of the non stabilized and stabilized
tubes with and without platinum, which exhibit the characteristics of amorphous silica
[23]. XRD patterns of the silica tubes with and without platinum calcined and not
calcined show the same characteristics. In the case of the platinum containing samples,
the peaks associated to the platinum crystal planes are not observed, probably as a

consequence of well dispersed platinum in very small crystal sizes.
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Figure 6.3. XRD patters for different sub-micro silica tubes.

Figure 6.4 represents the FTIR spectrum of the non stabilized and stabilized
tubes with and without platinum. Broad absorption bands between 4000 and 300 cm
are observed which correspond to the fundamental stretching vibrations of different
types of hydroxyl groups [24]. The spectra show clearly two bands at 795 and 950 cm
associated to Si-O vibration in silanol groups (Si-OH). The bands at 1082amn
related to Si-O-Si groups. These groups are formed due to the hydrolysis and
condensation of TEOS and, as the calcination temperature increases, a gradual decrease
in the Si-OH band and an increase in the Si-O-Si band are observed due to the complete
condensation of hydrolyzed silica precursor (Si-OH) to silica {/Sjgb]. The band at
1625 cni* could be related to the combination of the Sirational modes. It should
be noted the low intensity of the bands related t@ @HCH, located at around 2800-

3000 and 1400-1800 chrespectively. This indicates that there is a low contribution of

methyl (CH) or methylene (Ck) of ethoxy groups (-OCHCHs), suggesting that most
of the TEOS is hydrolyzed.

The bands associated to the methyl {Cét methylene (Ch of ethoxy groups
(-OCH,CHs) are even smaller in the spectra of the stabilized fiber, probably due to the
decomposition and oxidation of the organic compounds (solvents and template oil) of

the tubes during the calcination process.
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Figure 6.4. IR spectra of different sub-micro tubes with and without platinum.

The porous structure of the different tubes was analyzed JogdSorption-
desorption isotherms at -196 °C and @&Qdsorption at 0 °C, and the results are shown in
Table 6.1. The electrospun tubes with and without platinum, SiT-Pt and SiT
respectively, show very low or negligible BET areas, indicative of very poorly
developed porous structures. In contrast, the narrow micropore surface asgas, A
obtained from the C®adsorption isotherms are 228 and 124gmrespectively. The
results of apparent surface area for the electrospun tubes, obtained fropratice GO

adsorption isotherms, with g >> Ager, are characteristics of solids with a narrow

microporosity [26].

The calcination process of the SiT seems to produce the shrinkage of this narrow
microporosity. However, the presence of platinum in the calcination process results in a
development of wide microporosity, measured with adsorption, resulting in tubes
with total BET surface area of 144My. Lin et al. [27] reported that the addition of low
Pt salt concentrations to the electrospinning of polyacrylonitrile/platinum
acetylacetonate solution could increase the fiber diameters, due to the formation of
polymer—salt— solvent interactions, which changed the balance among the viscosity,
surface tension, and conductivity of the synthesis solutions. They did not analyze the
influence of the Pt salt on the fibers porosity. However, it can be plausible to associate
the porosity increase of the tubes to the addition of the Pt salt to the solution. In this

sense, these results can be also related to the decomposition of the platinum salt. Ji et al.
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reported the production of porous carbon nanofibers from electrospun polyacrylonitrile
(PAN)/SIO, composite nanofibers. After using hydrofluoric acid as etching agent, SiO
nanoparticles and agglomerates are removed from the carbon matrix, releasing new
porosity inside them [28]. In a similar way, small droplets of platinum salt inside the
SiO, tubes’ wall can act as template for formation of microporosity when the organic
acetate ligands are removed during calcination, probably producing a more developed

porous structure than in solely silica tubes.

Table 6.1. Porous structural parameters of different sub-microtubes with and

without platinum obtained from MNand CQ isotherms.

Ager (M) Vi (em®g) A (m?) Apr (M) Vpr (cm’g)

SIiT 3 -~ 2 228 0.087
SSIiT 7 0.001 4 135 0.051
SiT-Pt -~ ~- ~- 121 0.046

SSIiT-Pt 144 0.056 13 273 0.104

Table 6.2 summarizes the atomic surface concentrations obtained from the
numerical integration of the XPS peaks for the different silica tubes. The as-spun silica
tubes show a high amount of carbon, due mainly to the organic compounds present in
the synthetic oil used as template and, in a lower extent, to remaining ethoxy groups of
TEOS and solvents used in the formulation of the tubes. The amount of surface silicon
is much lower than that of carbon and oxygen for the non stalilized tubes. The stabilized
(calcined) samples show much lower carbon content than that of the non stabilized
tubes, as a consequence of the oxidation of organic compounds of the synthetic oil and
to the decomposition of the ethoxy groups and solvents present in the spinnable
solution. Therefore, the calcination process reduces the carbon content and increases the
surface oxygen and silicon content of the tubes, which show an atomic ratio (O/Si) as
that of silica. In the case of the tubes that contains platinum, the amount of platinum
increases with the stabilization process, as a consequence of the decomposition and
oxidation of the organic compound used in the formulation of the tubes. The
platinum/silicon atomic ratio keeps constant at 0.004, which is lower than the value of
0.006 corresponding to the Pt/Si atomic ratio of the Pt(A€AEQOS initial solution, so
platinum particles seems to be imbued in the internal surface of the tubes. The stabilized

silica tubes with platinum show an atomic surface concentration of surface platinum of
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0.12% which corresponds to a weight surface concentration of 1.20%, very close to the
theoretical value from the tubes formulation, 1.04%.

Table 6.2. Atomic surface concentration (%) of different sub-microtubes with

and without platinum determined by XPS guantitative analysis.

%C %0 %S %Pt
SiT 48.6 35.5 15.9 -
SSiT 11.0 60.5 28.5 -
SiT-Pt 57.7 31.7 10.6 (0.04)
SSiT-Pt 9.8 60.1 30.0 0.12

Intensity (a.u.)

292 290 288 286 284 282 280
Binding energy (eV)

Figure 6.5. C 1s spectra of the non stabilized (deconvoluted), SiT, and stabilized, SSiT,

silica tubes.

Figure 6.5 shows the C1s spectra for the non stablized and stabilized silica tubes.
The deconvolution of C1s spectrum of non stabilized tubes is also represented in Figure
5. The presence of platinum does not modify significantly the Cls spectra. The
deconvoluted spectrum show three different peaks, (i) at 284.5 eV associated to C-C
and C-H bonds [29], (ii) at around 286.1 eV that could be related to C-OH groups [29]
present in the ethanol used in the precursor solution and produced by the hydrolysis
reaction of TEOS and (iii) at approximately 288.7 eV associated to the C-Si-O groups

[24] from the TEOS used in the tube formulation. The calcination process removes
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almost totally all the carbon groups due to the decomposition of the ethanol and to the
oxidation of organic compounds present in the remaining synthetic oil used as template
of the tube. Thus, the C1s spectra of the stabilized tubes presents a main peak located at
284.5 eV and probably due to adventitious carbon since at the calcination temperature,

500 °C, most of the carbon should have been oxidized.
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Figure 6.6. Deconvoluted Si 2p spectra of SIT and SSIT samples.

The deconvoluted Si 2p spectra of SiT and SSiT tubes are represented in Figure
6.6. The spectrum of the non stabilized tubes show a shift to lower binding energies
probably as a consequence of the presence of carbon atoms bonded to silicop. In SIO
which has a tetragonal structure, the Si atom is bonded to four neighboring oxygen
atoms. The chemical shift in the Si 2p photoelectron signal is mainly induced by the
number of oxygen atoms bound to a Si atom. When introducing carbon atoms igto SiO
some of the four oxygen atoms bonded to the silicon are replaced by carbon atoms and
the Si 2p spectra shifts to lower binding energy values [30,31]. This suggests that, prior
to stabilization, part of the TEOS remains not hydrolyzed and, therefore, Si-O-C is
observed in the XPS of SiT sample. After stabilization, the organic matter has been
removed and all the silicon is in form of SiG-urthermore, a slight asymmetry of the
spectrum of as-spun tubes is observed. According to Ingol el al. [32], it could be
adscribed to the presence of Si-O4CH3; bonds from the precursor solution and
disappears when the sol-gel materials are subjected to air thermal treatments at

temperatures higher than 400°C.
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Figure 6.7 displays the Pt 4f spectra for the Pt containing non-stabilized and
stabilized tubes. The Pt 4f region of the spectra for these tubes presents a doublet
corresponding to Pt 44 and Pt 44, [29]. The separation between Py 4and Pt 4§,
peaks, due to spin orbital splitting, is a quantized value of 3.33 eV. The,Ppetk
lying at around 71.0 eV can be attributed t8 (Rietallic Pt), while the Pt 4§ peak
located at around 72.8 eV is related t6" Relectrodeficient platinum) [29]. The non
stabilized tubes present most of the platinum in form &f Bt agreement with the
oxidation state of platinum in the precursor (platinum acetylacetonate). The stabilization
process produces an increase and a shift of the peaks to lower binding energies, which
indicate the presence of a higher contribution of platinum in form%drPthe surface
of the stabilized tubes. This result suggests that during the stabilization of the tubes
electrodeficient platinum is reduced to metallic platinum. Probably, during the
calcination process most of the organic compounds are oxidized producing, among
other gases, CO which is a reductive gas. In this sense, Cavaliere et al. [33] reported the
elaboration of Pt loaded titania nanofibres and they also observed the presence of
metallic Pt. They associated these results to the alcohol present as traces of solvent, or
formed during the hydrolysis of the TiQprecursor, which reduces the*Pin the
presence of PVP, leading directly to metallic Pt nanoclusters, without the need for a
subsequent reduction step [34]. However, they did not exclude that C or CO produced

during the thermal decomposition of ethanol and PVP participates in reductidti. of Pt

pf
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Figure 6.7. Deconvoluted Pt 4f spectra of SiT-Pt and SSiT-Pt samples.
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Figures 6.8 a to d show SEM images of the SiT, SSIT and SSiT-Pt. The tubes
obtained were very uniform and no sintering or beads were found. Furthermore, the
tubes show a high aspect ratio (ratio between the length and the diameter of the fiber),
with tubes sizes clearly lower than 1 um. Neither the calcination process nor the
introduction of platinum show any influence on the morphology or size of the resulting
tubes. In the Figure 6.8 d it is clearly seen the inner hollow at the tip of some broken

tubes.

Figure 6.8. SEM images of (a) SiT, (b) SSIT, (c) and (d) SSiT-Pt (bar lengths: 1 um)

Figure 6.9 displays TEM images of SSIiT, (a and b) and SSiT-Pt (c and d).
Figure 6.9 a shows non stabilized silica tubes with external diameters of approximately
350 nm and internal diameter sizes of around 125 nm. The tubes show no structural
defects. Figure 6.9 b represents a higher magnification TEM image of a stabilized silica
tube. This tube shows likewise an external diameter of 346 nm and a hollow size of 122
nm. The selected-area electron diffraction pattern (SAED) of the stabilized tubes (detail
in Figure 6.9 b) shows no diffraction patterns supporting the amorphous structure of the

silica tubes.
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Figure 6.9. TEM images of (a) SSIT (bar length: 500 nm), (b) SSiT (bar length:100
nm), (c) SSiT-Pt (bar length: 200 nm) and (d) SSIT-Pt (bar length: 10 nm)

Figure 6.9 c represents a transmission electronic micrograph of a stabilized tube
with platinum. In this case the tube presents a higher size, with an external diameter of
540 nm and an internal diameter size of around 280 nm, showing well dispersed
platinum nanoparticles. Figure 6.9 d shows a higher magnification TEM image of a
stabilized tube with platinum. As can be seen, the tubes present platinum particles,
showed as darker spots, which seem to be well dispersed and essentially spherical, with



Chapter 6: Electrospinning of Silica Sub-microtubes with Platinum Nanoparticles for the
Catalytic NO Reduction

sizes between 0.5 and 4 nm. Figure 6.10 represents the platinum particle size
distribution histogram. The particles size distributions have been fitted to a normal
distribution with mearu and standard deviatioo. Based on this measurement, the
average diameter size was 1.8 nm and the dispersion of the platinum is as high as
59.3%.

0.4
Normal Distribution Parameters
03 | n=18+0.05
6 =0.8+0.03

Frecuency
o
N

o
[

0.0
00 05 1.0 15 20 25 3.0 35 40 45 50 55 6.0
d (nm)

Figure 6.10. Platinum particle size distribution histogram of the SSiT-Pt sample.
6.3.2. Catalytic NO reduction.

The catalytic reduction of NO in the presence or absencesldf & CO as
reductant gases and in the presence or absencgwa®studied for the two different
stabilized tubes with and without platinum, SSiT-Pt and SSIT respectively. SSIT
showed no catalytic effect for reduction of NO. However, SSiT-Pt have shown a

considerably NO conversion depending on the reaction conditions.

Figure 6.11 represents the evolution of outlet gas concentration as a function of
the reaction time for SSIiT-Pt catalyst at a reaction temperature of 200 °C. The inlet
gases were changed sequentially. Initially, only NO diluted in He (200 ppmyoW/F
2.88 g-s/umol) was introduced in the inlet gas stream, after approximately 40, min O
(3% vol) was added to the inlet stream, and finally, at about 120 min of reaction time
CO (1% vol) was introduced. In the first part of the experiment, when the inlet gas is
NO diluted in He, there is a decrease in the outlet NO concentration compared to the
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inlet concentration as a consequence of the NO adsorption. The presence of oxygen
results in a partial NO oxidation to NQOprobably due to the presence of platinum, a
well-known oxidation catalyst. Nevertheless, the addition of CO produces an increase in
the NO outlet concentration. This behavior could be due to a strong competition
between NO and CO molecules for the catalyst active sites, as previously reported by
Hao et al. [35]. In this case, it seems that CO adsorption is favored with respect to NO
adsorption and, therefore, the adsorption and oxidation of NO are practically negligible,
in the presence of CO. When NO was not added to the gas inlet, partial oxidation of CO

was observed to proceed in a similar fashion than in presence of NO.
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Figure 6.11. Evolution of outlet gas concentration as a function of the reaction time for
SSIT-Pt catalyst at a reaction temperature of 200 °C using 1%v CO as reductant and 3%
0..

Figure 6.12 represents the evolution of outlet gas concentration as a function of
the reaction time for SSIT-PT catalyst at a reaction temperature of 190 °C. The inlet
gases were again changed sequentially. Initially, only NO diluted in He (200 ppm,
W/Fno = 2.88 g-s/umol) was introduced in the inlet gas stream, after around 10 min
CsHeg (1500 ppm) was added to the inlet stream, and finally, at around 62 min of
reaction time @ (3% vol) was introduced. In the first step only a low adsorption of NO
was observed and no reaction products were detected. With the addition of propylene to
the inlet stream, NO was partially desorbed, probably due to a competitive adsorption

on the active sites between NO argHEmMolecules. However, with the addition 0$,0
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an important increase of the NO conversion and the complete conversion of propylene
were observed. Furthermore, in this stage, &0, and HO were detected in the outlet

gas stream, indicating that most of the NO was reduced tohNe all the GHg was
oxidized to CQ and HO. It is important to point out that one of the main drawbacks
reported in the literature for the platinum catalysts is the significant selectivities towards
N2O [36-38]. However, in our conditions, the formation glONwas not detected. NO
conversion reached a steady-state value of about 90%, with total selectivityTbiN
catalyst, SSiT-Pt, shows much better behavior that others reported in the literature,
using a similar platinum content [32,33], which showed comparable conversion values

at analogous reaction conditions, but with a much lower selectivity.to N
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Figure 6.12. Evolution of outlet gas concentration as a function of the reaction time for
SSIiT-Pt catalyst at a reaction temperature of 190 °C using 1500 pfya£reductant
and 3% Q.

The technical literature proposes two main reaction pathways for selective
catalytic reduction of NO on Pt catalysts. The first one involves production of molecular
nitrogen through NO dissociative adsorption via a redox mechanism [39,40]. This
mechanism assumes that NO is adsorbed on the Pt surface and decomposes to yield
adsorbed nitrogen and oxygen atoms, which desorb in the form of molecuéardN
N>O. According to this scheme, the role of the reductant is to react with oxygen atoms
and regenerate the active sites. Other mechanisms propose that the activation of the

hydrocarbon, which plays an important role in the lean-defd@ction, occurs through
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adsorbed N@or other intermediates, such as organo-nitro and related species [41]. In
our case, although additional work is necessary to elucidate most plausible reaction
mechanism, in a first approximation, it seems that the dissociative adsorption of NO can
be disregarded, given that this is the main reaction pathway to prod@xgmndt
detected with our catalyst). Furthermore, we have observed, in the absence of a
reductant agent, the oxidation of NO to N@vhich suggests that the formation of
adsorbed N@specie is probably necessary for the final NO reduction. This fact would

explain why in the presence of CO, reduction of NO is not observed.

6.4.Conclusions

One-dimensional microstructured catalysts with well dispersed metal
nanoparticles have been obtained and used as catalysts in the NO reduction reaction.
The tubes have been obtained by electrospinning of a sol-gel prepared from TEOS,
ethanol, distilled water, and HCI using platinum (Il) acetylacetonate as metal precursor,
followed by a calcination process. We have obtained silica tubes with external/internal
diameters of around 350/125 nm, respectively, and with well dispersed platinum
nanoparticles of about 1.8 nm in size. The sub-microtubes with platinum were used as
catalysts for the NO reduction reaction. This tubes show a high NO conversion with
total selectivity to N at moderate conditions when usingHg as reducing agent,
comparing quite well with other catalyst reported in the literature. When using CO as
reducing agent there was no NO conversion, probably due to the competition between

NO and CO for the catalyst active sites.
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Chapter 7: General Conclusion and Future Works

7. GENERAL CONCLUSIONS AND FUTURE WORKS

Electrospun fibers seem to be suited for catalytic uses. Preparation of highly
porous carbon nanofibers from lignin, in composite or pure fibers rise as an easy
method to produce microporous supports with feasible applications in energy storage
systems. Alumina, silica or zirconia catalysts, which are profusely documented as acid
solid catalyst, can be also casted as nanofibers through this method. Moreover, the co-
electrospinning casting method for supporting active phase over the nanofiber
micropores has proven to be effective in achieving high dispersed catalyst without

compromising the textural, physical and chemistry properties of electrospun fibers.
But there is still more work to do.

» Platinum carbon nanofibers as those shown in chapter 3 are to be tested
in electrochemical storage of hydrogen.

* We are currently developing the most viable mechanism of NO reduction
over platinum-doped silica tubes from chapter 6.

* Although pyridine adsorption-desorption tests point out the high amount
of surface acidity in composite alumina-carbon and silica-carbon fibers
from chapter 4, those composite mats are still to be tested as solid acid
catalysts.

* The coltri-axial electrospinning device is being tested with a modification
on the coelectrospinning of active phase precursor. Instead of depositing
the metal in the core of the fiber, the metallic salt can be dissolved in the
outer liquid, so active phase is deposited mainly over the external surface
of the fiber.

* In the same sense, in tri-axial electrospinning the active phase precursor
can be added to the innermost fluid, so the active phase will be displayed
over the inner wall of the tubes. This way, a catalyst with two different
active phases can be casted avoiding possible sintering of metals into
different crystalline phases.

As a preliminary result, Figure 7.1 shows a transmission image of one

electrospun silica nanotube. It was prepared as detailed in experimental section of
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chapter 6, but now Pt(AcAc)2 is added to oil template solution. This time, platinum
nanoparticles seem to lie over the inner surface of tube wall.

Figure 7.1. Platinum doped silica nanotubes. Metal nanoparticles seem to be deposited
over the inner surface of the nanotubes.



