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Resumen

0.1. Resumen

Ante el inminente agotamiento de los recursos fdsiles y el gran impacto
medioambiental que conlleva el uso de los mismos, la sociedad del siglo XXI demanda
un cambio gradual de una economia basada en fuentes fosiles —fundamentalmente
carbon, petrdleo y gas natural- a una basada en recursos sostenibles y procesos
respetuosos con el medio ambiente. Esta sustituciéon pasa por el desarrollo de
procesos industriales complejos basados en la biomasa como materia prima, lo que
se conoce como biorefinerias. En estas, la biomasa se aprovecha simultaneamente
como fuente de energia y como plataforma de productos de alto valor afiadido, del

mismo modo que ocurre actualmente en las refinerias de la industria petroquimica.

El bioetanol, obtenido por fermentacién de los azucares contenidos en
plantas (primera generacion) o a partir de residuos lignoceluldsicos (segunda
generacion), se posiciona como uno de estos derivados de la biomasa con un
enorme potencial como precursor de productos de interés aplicado, como
alternativa a los de origen petroquimico. En lo que al campo de catalisis concierne,
la viabilidad de la implantacién industrial de estos procesos de valorizacién de
bioetanol implica el desarrollo de catalizadores heterogéneos, compatibles con el
medio ambiente, que integren alta actividad y selectividad, estabilidad suficiente y
bajo coste. Considerando estas premisas, en la presente Tesis Doctoral se han
disefiado y desarrollado nuevos nanomateriales para ser aplicados en la valorizacion
catalitica del bioetanol mediante dos rutas: la deshidrogenacidon para rendir
acetaldehido, y la condensacién, para obtener 1-butanol. Para el primer caso se
empled un reactor de lecho fijo operando a presién atmosférica, mientras que la
condensacién de bioetanol se estudié en fase liquida en un reactor tipo tanque
agitado. Los resultados obtenidos en el estudio de ambas reacciones se recogen en

los capitulos 4 y 5, respectivamente.

El principal producto obtenido con la reaccién de deshidrogenacion de
etanol es el acetaldehido. Debido a su alta reactividad quimica, el acetaldehido
encuentra aplicacién industrial como intermedio en sintesis orgdnica. En la mayor

parte del mundo es un producto petroquimico, obtenido mediante el proceso

\%
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Wacker, en el cual se generan residuos clorados y requiere un alto coste energético.
Existe, por tanto, una necesidad de desarrollar nuevas rutas de sintesis compatibles
con el medio ambiente y a partir de recursos renovables. Los catalizadores
adecuados para esta reaccidon estan basados en materiales con propiedades basicas,
o bien en determinados metales de transicidon. Asi, en la bibliografia se ha descrito
la deshidrogenacion de etanol mediante los clasicos éxidos de metales alcalino-
térreos o el 6xido de zinc. El inconveniente de los dxidos metalicos es que tienden a
catalizar reacciones secundarias (deshidratacién, condensacién) relacionadas con la
acidez aportada por el cation metalico o con la presencia de grupos hidroxilos
superficiales, disminuyendo asi la selectividad al producto de la deshidrogenacidn.
En el caso concreto del 6xido de zinc, se sabe que estas nanoestructuras pueden
presentar gran variedad de orientaciones cristalinas en las que varia la relacién de
caras expuestas. Estas, a su vez, pueden presentar una quimica superficial
caracteristica que suele repercutir en el comportamiento catalitico de estos
materiales, lo cual es un tema ampliamente discutido y que genera cierta
controversia en la comunidad cientifica. Con el fin de aportar algo de luz a este
respecto, en la presente investigacion se estudiaron nanoestructuras de éxido de
zinc con diferentes orientaciones cristalinas, y, por tanto, distintas relaciones de
caras expuestas, para ser aplicadas en la transformacién de etanol. A partir del
estudio comparativo de estos materiales, se determind que la reaccion de
deshidrogenacién de etanol es sensible a la estructura superficial. En concreto, los
resultados derivados de los experimentos cataliticos, asi como la caracterizacién
morfoldgica, estructural y superficial de las muestras, revelaron que la tendencia en
la selectividad a los productos minoritarios (etileno y de condensacién) estaba
relacionada con la presencia de un tipo hidroxilo de caracter acido localizado en los

planos basales de la estructura cristalina hexagonal del 6xido de zinc.

Por otro lado, los oxidos metalicos suelen experimentar procesos de
desactivacion en presencia de agua, la cual acompaina normalmente a los derivados de
la biomasa. En este sentido, teniendo en cuenta que el uso de materiales carbonosos
podria resultar ventajoso gracias a su caracter hidrofdbico, en la presente Tesis

Doctoral se planted el uso de nanomateriales grafiticos para ser empleados, bien
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directamente como catalizadores, bien como soporte de la fase activa, en la reaccidn
de deshidrogenacién de bioetanol. Asi, valiéndonos ademas de la gran versatilidad y la
facilidad con la que la quimica superficial de este tipo de materiales puede ser
modificada, se sintetizaron unos materiales de grafeno dopados con nitrégeno y sin
dopar, mediante oxidacidon de un grafito natural con diferentes granulometrias y
posterior reduccion a alta temperatura. Tras analizar el comportamiento catalitico de
estos materiales y relacionarlo con la caracterizacién de los mismos, se encontrd que
la tendencia en la conversion de etanol a acetaldehido estaba controlada
simultdaneamente por el contenido en nitrégeno superficial determinado por
espectroscopia fotoelectrénica de rayos X (XPS) y por el grado de exfoliaciéon o

superficie especifica de los materiales sintetizados.

Si bien se demostré que con los materiales de grafeno funcionalizados con
nitrogeno es posible llevar a cabo la deshidrogenacidn de etanol, lo cierto es que las
funcionalidades de nitrdgeno requieren elevadas temperaturas (a partir de 673 K) para
activar la molécula de etanol, haciendo el proceso poco factible desde un punto de
vista practico. Asi, en la etapa siguiente, se planted el estudio de algunos de estos
materiales como soportes de catalizadores de cobre. La eleccién de este metal estuvo
supeditada, ademas de a su bajo coste en comparacion con otros metales nobles, a
sus conocidas propiedades deshidrogenantes en reacciones de deshidrogenacién de
alcoholes, lo que permite operar a temperaturas relativamente bajas, como se ha
recogido en la bibliografia y patentes consultadas. Sin embargo, frecuentemente la
aplicacion de catalizadores de cobre estd limitada por su rapida desactivacion
causada por la sinterizacion del metal. Por tanto, la elecciéon de un soporte estable
que permita una buena dispersidn del metal es fundamental. En el capitulo 4 de la
presente memoria se recogen los resultados obtenidos con los catalizadores de Cu
soportados sobre materiales grafiticos: grafenos funcionalizados y un grafito comercial
de alta superficie. De este estudio se extrajo que, el comportamiento catalitico de
estas muestras dependia, en cierto modo, de la estructura y naturaleza del soporte,
que promovia diferencias estructurales en las particulas de Cu soportadas. Como
resultado relevante se hall6 que, en general, estos nanocatalizadores eran mas

activos, y especialmente mas estables que un catalizador de Cu soportado en silice
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comercial, siendo estas diferencias mas evidentes cuando el agua (10% v/v) estaba

presente en la corriente de alimentacion.

Por otra parte, el acetaldehido obtenido a partir de la deshidrogenacion de
etanol puede sufrir sucesiva reaccion de condensacién a través de lo que se conoce
como la reaccion de Guerbet, rindiendo 1-butanol. Este alcohol C4 se ha planteado
muy recientemente en el campo de los biocombustibles como un potencial
sustituto del bioetanol, por las numerosas ventajas que presenta sobre este. Si bien
existen vias alternativas para su sintesis (la ruta petroquimica a partir del propileno
o mediante la fermentaciéon ABE), recientes estudios sugieren la condensacion
catalitica de etanol es un proceso mas eficiente y sostenible. Sin embargo, debido a
la pluralidad y complejidad de reacciones implicadas, y a la alta reactividad quimica
del intermedio acetaldehido (que tiende a sufrir reacciones secundarias), el proceso
todavia requiere mejoras respecto al disefio de catalizadores heterogéneos. El reto
es encontrar catalizadores que exhiban simultdaneamente propiedades
hidrogenantes/deshidrogenantes, y ademas, un equilibrio adecuado entre centros
basicos/acidos. Asi pues, teniendo en cuenta estas premisas, y tras haber realizado
una minuciosa revision bibliografica, en la presente Tesis Doctoral se abordd el
desarrollo de una serie de catalizadores bifuncionales compuestos por un metal
hidrogenante/deshidrogenante (Cu o Pd) y un componente basico basado en dxido
de magnesio. El comportamiento catalitico de estos materiales se evalud en la
condensaciéon de etanol en un reactor Batch a 503 Ky a la presién autogenerada a
dicha temperatura. Estudios preliminares indicaron que los catalizadores de Pd eran
mas selectivos a 1-butanol que los de Cu. Se encontré ademas, que cuando el Pd era
soportado sobre un composite Mg-grafeno, se mantenia la fortaleza de los centros
basicos adecuados, y ademas, se mejord la dispersién del Pd respecto del
catalizador soportado sobre el MgO masico. La combinacion de ambos pardmetros
dio como resultado mejores selectividades hacia 1-butanol. Estos resultados se

exponen en el capitulo 5.

Por ultimo, siguiendo la linea fundamental abordada por la presente Tesis
Doctoral, consistente en el desarrollo de catalizadores heterogéneos para ser

integrados en procesos que impliquen mejoras medioambientales, algunos de los
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catalizadores disefiados se aplicaron también en otra reaccidn relevante desde el
punto de vista medioambiental. Esta consistid en la reduccion del 4-nitrofenol, un
contaminante presente en aguas residuales, para la obtencién de 4-aminofenol, el
cual presenta importantes aplicaciones en la industria farmacéutica. La reaccién se
ensayl a temperatura ambiente, en medio acuoso y en presencia de NaBH; como
agente reductor. En concreto, se estudiaron catalizadores de Cu y Pd sobre grafito
de alta superficie y materiales de grafeno. Se hallé que estos materiales grafiticos,
especialmente los grafénicos, ofrecian un efecto cooperativo en la actividad
catalitica debido principalmente a la habilidad para producir interacciones n-mt entre
el sustrato a hidrogenar y la superficie del sélido soporte, asi como facilitando la
transferencia de electrones entre NaBH, y el 4-nitrofenol. Ademas, se relacioné la
alta estabilidad mostrada por el catalizador de Cu soportado sobre el grafito
comercial de alta superficie, con la estabilizacion de las nanoparticulas metalicas
ancladas en los bordes de los planos grafiticos. Un estudio comparativo con los
resultados previamente publicados y obtenidos en condiciones similares, revelé que
este catalizador sintetizado era superior, en términos de actividad y estabilidad, a la
mayoria de catalizadores reportados hasta la fecha, incluso los basados en metales
nobles como Au y Pd. Estos resultados se recogen en el capitulo 7 de la presente

memoria.
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0.2. Abstract

Faced with the imminent depletion of fossil resources and the large
environmental impact associated with the their use, the 21°" century society
demands a gradual change from an economy based on fossil sources —mainly coal,
oil and natural gas— to one based on sustainable resources and processes
compatible with the environment. This substitution involves the development of
complex industrial processes based on biomass feedstock, which is known as bio-
refineries. In these refineries, biomass is used simultaneously as an energy source
and as a platform for high value-added products, in the same manner as occurs in

the petrochemical refining industry.

Bioethanol, obtained by fermentation of the sugars contained in plants
(first generation) or from lignocellulosic waste (second generation), is highly
considered as one of these derivatives from biomass with a great potential as a
precursor of products of interest applied as an alternative to those of petrochemical
origin. As far as the field of catalysis is concerned, the feasibility of the industrial
implementation of these bioethanol valorization processes involves the
development of heterogeneous catalysts compatible with the environment,
combining high activity and selectivity, sufficient stability and low cost. Given these
premises, in this present Doctoral Thesis, the design and development of new
nanomaterials have been carried out for their use in the catalytic valorization of
bioethanol following two routes: dehydrogenation to yield acetaldehyde, and
condensation, to obtain 1-butanol. In the first case, a fixed bed reactor operating at
atmospheric pressure was employed, while the condensation of bioethanol was
studied in liquid phase in a stirred tank reactor. The results obtained in the study of

both reactions are given in chapters 4 and 5, respectively.

The main product obtained from ethanol dehydrogenation reaction is
acetaldehyde. Owing to its high chemical reactivity, acetaldehyde offers industrial
application as an intermediate in organic synthesis. In great part of the world it is a

petrochemical product, obtained by the Wacker process, wherein chlorinated waste
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is generated and high energy cost is requires. There is therefore a need to develop
new synthesis routes compatible with the environment and from renewable
resources. Catalysts suitable for this reaction are based on materials with basic
properties, or on certain transition metals. Thus, in the literature dehydrogenation
of ethanol by classical alkaline earth metal oxides or zinc oxide have been
described. The disadvantage of metal oxides rests in the fact that they tend to
catalyze secondary reactions (dehydration, condensation) linked with the acidity
provided by the metallic cation or with the presence of the surface hydroxyl groups,
reducing thereby the selectivity towards the dehydrogenation product. In the case
of zinc oxide in particular, it is known that these nanostructures can present a great
variety of crystalline orientations in which the relation of exposed faces vary. These,
in turn, may present a characteristic surface chemistry that usually has repercussion
on the catalytic behavior of these materials, being a subject widely discussed that
generates certain controversy in the scientific community. In order to provide some
insights in this respect, in the present investigation we studied zinc oxide
nanostructures of different crystalline orientations, and, therefore, different
exposed face ratios, applied in the transformation of ethanol. From the comparative
study of these materials, it was determined that the ethanol dehydrogenation
reaction is structure sensitive. In particular, the results derived from the catalytic
experiments, as well as the morphological, structural and surface characterization
of the samples, revealed that the tendency in the selectivity to minority products
(ethylene and those of condensation) was related to the presence of a hydroxyl
specie of acidic character located at the basal planes of the hexagonal crystalline

structure of zinc oxide.

On the other hand, the metal oxides usually undergo deactivation
processes in the presence of water, which is normally present in the biomass
derivatives. In this sense, taking into account that the use of carbonaceous
materials could be advantageous due to its hydrophobic character, in the present
Doctoral Thesis the use of graphitic nanomaterials was proposed to be employed
either directly as catalysts or as support of the active phase, in the ethanol

dehydrogenation reaction. Thus, considering in addition the great versatility and
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simplicity with which the surface chemistry of this type of materials can be
modified, nitrogen doped and undoped graphenic materials were synthesized by
oxidation of natural graphite samples of different granulometries and posterior
reduction at high temperature. Upon analyzing the catalytic behavior of these
materials and relating it to their characterization results, it was found that the
tendency in the conversion of ethanol to acetaldehyde was simultaneously
controlled by the surface nitrogen content determined by X-ray photoelectron
spectroscopy (XPS) and by the degree of exfoliation or specific surface area of the

synthesized materials.

Although it has been proven that nitrogen-functionalized graphenic
materials can be used for the dehydrogenation of ethanol, nitrogen functionalities
require high temperatures (from 673 K) in order to activate the ethanol molecule,
making it an unfeasible process from a practical point of view. Hence, in the next
stage, the study of some of these materials as supports for copper catalysts was
considered. The choice of this metal was subject, in addition to its low cost in
comparison with other noble metals, to its known dehydrogenating properties in
reactions of dehydrogenation of alcohols, which permits operating at relatively low
temperatures, as has been reported in the literature and Patents. However, the
application of copper catalysts is often limited by their rapid deactivation caused by
the sintering of the metal. Thus, the choice of a stable support which allows a good
dispersion of the metal is essential. In Chapter 4 of the present manuscript, the
results obtained with the Cu catalysts supported on graphitic materials:
functionalized graphene and a commercial high surface area graphite are collected.
From this study it was found that the catalytic behavior of these samples depended,
in a certain manner, on the structure and nature of the support, which favored
structural differences in the supported Cu particles. As a relevant result it was found
that, in general, these nanocatalysts were more active, and especially more stable
than a catalysts base on Cu supported on commercial silica supported, these
differences being more evident when water (10% v/v) was present in the

feedstream.
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On the other hand, the acetaldehyde obtained by the dehydrogenation of
ethanol can undergo successive condensation reaction through what is known as
the Guerbet reaction, yielding 1-butanol. This C4 alcohol has recently been
proposed as a potential substitute for bioethanol in the field of biofuels, because of
the numerous advantages it offers. Although there are alternative routes for its
synthesis (the petrochemical route from propylene or by ABE fermentation), recent
studies suggest that catalytic condensation of ethanol is a more efficient and
sustainable process. Nonetheless, due to the plurality and complexity of the
reactions involved, and to the high chemical reactivity of the acetaldehyde
intermediate (which tends to undergo side reactions), the process still requires
improvement in the design of heterogeneous catalysts. The challenge lies in finding
catalysts that simultaneously exhibit hydrogenation / dehydrogenating properties,
and also, an adequate balance between basic / acid centers. Hence, keeping all
these in mind, and having carried out a deep literature revision, in this present
Doctoral Thesis, the development of a series of bifunctional catalysts composed of a
hydrogen/dehydrogenating metal (Cu or Pd) and a basic component based on
magnesium oxide was approached. The catalytic behavior of these materials was
evaluated in the condensation of ethanol in a Batch reactor at 503 K and the
autogenerated pressure at the mentioned temperature. Preliminary studies
indicated that Pd catalysts were more selective to 1-butanol than those based on
Cu. Furthermore, it was found that when the Pd was supported on a Mg-graphene
composite, the strength of the suitable basic centers was maintained, and at the
same time, the dispersion of the Pd with respect to the catalyst supported on the
bulk MgO was improved. The combination of both parameters resulted in improved

selectivities towards 1-butanol. These results are discussed in Chapter 5.

Finally, following the fundamental subject addressed by the present Doctoral
Thesis, consisting of the development of heterogeneous catalysts for their
integration in processes implying environmental improvements, some of the
catalysts designed were also applied in another reaction, relevant from the
environmental point of view. This consisted in the reduction of 4-nitrophenol, a

pollutant present in waste water, to obtain 4-aminophenol, which offers important
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applications in the pharmaceutical industry. The reaction was run at room
temperature, in agueous medium and in the presence of NaBH, as reducing agent.
In particular, Cu and Pd catalysts supported on high surface graphite and graphene
were studied. It was found that these graphitic materials, especially the graphenic,
offered a cooperative effect on the catalytic activity mainly due to the ability to
produce m-m interactions between the substrate to be hydrogenated and the
surface of the support solid, as well as facilitating the transfer of electrons between
NaBH; and 4-nitrophenol. In addition, the high stability exhibited by the Cu
supported on high surface commercial graphite catalyst was related to the
stabilization of the metal nanoparticles anchored at the edges of the graphitic
planes. A comparative study with the previously published results obtained under
similar conditions revealed that this synthesized catalyst was superior, in terms of
activity and stability, to the majority of catalysts reported to date, including those
based on noble metals such as Au and Pd. These results are summarized in Chapter

7 of this manuscript.
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1.1. Biomasa y biorefinerias

No cabe duda de que vivimos en una época en la que los problemas
medioambientales han adquirido mas importancia que nunca. Gran parte de estos
problemas estan relacionados con el uso de la energia, particularmente con los
procesos de combustion asociados al transporte. La inmensa mayoria de los
combustibles y productos quimicos empleados en la actualidad provienen de
recursos fosiles no renovables, como el carbdn, el petréleo o el gas natural. Estos
son responsables de la emision de, entre otros contaminantes, los gases de efecto
invernadero, causantes del tan preocupante cambio climatico global de nuestros
dias. Ademas, es ampliamente conocido que estas fuentes fésiles son un recurso
gue acabara agotandose en un futuro no muy lejano [1]. Al mismo tiempo, la
demanda de energia mundial sigue incrementandose cada afio, debido al aumento
de la poblacién mundial y al desarrollo de paises emergentes como China, India o
Brasil. Asi pues, nuestra sociedad actual demanda mas que nunca un cambio
gradual de una economia basada principalmente en el petréleo y gas natural, a un

modelo energético basado en recursos renovables y sostenibles.

A pesar de que las energias renovables tales como la edlica o fotovoltaica se
estan posicionando como una alternativa viable a las fuentes energéticas
tradicionales para la generacion de energia eléctrica, la situacion es mas complicada
cuando se analiza la problematica ligada al transporte. Si bien se estd comenzando a
usar la energia eléctrica en los vehiculos, estos son todavia caros, menos accesibles
y con menores prestaciones que los vehiculos que usan combustibles liquidos de
origen petroquimico (gasolinas y gasdleos). Es aqui donde la biomasa tiene un
importante papel que desempefiar como una alternativa sostenible para la
produccién de estos carburantes. Puesto que es la unica fuente de energia
renovable basada en carbono, la biomasa se plantea como la Unica alternativa a los

combustibles liquidos [2].

El término biomasa se refiere normalmente a toda la materia organica
susceptible de aprovechamiento energético. Segun la Especificacion Técnica

Europea CEN/TS 14588, puede ser catalogada como “todo material de origen
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biolégico excluyendo aquellos que han sido englobados en formaciones geoldgicas
sufriendo un proceso de mineralizacion”. Asi pues, es una definicion muy
heterogénea que engloba desde todo tipo de cultivos hasta los posibles desechos
generados, tanto de origen animal como vegetal. La biomasa es un recurso de
origen renovable que, aunque en su aprovechamiento como combustible también
genera CO,—uno de los principales gases de efecto invernadero—, el balance total de
carbono en su uso es neutro. Esto es asi ya que el carbono que se libera durante su
combustién forma parte de la atmdsfera actual, el cual captan los organismos
fotosintéticos para su crecimiento, y no del subsuelo, capturado en épocas remotas
(combustibles fésiles), de modo que se considera que la combustién de la biomasa
no contribuye al efecto invernadero. Ademas de representar una fuente de materia
y energia inagotable y de sus ventajas medioambientales, el aprovechamiento de la
biomasa también conlleva mejoras desde el punto de vista econdmico y social:
revitaliza las economias rurales con la consiguiente generacién de empleo al
favorecer la puesta en marcha de un nuevo sector agricola, rentabiliza el
aprovechamiento de tierras con poco valor agricola y permite la reduccién de los

excedentes agricolas.

Si bien es en los ultimos afios cuando la biomasa ha resurgido como un
precursor de combustibles sintéticos mas respetuosos con el medio ambiente, la
realidad es que el ser humano ha utilizado la biomasa desde la antigliedad como
suministro de alimentos y energia, asi como para extraer productos quimicos
valiosos, tales como medicamentos, compuestos saborizantes y fragancias. Asi,
durante la segunda mitad del siglo XIX, las grandes industrias quimicas utilizaban
compuestos naturales para obtener productos quimicos y materiales como: ésteres
de celulosa, aceite de linaza (linéleum), terpenos, lubricantes y surfactantes. Sin
embargo, los productos quimicos basados en biomateriales sufrieron una severa
competencia con los derivados del petrdleo, ya que estos eran mas baratos. De
hecho, los procesos de sintesis a partir de hidrocarburos derivados del petrdleo se

han venido optimizando durante mds de 100 afios [3].

No obstante, como se ha introducido anteriormente, debido a los problemas

relacionados con la escasez de reservas de recursos fosiles y al gran impacto
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medioambiental que acarrea el uso de los mismos, desde finales del siglo XX se esta
llevando a cabo un gran esfuerzo para promover el uso de la biomasa como
alternativa al petréleo y sus derivados [4]. Se estima que se producen entre 170 y
200 mil millones de toneladas de biomasa en el mundo anualmente, por lo que su
capacidad productiva estaria garantizada [5]. Pero, aunque su uso como fuente de
energia esta cada vez mas extendido, que la biomasa reemplace al petréleo como
materia prima para la obtencidon de productos quimicos no es una tarea facil ni
inmediata. De hecho, menos de un 10% de la biomasa se destina actualmente para
ese fin [6], frente al 36% del petréleo que se usa como materia prima para la
sintesis de productos quimicos. Ademas, en la actualidad el mercado de la biomasa
esta concentrado principalmente en alimentacién, industria papelera y maderera.
No obstante, del mismo modo que ocurre actualmente en las refinerias de la
industria petroquimica, hay estudios que indican que también es factible el
aprovechamiento simultaneo de la biomasa como fuente de energia y como

precursor de productos quimicos de valor afiadido [7].

No obstante, en la actualidad aun estamos lejos de conseguir suplantar el
petroleo también como suministro de productos quimicos. Esta sustitucién implica
el desarrollo de industrias complejas basadas en la biomasa como materia prima, lo
gue se conoce como biorefinerias. De este modo, los productos derivados de la
biomasa, denominados asi moléculas plataforma, proporcionarian una serie de
rutas viables para producir productos quimicos para la industria aliviando asi la
fuerte dependencia de los combustibles fdsiles [3,8,9]. El concepto de biorefineria
se introdujo a principios de este siglo, y desde entonces han surgido varias
definiciones. De acuerdo con la Agencia Internacional de la Energia, la biorefinacion
es “el procesamiento de manera sostenible de biomasa para lograr su conversién en
una variedad de productos bio-compuestos (comida, sustancias quimicas, materia

prima) y bioenergia (biocombustibles y energia eléctrica)”.

Aunque si que existe base legislativa por parte de la Unién Europea en el
caso de la produccién de biocombustibles, no ocurre asi en el campo de obtencion
de bioproductos [4]. Tan solo el Plan de Accidon de la Biomasa, publicado por la

Comisién Europea en 2005, recoge la “intencion de darle la prioridad mas elevada a
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la investigacion sobre biorefinerias, buscando utilidades valiosas a las plantas y
haciendo prioritaria también la investigacion en el ambito de la segunda generacién
de biocombustibles” [10]. Por el contrario, Estados Unidos, pais puntero en cuanto
al desarrollo de productos y procesos a partir de biomasa, ha elaborado numerosas
leyes en materia de utilizacion de la biomasa como fuente de recursos, siendo su
maxima representacion la ley EPA [11]. Esta norma supone una pauta estratégica
para las tecnologias relacionadas con la biomasa. Ademas, en EE.UU se ha firmado
un compromiso para que las industrias de las biorefinerias suministren el 25% de los

productos quimicos consumidos para el afio 2030.

Se han establecido diferentes prototipos de biorefinerias en funcién del tipo
de biomasa que emplean como materia prima, ya que la composicion de esta
determina su posterior aplicacion y conversién en productos finales o intermedios
[4]. De forma general, el primer paso en las biorefinerias implica la separacién en
tres grandes fracciones: el almiddn, los aceites, grasas y proteinas, y la biomasa
lignoceluldsica. Cada una de estas fases se somete a un tratamiento diferenciado
dirigido a la obtencion de productos con diferentes aplicaciones: biocombustibles,
productos quimicos plataforma y productos quimicos de alto valor afiadido. Las
biorefinerias basadas en la transformacién de la biomasa lignoceluldsica,
compuesta principalmente de carbohidratos como celulosa y hemicelulosa y de
lignina, son las que tienen mayor proyeccion industrial puesto se basan en la

obtencion de biocombustibles de segunda generacion (diésel, etanol) [4].

Durante el procesamiento quimico de la biomasa lignoceluldsica se generan
gran cantidad de moléculas organicas de bajo peso molecular y elevado ratio
oxigeno/carbono con un gran potencial como materia prima de compuestos mas
complejos como: acetona, acido acético, fenoles, etanol, furfural, etc [12]. La
revalorizaciéon de estos compuestos condiciona que la implantacion de estas
biorefinerias sea econdmicamente viable [4]. Esto evidencia el importante esfuerzo
gue se debe realizar, desde el punto de vista cientifico y tecnolégico, por parte de
los investigadores en la busqueda de procesos adecuados para la obtencién de
compuestos de alto valor anadido a partir de estas moléculas organicas. Esto pasa

por el desarrollo de catalizadores heterogéneos altamente selectivos que integren
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bajo coste y estabilidad suficiente. La presente Tesis Doctoral se centra en el
estudio de procesos de revalorizacién de una de estas moléculas precursoras de

productos quimicos de valor afadido: el bioetanol.

1.2. El bioetanol como molécula plataforma

El alcohol etilico o etanol es un alcohol de férmula molecular CHs-CH,-OH,
gue se presenta en condiciones normales de presidon y temperatura como un liquido

incoloro e inflamable.

El etanol tiene aplicaciones en numerosos sectores industriales. Es el
principal producto de las bebidas alcohdlicas como el vino, la cerveza o los licores.
Ademas de usarse con fines culinarios, el etanol tiene interés en el mercado de los
perfumes, cosméticos e industria farmacéutica (es excipiente de algunos
medicamentos y también tiene aplicaciones como desinfectante). Es también un
buen disolvente, y puede utilizarse como anticogelante. Todas estas alternativas
suponen, sin embargo, un porcentaje menor del 15% del etanol producido

mundialmente, siendo la mayor parte destinada a su empleo como carburante.

El etanol derivado de la biomasa, denominado bioetanol, representa uno de
los productos que mas interés ha despertado en los ultimos afios, debido tanto a
sus propiedades como combustible, como a su posible uso como molécula

plataforma para la sintesis de productos quimicos de interés.

1.2.1. Obtencion de bioetanol a partir de la biomasa

La obtencién de etanol a partir de la biomasa, se conoce desde hace muchos
afios y es ya un proceso explotado industrialmente. De la misma manera que lo
ocurrido con el resto de derivados de la biomasa, la produccidn de bioetanol perdio
importancia desde mediados del siglo XX, al ser sustituida la sintesis de etanol
mediante fermentacidon natural por una ruta sintética a partir del etileno, un

derivado del petrdleo. La elevacién de los precios del petréleo y la motivacion
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actual de conseguir una economia basada en recursos sostenibles, han hecho que
en la actualidad se trabaje de nuevo en ello, y fundamentalmente en la busqueda

de materias primas renovables para su sintesis.

La ruta mas extendida de sintesis de bioetanol es la fermentacién, mediante
la accién de microorganismos, de azucares contenidos en plantas como la cafa de
azucar o la remolacha, lo que se conoce con el nombre de bioetanol de primera
generacion. Sin embargo, debido a la competencia con los productos alimentarios y
a los requerimientos de terrero para la extensidn de los cultivos, en la actualidad la
tendencia es hacia una segunda generacién, donde la materia prima es la biomasa
lignoceluldsica, como se comentd en el anterior apartado. Existe una tercera
generacioén de produccion de etanol a partir de algas, pero es alin un proceso en sus

primeras etapas de investigacion.

La produccion de bioetanol aumenté desde los 50 millones de metros
cubicos en 2007 a casi 100 millones en 2015, siendo Brasil y Estados Unidos los
principales suministradores (Figura 1). En Estados Unidos el bioetanol se produce
principalmente a partir del almidon del maiz, mientras que en Brasil se emplea
mayoritariamente la cafia de azlcar y la melaza. Juntos, estos paises son
responsables del 80% de la produccion mundial de bioetanol. En Europa se estan
realizando grandes esfuerzos para aumentar su escasa representaciéon del 5%
respecto de la produccion mundial de bioetanol, pero el biodiesel sigue teniendo
mas peso en los paises europeos, con un 56% de la produccion mundial de este
biocombustible. También en paises emergentes como China, Tailandia o la India,
siguen invirtiendo sustancialmente en la biotecnologia agricola e irrumpen como

potenciales productores de biocombustibles [13].
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Figura 1. Produccidon mundial de bioetanol entre los aflos 2007-2015. Fuente:
Renewable Fuels Association (andlisis de estimaciones publicas y privadas).

Como se indicaba anteriormente, el bioetanol de segunda generacion
producido a partir de biomasa lignoceluldsica surge tanto por cuestiones éticas
relacionadas con el uso de alimentos como materias primas asi como por la
imposibilidad de reemplazar la totalidad de la actual demanda mundial de
combustibles empleando Unicamente cultivos como el maiz o azucar. Ademas, la
biomasa lignoceluldsica puede suministrarse a gran escala a partir de diferentes
materias primas de bajo coste, tales como residuos municipales e industriales,
madera y residuos agricolas [14]. De hecho, la sintesis de bioetanol a partir de
residuos lignoceluldsicos excede actualmente los 50 millones de toneladas por afio,
y se espera que aumente en las préoximas décadas [15]. Sin embargo, la materia
prima basada en lignocelulosa tiene el inconveniente de que requiere unas etapas
iniciales de pretratamiento mas complejas, lo que encarece el coste de su
procesamiento [16]. El desafio es, por tanto, desarrollar tecnologias que hagan
viable econdmicamente este proceso. Existen cuatro etapas en la producciéon
bioetanol basado en material lignoceluldsico: pretratamiento, hidrdélisis,
fermentacion y destilacidn. El proceso de destilacion puede concentrar el etanol
hasta un 95.6 vol% (89.5 mol%) que corresponde con la composicidn del azedtropo

formado con un punto de ebullicién a 78.2 °C. Una purificacién mayor por
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destilacion no es posible, lo que hace necesaria la aplicacién de procesos mas

complejos de purificacion [17].

1.2.2. Valorizacion catalitica del bioetanol

Aunque su uso como biocombustible estd ampliamente estudiado vy
establecido en algunos paises como Brasil, la implantacion de una industria basada
en bioetanol sustituta del petrdleo como materia prima para la obtencién de
productos quimicos de alto valor afiadido es un campo mucho menos extendido. No
obstante, en un futuro probablemente el bioetanol se convierta en una importante
materia prima, como han sugerido numerosos estudios [18,19] y como se demostrd
en Brasil en el afio 2010 con la puesta en marcha de una planta de produccion de
etileno a partir de bioetanol con una capacidad anual de 200 mil toneladas [20]. De
hecho, la transformacion catalitica del etanol en productos de mayor valor afiadido
ha sido objeto de estudio por la comunidad cientifica desde hace mas de medio

siglo.

Por otro lado, desde el punto de vista académico, es también interesante
estudiar reacciones de transformacién de etanol. En primer lugar, es uno de los
compuestos oxigenados mds importantes, y su desoxigenacion permite obtener
informacién acerca del proceso de eliminacidn de oxigeno de moléculas mas
complejas. En segundo lugar, el etanol puede reaccionar dando lugar a diferentes
productos y por ello puede ser empleado como test para relacionar los mecanismos
de reaccién con las propiedades de los catalizadores, concretamente sus

propiedades acido/base [21].

En la Tabla 1 se recogen los principales productos de elevado valor que
pueden obtenerse a partir del etanol mediante diferentes reacciones cataliticas asi

como su aplicacién industrial.
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Tabla 1. Métodos de obtencidn y aplicacidn de los principales productos derivados
de la valorizacién catalitica del etanol.

Reaccion
Compuesto Industria Ref.
(Nombre del proceso)

Acetaldehido 1)Deshidrogenacion Quimica 22
2)Oxidacién 23
Acido acético Oxidacién completa (Proceso de Cativa) Quimica 24
Acetato de etilo Deshidrogenacién y condensacién Quimica -
(Reaccidn de Tishchenko)
Hidrégeno Reformado Combustibles 26
Etileno Deshidratacién intramolecular Polimeros 27
Dietil éter Deshidratacién intermolecular Combustibles 28
1-butanol Condensacion (Reaccion de Guerbet) Combustibles 29
1,3-butadieno Condensacién (Reaccidn de Lebedev) Plasticos 30
. . I , F dutica,
Dietoxietano Acetilacion de etanol y acetaldehido armaceutica 31

cosmética

La acidez y basicidad de los catalizadores sélidos son dos importantes
factores que influyen en su actividad y selectividad a los diferentes productos. En la
Figura 2 se expone un esquema de las diferentes alternativas de valorizacion del

bioetanol en funcién del tipo de catalisis aplicada.

De manera general, se puede decir que la descomposicién de etanol sobre
catalizadores solidos puede ocurrir a través de las siguiente reacciones competitivas
[21]: (1) deshidratacion intermolecular, que da lugar a dietil éter (DEE) y agua; (2)
deshidratacién intramolecular, que conduce a la formacion de etileno y agua; (3)
deshidrogenacion, lo que produce acetaldehido e hidrogeno; y (4) descomposicion
total en CO, H,, CH4, C y O. El resto de compuestos posibles a obtener son
productos de diferentes reacciones secundarias implicadas, en funcién del tipo

catdlisis aplicada.
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Figura 2. Esquema de las diferentes alternativas de valorizacién del bioetanol en
funcién del tipo de catalisis aplicada.

1.2.2.1. Reacciones de deshidratacion de bioetanol

El proceso de catdlisis acida involucrado en reacciones de deshidratacion de
bioetanol es probablemente la ruta de valorizacién del bioetanol mas explorada por
la comunidad cientifica. En general, los procesos catalizados por materiales de
naturaleza acida han sido mucho mads estudiados que los que implican catalisis
basica. Los catalizadores estudiados para los procesos de deshidrataciéon son
principalmente éxidos metalicos de naturaleza acida tales como alimina [32],
titania-alumina [33], titania-silice [34], zeolitas [35,36] ademas de heteropolidctidos
[37] y también materiales carbonosos modificados con grupos acidos superficiales

como demostrd nuestro grupo de investigacién [38].

Los posibles productos obtenidos mediante la deshidratacién del etanol son

el etileno (1) y el DEE (2), obtenidos a través de las reacciones:

C;HsOH —— CyHa + H,0 AH.° = + 44.9 kJ/mol (1)
2C,HsOH — > C,HsOC,Hs + H,0 AH,°=—25.1 kJ/mol (2)
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La primera reaccidn es endotérmica, mientras que la segunda es exotérmica.
El DEE se produce fundamentalmente a temperaturas relativamente bajas, sin

embargo, a altas temperaturas, se ve favorecida la deshidratacién intramolecular.

El etileno es un material de crucial importancia en la industria petroquimica.
La mayor parte de su produccién se destina a la sintesis de plasticos, bien para
obtener directamente polietileno, bien como materia prima para mondmeros del
cloruro de polivinilo, acetato de polivinilo y poliestireno, y también como
copolimero para cauchos. En la mayor parte del mundo sigue siendo un
petroguimico, obteniéndose por craqueo térmico de hidrocarburos saturados. Sin
embargo, debido al alto coste de produccion, en algunos paises como Brasil o India,
la obtencién de etileno a partir de etanol es un proceso ya implantado

comercialmente.

Por su parte, el DEE tiene importantes aplicaciones industriales como
disolvente y es particularmente atractivo por sus propiedades como combustible

gracias a su elevado poder calorifico y a su alto nUmero de cetano.

1.2.2.2. Deshidrogenacion de bioetanol a acetaldehido

El acetaldehido o etanal es un importante intermedio en sintesis organica.
Se trata de un aldehido, de formula molecular CH3CHO. Debido a su alta reactividad
quimica, se usa principalmente como materia prima en la sintesis de numerosos
productos quimicos, tales como el acido acético, el anhidrido acético, el
crotonaldehido, la piridina y el acido peracético, entre otros [39,40]. Cabe
mencionar que el consumo de acetaldehido y su empleo como intermediario
quimico ha cambiado en los ultimos afios. Mientras que en paises como Estados
Unidos desde 1993 ya no se usa para la produccién de acido acético, butanol o 2-
etil-hexanol, debido a que se han desarrollado otras vias alternativas para la sintesis
de estos productos, el consumo de acetaldehido para sintetizar otros productos
quimicos como acido periacético o derivados de piridina estd aumentando en los

Ultimos afos [39].
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En la actualidad, la ruta industrial mas ampliamente utilizada en la sintesis
de acetaldehido es el proceso Wacker [41], mediante la oxidacion del etileno
empleando como catalizadores cloruros de cobre y paladio en fase homogénea.
Esta sintesis, que data de finales de los afios 50, produce residuos clorados vy
requiere de un alto coste energético. Otro método posible, pero menos extendido,
es mediante la hidratacion del acetileno, que precisa el uso de compuestos de
mercurio, el cual es un metal toxico. Existe, por tanto, una necesidad de desarrollar
nuevas rutas de sintesis y catalizadores heterogéneos para su sintesis. No obstante,
en algunos paises con una industria petroquimica menos desarrollada, el bioetanol

ya se emplea como materia prima la sintesis de acetaldehido a pequefia escala [39].

El acetaldehido se puede obtener a partir del etanol mediante un proceso de
deshidrogenacion o bien por oxidacién en presencia de oxigeno (o aire) [42]. En
general, los procesos de deshidrogenacién oxidativa que implican la presencia de
oxigeno conllevan problemas de seguridad relacionados con la posible combustion
del alcohol reactante, lo cual es un aspecto critico a considerar en el caso de la
aplicacion practica a mayor escala. Por ello, la deshidrogenacidn no oxidativa de
alcoholes supone un reto de creciente importancia tanto desde el punto de vista
practico asi como medioambiental. Asimismo, esta ruta conlleva una serie de
ventajas respecto a la oxidativa, como el aumento de la selectividad hacia el
aldehido correspondiente puesto que se suprime la formacion de productos de
mayor grado de oxidacién (acido carboxilico), y ademas, se evita la formacién de
agua como subproducto, que frecuentemente desactiva al catalizador y complica
los procesos de purificaciéon de los productos. Asimismo, se obtiene hidrégeno
como subproducto, el cual podria tener aplicaciones como vector energético. La

deshidrogenacién de etanol a etanal es un proceso endotérmico (3):
CH;CH,O0H —— CH3CHO+H, AH. =+81.3kJ/mol (3)

Contrariamente a la reaccién de deshidratacion de etanol, el proceso de
deshidrogenacién de etanol rindiendo acetaldehido es un campo mucho menos
explorado, a pesar de que esta ruta se ha planteado como prometedora desde el

punto de biorefinerias sostenibles [18].
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Existen algunas patentes publicadas que describen Ila reaccidn de
deshidrogenacion de etanol rindiendo acetaldehido sobre catalizadores de zinc y
cromio, 6xidos de metales de tierras raras y mezclas de 6xidos de cobre y cromio
(ver referencias citadas en [39]). Sin embargo, en la mayoria de los casos, se

requiere la posterior regeneracion del catalizador.

Varios trabajos en la literatura describen la obtencién de acetaldehido sobre
materiales de naturaleza basica como éxido de magnesio [43] y 6xido de zinc [44].
También se ha descrito la obtencidn de acetaldehido sobre 6xidos mixtos derivados
de hidrotalcitas [45]. Ledn et al. [45] exponen el mecanismo de deshidrogenacion
de etanol sobre 6xidos metalicos como se muestra en el Esquema 1 (mecanismo
Ecb1). En su trabajo explican este proceso sobre un éxido mixto MgAIO, pero el
mecanismo es extensible a otros dxidos metalicos. En primer lugar, la molécula de
etanol es adsorbida sobre un par 4&cido-base de fuerza media: Mg®"-0%.
Posteriormente, la abstraccidon del hidrogeno adsorbido conduce a un intermedio
superficial etoxi, que finalmente se disocia en el aldehido y un hidrogeno tipo

hidruro, que implica un sitio acido vecino.

'? | ]
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Esquema 1. Mecanismo de formacion de acetaldehido a partir de etanol sobre
oxidos metalicos [45]

Si bien los 6xidos metalicos tienen capacidad de deshidrogenar la molécula
de etanol, generalmente requieren que la reaccién se produzca a altas
temperaturas (>573 K). La deshidrogenacién de etanol también se puede llevar a
cabo sobre catalizadores metalicos, permitiendo operar a menores temperaturas
qgue en el caso de los dxidos metalicos, ya los metales tienen superiores
propiedades deshidrogenantes [46]. Las propiedades intrinsecas de los metales de

transicion vienen determinadas la banda d, dando como resultado la obtencion



18 | Capitulo 1

selectiva de los productos y una actividad catalitica caracteristica. Se ha reportado
la deshidrogenaciéon de etanol sobre catalizadores de Cu [22, 40], Ag [47], Pd [48],
Au [49] y Ru [50]. De entre estos, tal vez el mds interesante es el cobre, por su
abundancia, su bajo precio y sus altas selectividades al producto de
deshidrogenacidn, superiores a las obtenidas por metales nobles como Pd y Pt
[50,51] que tienden a catalizar la reaccion de descarbonilacion del acetaldehido
formado. De hecho, los catalizadores de cobre se han venido utilizando
industrialmente en la deshidrogenacién de alcoholes desde hace muchos afios [52].
Sin embargo, la aplicacién de catalizadores de Cu se ha visto limitada por la rapida
desactivacion que sufre como consecuencia de procesos de sinterizacion, debido a
la baja temperatura Tamman del cobre, que refleja un punto de fusién
relativamente bajo: 1356 K [53]. Con el objetivo de mejorar la dispersion de los
catalizadores de cobre y asi evitar o retrasar el fenédmeno de la sinterizacidn, se han
venido aplicando promotores estructurales como éxido de cromo (Cr,03) [54], lo
gue conlleva una satisfactoria estabilidad de estos catalizadores en reacciones de
deshidrogenacién de alcoholes [55]. Sin embargo, por razones medioambientales,

el uso de cromio se estd prohibiendo en numerosos paises [56].

En esta misma linea, los catalizadores de Cu soportados sobre silice
mesoporosa parece que son bastante apropiados como catalizadores en la reaccion
de deshidrogenacion de etanol siendo los enlaces Si-O-Cu los responsables de
mantener la estabilidad del cobre [57]. Pero, el grupo Si-OH puede también
catalizar reacciones secundarias como la deshidratacion del etanol y Ia
condensacién para producir productos C4 [58]. Como consecuencia, se reduce
significativamente la selectividad hacia el producto de deshidrogenacion. Estos
problemas son extensibles a otros éxidos metalicos empleados como soportes, tales
como Al,O3 0 ZrO,, debido a la presencia de grupos hidroxilo o sitios basicos/acidos
en sus superficies que pueden interferir en el transcurso de la reaccion catalizando

reacciones secundarias [59].

Asi pues, el reto es encontrar catalizadores de cobre que sean activos y a la

vez altamente selectivos, y que sean estables en las condiciones requeridas en la
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reaccion de deshidrogenacion de etanol, empleando ademds, materiales

compatibles con el medioambiente.

Desde el punto de vista académico, es también interesante el estudio de la
reaccidon de deshidrogenacidn de etanol para obtener acetaldehido, ya que este es
el punto de partida de sucesivas reacciones de condensacién rindiendo moléculas
de cadena mas larga como 1,3-butadieno [45] 6 1-butanol [60,61], como se muestra
en el Esquema 2. Las caracteristicas superficiales del catalizador empleado
determinan que la reaccién siga una ruta u otra. La obtencion de 1,3-butadieno a
partir de etanol se conoce con el nombre de proceso Lebedev. En este proceso el
etanol es deshidrogenado, deshidratado y dimerizado sobre catalizadores Mg0O/SiO,
[62]. Aunque en algunas partes del mundo se emplea la sintesis de Lebedev para la
obtencion de 1,3-butadieno, este es producido habitualmente como subproducto
en el craqueo con vapor de agua de derivados del petréleo durante la obtencién del
etileno. Sin embargo, debido a la tendencia en la busqueda de procesos de sintesis
a partir de recursos renovables, la exploracion acerca de materiales idéneos para

esta sintesis esta recobrando también un mayor interés en los ultimos tiempos [19].

DHG: deshidrogenacion 2. BUTENOL N
DH: deshidratacién
1,3, BUTADIENG

H: hidrogenacion
C: condensacion alddlica

Esquema 2. Posibles productos obtenidos a partir de etanol.

1.2.2.3. Condensacion de bioetanol a 1-butanol

Como se dijo en el apartado anterior, el acetaldehido formado a partir de la
deshidrogenacion del etanol, puede verse involucrado en sucesivas reacciones de

condensacién. Entre estas, probablemente la que mayor interés esta despertando
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en los ultimos afos es la que da lugar a la formacion de 1-butanol, a través de lo
gue se conoce como la reaccién de Guerbet. En esencia, en este proceso un alcohol
primario o secundario reacciona con si mismo o con otro alcohol para producir un

alcohol de cadena mas larga.

La sintesis de Guerbet [63] se conoce desde hace mas de un siglo, pero es en
los ultimos afios cuando la sintesis de alcoholes de peso molecular elevado a partir
de alcoholes de bajo peso molecular (ej. metanol, etanol) ha adquirido un
considerable interés debido al potencial empleo de estos compuestos oxigenados
en la preparacién de combustibles de automocion y también aditivos para estos
ultimos. En concreto, ha resurgido el interés en el desarrollo de métodos
sostenibles de obtencién de 1-butanol, ya que este ha irrumpido en el campo de los
biocombustibles como un potencial sustituto del bioetanol. El butanol presenta
numerosas ventajas frente al etanol, como su menor volatilidad, es inmiscible con el
agua, no es corrosivo y por ello su transporte y manipulaciéon son mas seguros y, lo
gue es mas importante, tiene un mayor poder calorifico, similar al de la gasolina
[64,65]. Ademas, a diferencia de otros alcoholes, el butanol tiene un ratio
aire/combustible similar al de la gasolina, lo que le hace mas apropiado para usarse
en los vehiculos actuales sin ninguna modificacidon sustancial de los motores de
combustiéon [66]. Ademds de usarse como aditivo para combustibles liquidos, el
butanol se utiliza en la industria quimica para diversas aplicaciones, como la
fabricacion de acrilato de butilo, acetato de butilo, glicoles, plastificantes vy
disolventes. También se emplea como agente extractor en la industria de aromas y

fragancias.

Tradicionalmente, el butanol se producia a través de la fermentacidon
bacteriana conocida como acetona-butanol-etanol (ABE), pero en los afios 50 este
método se sustituyd por la ruta petroquimica conocida como el proceso Oxo, donde
el propileno se hidroformila usando un catalizador homogéneo de rodio y
empleando gas de sintesis para dar butanal, el cual es hidrogenado posteriormente
a 1-butanol [67]. Pero esta ruta de sintesis no duré mucho tiempo debido al
aumento de los precios del petrdleo, lo que hizo resurgir de nuevo la fermentacion

ABE en muchos paises. No obstante, algunos estudios han puesto de manifiesto las
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limitaciones de este proceso, como el bajo rendimiento a 1-butanol y la formacién
de subproductos (acetona y etanol) [68]. Como alternativa, estos estudios plantean
la conversion directa a butanol a partir de etanol como una ruta mas favorable,
porque la reaccidén transcurre a través de menos pasos y de una manera mas
eficiente [68]. Teniendo en cuenta que el bioetanol es un derivado de la biomasa, la
conversion catalitica de bioetanol a butanol representa una eficiente alternativa

para la produccion de combustibles a partir de un recurso renovable.

La sintesis de alcoholes de Guerbet se ha llevado a cabo tradicionalmente
empleando bases homogéneas (hidroxidos de metales alcalinos) en presencia de un
catalizador metdlico [69]. La reaccion de Guerbet para obtener 1-butanol a partir de
etanol consiste en los pasos siguientes (Esquema 3): (1) la deshidrogenacién de
etanol a acetaldehido, (2) la condensacién alddlica del acetaldehido a
crotonaldehido y, por ultimo, los pasos (3) y (4) son hidrogenaciones del producto
insaturado, crotonaldehido y 2-butenol o butanal, respectivamente, para dar lugar a
1-butanol. El componente metalico es responsable de la deshidrogenacién del
etanol asi como de las hidrogenaciones de los compuestos C4 intermedios a 1-
butanol, mientras que la base homogénea lleva a cabo la etapa de condensacién

alddlica.

NN Non

- H
DHG o c OH o DH o H/f 2 butenoj \
2 /\oH _1> 2)‘\ — )\/u\ /\)‘\H ®) o 4 /\/\OH
O] H o (@ 8 H i H\\ / 17putanoj
ethanoj acetaldehyde 3 hydroxyputanaj 2 butena] H
H
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Esquema 3. Mecanismo de condensacion de etanol basado en la reaccion de
Guerbet. DHG: deshidrogenacion, C: condensacién alddlica; DH: deshidratacion, H:
hidrogenacion.

A pesar de que con los catalizadores homogéneos estudiados en esta
reaccion se obtienen resultados altamente satisfactorios [70], es ampliamente
conocido que el uso de catalizadores heterogéneos es mdas deseable desde un
punto de vista sostenible. En la literatura se pueden encontrar varias revisiones

bibliograficas sobre catalizadores heterogéneos empleados en esta reaccion [71-
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73]. De estas revisiones generalmente se extrae que, debido a la pluralidad y
complejidad de las reacciones implicadas, la sintesis de Guerbet requiere sistemas
cataliticos que exhiban al mismo tiempo propiedades basicas, acidas, hidrogenantes
y deshidrogenantes. Puesto que se considera que la deshidrogenacién es la etapa
limitante del proceso, frecuentemente los sistemas cataliticos estudiados
incorporan un metal de transicion como agente deshidrogenante/hidrogenante, ya
gue como se comentd en el apartado anterior, estos tienen superiores propiedades
deshidrogenantes que los 6xidos metdlicos. Asi, gran parte de los trabajos
publicados y patentes describen catalizadores bifuncionales consistentes en un
o6xido metdlico de naturaleza bdsica y un metal de transicién como Cu [74], Ni [75] o

Pd [76,77].

En la literatura también se ha descrito la reaccién de Guerbet sobre
catalizadores heterogéneos en ausencia de metales de transicidn, tales como dxidos
mixtos derivados de hidrotalcitas. En este caso, la primera etapa, que seria la
deshidrogenacion de etanol a acetaldehido, tiene lugar a través del mecanismo que
se explico en el anterior apartado (Esquema 1). Posteriormente, la etapa de
condensacién alddlica sigue un mecanismo como explica M. Ledn [78] en su Tesis
Doctoral y que se representa en el Esquema 4. La reaccion tiene lugar entre dos
moléculas de acetaldehido adsorbidas sobre un par &cido-base Mg**-07,
comenzando con la sustraccidon de un hidrégeno a, de caracter ligeramente acido,
de una de las moléculas de acetaldehido. El carbanién resultante (enolato) ataca al
carbono electrofilico del alcetaldehido adyacente, para formar un aldol, el cual no
es estable y rapidamente se deshidrata a 2-butenal, un aldehido a,B-insaturado, el

primer producto de la condensacion.

CH-CH, CH-CH, CH- %CH CH;, CH-CH CH-CH
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Esquema 4. Mecanismo de condensacion alddlica sobre dxidos metalicos. Adaptado
de [45]
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El 2-butenal sigue dos caminos alternativos de hidrogenacién: (a)
hidrogenacion del doble enlace C=C (butanal), (b) hidrogenaciéon del grupo
carbonilo C=0 (2-butenol). Normalmente, la hidrogenacién de enlaces C=Cy C=0 se
entiende en presencia de hidrogeno y de catalizadores metalicos, pero en el caso de
Oxidos metalicos es ampliamente aceptado que la reduccién de aldehidos a,f-
insaturados tiene lugar a través del mecanismo Meerwein-Ponndorf-Verley (MPV)
[79]. Este mecanismo implica la formacion de un intermedio ciclico de seis
miembros formado por moléculas adyacentes de aldehido y etanol, que resulta en
la transferencia de un hidruro (hidrogeno a) de la molécula de etanol, como se
muestra en el Esquema 5. Existe una cierta incertidumbre en lo que concierne a los
papeles respectivos de los centros acidos y/o basicos superficiales. No obstante, se
han propuesto una serie de variantes para el mecanismo MPV sobre catalizadores
heterogéneos dependiendo de la naturaleza quimica del material empleado. En el
caso de oxidos metdlicos parece estar claro que el papel de los pares acido-base es
esencial en la formacion del intermedio ciclico. Mecanismos analogos se podrian

postular para la hidrogenacién del butanal a 1-butanol.

H
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Esquema 5. Reduccion del enlace C=0 por el mecanismo Meerwein-Ponndorf-
Verley (MPV) [78]

El mecanismo de la sintesis de 1-butanol expuesto hasta ahora se considera
un proceso indirecto, en el cual el etanol se transforma en 1-butanol via
acetaldehido. Sin embargo, algunos investigadores [29,80,81] han explicado el
mecanismo de sintesis del 1-butanol por condensacion directa de dos moléculas de
etanol en catalizadores no promovidos por metal de transicion, tales como MgO o

hidroxiapatitas. En este caso, la reaccidon transcurre por sustraccion de un protén
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del carbono B y el ataque nucledfilo a la segunda molécula de etanol, como se

muestra en el Esquema 6.

| OH Hi OH HO OH
CH3;éF|; """" éi—]z_&Hz L HC—CH,—CH,—Ch,

Esquema 6. Dimerizacién de dos moléculas de etanol.

Aunque la reaccién de Guerbet con alcoholes de cadena larga ha sido
ampliamente estudiada, los sistemas cataliticos empleados en la reaccién de
condensacién de etanol todavia requieren mejoras respecto a conversiéon y
selectividad, debido principalmente a las numerosas reacciones secundarias que se
producen como consecuencia de la alta reactividad del producto intermedio, el
acetaldehido. Ademas de seguir la condensacién con si mismo dando 2-butenal, el
acetaldehido puede reaccionar con otra molécula de etanol a través de la reaccion
de Tishchenko rindiendo acetato de etilo [82], o con dos moléculas de etanol a
través de la reaccion de acetilacién catalizada por centros acidos dando lugar a 1,1-
dietoxietano [31]. Otras reacciones secundarias implicadas estan relacionadas con
la existencia de centros acidos superficiales que tienden a catalizar los productos de
la deshidratacién, DEE o etileno. También el 1-butanol formado puede sufrir

sucesivas reacciones de condensacién generando alcoholes de cadena mas larga.

Dada la importancia de los alcoholes superiores, se siguen necesitando
nuevos y mejorados catalizadores para su sintesis. El reto es encontrar catalizadores
gue exhiban simultdneamente propiedades hidrogenantes/deshidrogenantes, y
ademas, un equilibrio adecuado entre centros basicos/acidos, para favorecer la
selectividad al producto deseado y evitando simultdneamente, en la medida de lo

posible, las reacciones secundarias.
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1.3. Catalisis heterogénea

Como se ha comentado en el anterior apartado, la reaccién de Guerbet ha
sido tradicionalmente llevada a cabo empleando una base homogénea en presencia
de un catalizador metalico. Una de las principales desventajas asociadas a esta
reaccion es que el uso de catalizadores basicos homogéneos produce problemas de
corrosion en los reactores ademas de los problemas de separacion del catalizador
tras la reaccién y su reutilizacién en sucesivos ciclos de reaccion. En este sentido, la
catdlisis heterogénea surge para superar esas limitaciones. No cabe duda que el
empleo de catalizadores heterogéneos representa una alternativa mas idénea

desde el punto de vista medioambiental asi como de procesamiento de efluentes.

Sin embargo, los procesos de catdlisis heterogénea son bastante mas
complejos pues es mas dificil determinar los mecanismos y los factores cinéticos del
proceso. Dado que en este sistema el catalizador esta en distinta fase que el
reactivo, se suelen tener sistemas gas/sélido o liquido/sélido donde la fase sdlida es
el catalizador. Brevemente, el proceso de un ciclo catalitico consta de las siguientes

etapas:

a) Transporte de los reactivos desde el seno del fluido a la superficie
externa de la particula de catalizador (Difusion externa).

b) Transporte de los reactivos a través de los poros de la particula de
catalizador (Difusion interna).

c) Lareaccion de las especies adsorbidas para formar los productos.

d) La desorcién de los productos del catalizador (Difusién interna).

e) El transporte de los productos desde el catalizador al medio de

reaccion (Difusidn externa).

En estas reacciones es mas dificil conocer la etapa determinante de la
velocidad de la reaccidon puesto que aunque la reaccién quimica sucede en la
tercera etapa de este ciclo, en las etapas b) y d) también tienen lugar cambios
quimicos. A veces, incluso el transporte de reactivos y productos entre el

catalizador y el medio de reaccion pueden causar limitaciones de velocidad. Con el
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fin de obtener las propiedades cataliticas intrinsecas (cinética de reaccién y
selectividad) a partir de datos experimentales, es necesario llevar a cabo un buen

disefo de las caracteristicas del reactor y de las condiciones experimentales.

Generalmente, un catalizador actua disminuyendo la energia de activacién
de una reaccion quimica, de modo que incrementa la velocidad de la reaccién de

acuerdo con la ecuacién de Arrhenius:

Eq
K=AFr Ecuacion 1.1

Donde K es la constante de equilibrio termodinamico, A es el factor de
frecuencia, E, es la energia de activacién, R la constante de los gases ideales y T Ia

temperatura.

Por tanto, un catalizador es una sustancia que aumenta la velocidad a la cual
una reaccion quimica alcanza el equilibrio sin sufrir cambios quimicos irreversibles
en el transcurso de la reaccidon en la que actua. Se habla de no sufrir cambios
irreversibles o permanentes puesto que se sabe que el catalizador interacciona con
el sustrato para dar un intermedio de reaccién que requiere una energia de
activacion menor y que tras la reaccidon el catalizador es recuperado. De esta
manera, en presencia del catalizador se sigue un camino de reaccion diferente al no
catalizado, con lo que varian los factores cinéticos como son la velocidad de
reaccion y la energia de activacidén, pero no los factores termodinamicos. Es decir,
un catalizador no es capaz de iniciar una reaccién no espontanea pero si es capaz de

acelerar una reaccion termodindmicamente viable aunque esta sea muy lenta.

Para conocer cdmo se involucra el catalizador en la reaccién es importante
conocer sus propiedades. Algunos pardmetros que influyen en el funcionamiento de
un catalizador heterogéneo son: la naturaleza del metal (en el caso de catalizadores
metalicos), las propiedades acido-base, el soporte (que permite la dispersion de la
fase activa) y el método de preparacion (impregnacion a humedad incipiente o en
exceso de disolvente, intercambio idnico, deposicién-precipitacién, etc.), entre
otros. Muchos de estas variables serdn analizadas a lo largo de la presente Tesis

Doctoral para los sistemas cataliticos estudiados.
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1.3.1. Catalizadores solidos basicos en las nuevas rutas de valorizacion
de la biomasa

El estudio y disefio de nuevos catalizadores heterogéneos de naturaleza
basica es de gran interés en el campo de la valorizacion de la biomasa [83]. Los
catalizadores de caracter basico y su quimica han sido mucho menos estudiados
que los sélidos acidos. Hay que tener en cuenta que hasta ahora, la mayoria de
procesos estudiados implicaban la ruptura de enlaces carbono-carbono a partir del
petrdleo, lo que normalmente precisa de catalizadores acidos, mientras que cuando
la materia prima es la biomasa, en general, se requiere formar enlaces carbono-
carbono, procesos que implican habitualmente la catdlisis basica. El estudio de los
catalizadores de naturaleza basica estd permitiendo el descubrimiento y, sobre
todo, el progreso en el desarrollo de catalizadores basicos heterogéneos que
ofrecen incluso en algunos casos mejores resultados que los convencionales
homogéneos, representados comunmente por el NaOH. El problema es que, hasta
el momento, no se puede competir econdmicamente a escala industrial con este
catalizador, ya que se han desarrollado procesos bien establecidos para operar con
él, incluyendo el tratamiento apropiado de los efluentes. Ademas de resultar mas
caros, los catalizadores sdlidos basicos sufren desactivacion y requieren de
regeneracion. Asi pues, el desafio para la aplicacién industrial de los catalizadores
basicos heterogéneos consiste en descubrir efectos de selectividad inusuales o
nuevas reacciones que requieran combinaciones especificas de centros basicos y

pares acido-base, empleando catalizadores econdmicamente accesibles [83].

Antes de mencionar algunos de los materiales sdlidos de naturaleza basica
gue se emplean como catalizadores, se pasara a definir el concepto de basicidad en

solidos.

1.3.1.1. Basicidad superficial en sélidos

En la bibliografia se han formulado diferentes definiciones de basicidad.
Segun la teoria de Arrhenius una base es cualquier especie capaz de liberar iones

hidroxilo en disolucion. Este enfoque propone los hidréxidos metalicos como bases
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tipicas. Posteriormente, Brgnsted [84] definié una base como cualquier especie que
es capaz de combinarse con protones. La definicion de Brgnsted, por tanto,
considera un rango mas amplio para las bases que la de Arrhenius. En el mismo afio,
Lewis [85] planted una perspectiva diferente, definiendo base como cualquier
especie que contenga un par de electrones que pueda donar para formar un enlace
dativo o de coordinacién. Esta definicion es la mds general de todas y es
independiente del medio de reaccién. La definicion de acido de Lewis (cualquier
especie que tenga un orbital libre disponible, como un protdn, un cation metdlico o
cualquier otra especie catidnica) es mas amplia que la de Brgnsted (especies
dadoras de protones). En cambio, las bases de Lewis y Brgnsted coinciden, pues
todas las especies con pares electrénicos disponibles son bases tanto de Lewis

como de Brgnsted.

La basicidad superficial de materiales sélidos se define de forma analoga a la
aplicada a las bases convencionales. Por tanto, un centro bdsico superficial de Lewis
es aquel capaz de donar un par electréonico a una molécula adsorbida. De una forma
mas general, podria decirse que la superficie activa corresponde a centros con

densidad electrdnica relativamente alta.

Los catalizadores basicos sélidos como los 6xidos e hidroxidos de metales
alcalinotérreos, asi como metales alcalinos y éxidos soportados sobre dxidos de
metales alcalinotérreos, se presentan como prometedores alternativas a las bases
homogéneas por ser relativamente econdmicos y abundantes. Otros o&xidos
metalicos que pueden presentar propiedades basicas son ZnO, ZrO,, TiO, y ThO,.
Aunque la mayoria de los catalizadores basicos se presentan como 6xidos, siendo
los centros basicos los dtomos de oxigeno con un par de electrones libres (0%),
pueden existir centros basicos constituidos por elementos de distinta naturaleza en
los que su reactividad debe ser diferente. Otro tipo de sdélidos basicos son las

arcillas anidnicas [86] o las zeolitas intercambiadas con metales alcalinos [87].

A continuacion se describiran brevemente dos tipos de catalizadores sdlidos
empleados frecuentemente en reacciones que requieren catalisis basica: el dxido de

magnesio y el dxido de zinc.
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1.3.1.2. Oxido de magnesio

El 6xido de magnesio es uno de los 6xidos de metales alcalinotérreos mas
ampliamente utilizados en reacciones que implican procesos de catalisis basica. Se
ha empleado frecuentemente como material referente en procesos que involucran
reacciones de condensacién alddlica [88,89]. Ademas, el éxido de magnesio puro o
promovido con metales alcalinos también cataliza las reacciones de Cannizzaro y
Tischenko [90,91], la condensacién de Knoevenagel [92] y reacciones de

transesterificacion [93], entre otras.

En la literatura se pueden encontrar diferentes procedimientos de sintesis
de o6xido de magnesio, y ademas, también se pueden usar diferentes sales
precursoras para su sintesis (hidréxido, carbonato, oxalato, cloruro de magnesio,
etc.) lo cual repercute directamente en sus propiedades superficiales y en su area
superficial. Uno de los métodos mas habituales es por descomposicién térmica del
hidroxido de magnesio [94]. Durante este proceso se produce la deshidroxilacion
que implica la pérdida de una molécula de agua a partir de dos hidroxilos de capas
adyacentes, lo que conduce a la creaciéon de vacantes de oxigeno y de iones de
oxigeno coordinadamente insaturados, es decir, a la creacién de centros acidos y
basicos, respectivamente (Esquema 7). Estos cambios conllevan tensiones que dan
lugar a defectos estructurales y pérdida de cristalinidad y, como consecuencia, a un

aumento en el area superficial.

?H H? —Mg % ? Mg

Mg—m—ug—o —> Mg—0-Mg—0 =+ H,0
I

HO— I'I.IE c- Mg HO—Mg—O—Mg

Esquema 7. Descomposicion de Mg(OH), en MgO y formacién de vacantes de
oxigeno [78].

1.3.1.3. Oxido de zinc

El 6xido de zinc es uno de los 6xidos metdlicos de cardcter basico mas
importantes, ampliamente utilizado como catalizador en la industria, siendo un

componente esencial del catalizador empleado en la sintesis del metanol [95].
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Ademas, debido a sus propiedades como material semiconductor, ha recibido
mucha atenciéon en los en procesos de fotocatdlisis para la degradacion de

contaminantes [96].

El 6xido de zinc cristaliza principalmente en una estructura tipo wurtzita
[97]. Se trata de una estructura cristalina hexagonal, en la que cada idn de zinc esta
coordinado tetraédricamente a cuatro oxigenos y viceversa. En los prismas
hexagonales, las caras polares (0001)-Zn vy (0001)-O se localizan
perpendicularmente al eje c (caras basales) mientras que las caras apolares (1010)
6 (10?0) son paralelos a él (caras laterales) (Figura 3). Puesto que el 6xido de zinc
puede presentar una gran variedad de morfologias y orientaciones, como
superficies monocristalinas, nanoestructuras, nanoparticulas con diferentes ratios
caras polar/no polar, varios trabajos experimentales han tratado de relacionar sus
propiedades cataliticas con factores estructurales. Algunos estudios han
demostrado que las propiedades cataliticas, como la selectividad [98] o la actividad
catalitica [99] cambian dependiendo de las caras expuestas. Por ejemplo, Vohs y
Barteau [100,101] llevaron a cabo varios estudios que demuestran la relacién
existente entre la superficie estructural con las propiedades acido-base en el ZnO.
Encontraron que los acido acético y propidnico se descomponian preferentemente
sobre la cara polar (0001)-Zn para formar las correspondientes especies carboxilato
sobre la superficie. Por el contrario, dedujeron que la cara (0001)-O no participaba
en la descomposicion de estos acidos, lo que atribuyeron a la ausencia de pares

acido-base accesibles en esta superficie [100].

[0001]

Zn. } . [1010]

Ejec
. 55_(‘ |
~ | A

[000T]

Figura 3. Estructura cristalina del ZnO.
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Sin embargo, la mayoria de estos estudios se refieren habitualmente a
procesos realizados en condiciones de alto vacio y con superficies monocristalinas.
Pero es ampliamente conocido que las particulas de ZnO comprenden un gran
numero de defectos, tales como bordes, esquinas o vacantes, que no presentan las
superficies monocristalinas. De hecho, algunos estudios han demostrado que la
guimica superficial del ZnO depende de la presencia de defectos tales como
vacantes anidnicas [98]. Por estas razones, se hace necesario llevar a cabo estudios
que relacionen estos factores estructurales con los paramétros cataliticos en

condiciones de reaccién y con muestras policristalinas.

El 6xido de zinc podria ser un prometedor catalizador para la valorizacién
catalitica del bioetanol [98]. La deshidrogenacién de etanol sobre ZnO ha sido
previamente descrita por Halaway et al. [44]. Estos investigadores estudiaron la
descomposicidon de etanol sobre diferentes muestras de ZnO preparados a partir de
diferentes precursores y encontraron que cuanto menor era la acidez del precursor,
mayor era la actividad del ZnO hacia la descomposiciéon del etanol. Por su parte,
Drouilly et al. [98] estudiaron la naturaleza de los centros activos que conducen a la
formacion de etileno y acetaldehido a partir de etanol. Estos investigadores
encontraron que la concentracion de vacantes de oxigeno en el ZnO controla la
conversion de etanol. Dedujeron que en el ZnO existen unos centros basicos que

2‘, en los cuales la densidad

consisten en los clasicos pares acido/base Zn*"-0
electrénica del oxigeno esta directamente influenciada por el desprendimiento o
captura asociado a la formacién o llenado de las vacantes de oxigeno,
respectivamente. La deslocalizacion de los electrones producida a través de la
formacion de estas vacantes de oxigeno, provoca un aumento de la densidad
electronica de los centros Zn2+—02', aumentando su basicidad. Estos pares
acido/base son los que conducen a la formacién de acetaldehido: el centro basico
estd implicado en la abstraccion de un proton de la molécula de etanol, mientras
gue el centro acido estd implicado en la estabilizacion del resultante anidn
intermediario. Teniendo en cuenta que la adsorcion de CO, se da preferentemente

en las caras apolares (1010), estos investigadores deducen que los centros activos

responsables de la formacion de acetaldehido se localizan en las caras apolares
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(1010) del ZnO. Con respecto al etileno, proponen que el centro &cido Zn** del
correspondiente par acido/base Zn**-0> estaria implicado en su formacién. Sin
embargo, los autores no descartan que la produccién de etileno (o parte de este)

sobre la cara O-(0001) estuviera asociada a las vacantes de oxigeno.

Ademas de los materiales bdasicos anteriormente mencionados, en los
ultimos afios se estd investigando acerca del dopado o funcionalizacidon de la
superficie de nanomateriales de carbdn, lo que les posiciona como prometedores
solidos de caracter basico libres de metal. El proximo apartado esta dedicado a

ellos.

1.3.2. Catalizadores basados en materiales carbonosos

Como se comento en el apartado 1.2.1 del presente capitulo, el bioetanol
procedente de la fermentacidon de la biomasa contiene cantidades significativas de
agua. Segun han indicado algunos estudios, si la cantidad de agua que esta presente
en el etanol reactante es superior al 5% en volumen, se reducen significativamente
los costes de su procesamiento [102]. Por tanto, analizar el efecto que tiene la
incorporacion de agua en la conversidn asi como en la selectividad es un factor
clave para valorar el potencial de un catalizador en reacciones de valorizacién de
bioetanol. Uno de los inconvenientes que se ha observado cuando se usan oxidos
metalicos como catalizadores en la valorizacion catalitica de derivados de la
biomasa es que estos pueden experimentar procesos de desactivacién en presencia
de agua. Asi, algunos investigadores observaron una disminucién en la conversion
de etanol sobre catalizadores TiO,-SiO, cuando el agua esta presente [33]. En este
sentido, el uso de los materiales carbonosos como catalizadores o soporte de la fase
activa, podria resultar ventajoso gracias a su caracter hidrofébico [103]. De hecho,
se han publicado trabajos que demuestran que los materiales cabonosos mantienen
su estabilidad en presencia de agua en reacciones de deshidratacion de etanol
[104]. Ademas, en general, muchas de las reacciones de valorizaciéon de productos

derivados de la biomasa se llevan a cabo en medio acuoso, en donde los materiales



Introduccion | 33

carbonosos son estables, y por tanto, relevantes candidatos para ser usados en la

formulacion de los nuevos catalizadores.

En este mismo sentido, los materiales carbonosos sélidos, que ademas
presentan aplicaciones en multitud de campos, poseen unas propiedades Unicas
que los hacen idéneos para su uso como soporte de catalizadores. Entre estas
destacan, aparte de su estabilidad fisico-quimica e hidrofobicidad antes
mencionadas, su caracter inerte, su elevada superficie especifica y porosidad
accesible, y la facilidad con la que su textura y quimica superficial pueden ser
modificadas permitiendo asi, por ejemplo, introducir grupos funcionales que actuen

como fase activa o bien faciliten el anclaje de esta [105-107].

Tradicionalmente, los materiales de carbdn se han empleado en la industria
como soporte de catalizadores, siendo el carbdn activado (AC, del inglés, activated
carbon) y el carbén negro (CB, del inglés, carbon black) los mds utilizados con
aplicaciones en numerosas reacciones. Pero los materiales microporosos como el
AC pueden presentar problemas relacionados con la accesibilidad a la fase activa
(limitaciones difusionales) lo que se hace particularmente evidente en reacciones
llevadas a cabo en fase liquida. Ademas, suelen presentar impurezas que pueden
interferir en el desarrollo de la reaccion. En este contexto, los novedosos
nanomateriales mesoporosos de carbén como nanotubos, nanofibras o grafenos
estan planteando nuevas oportunidades en el desarrollo de catalizadores

heterogéneos con un gran potencial de aprovechamiento.

1.3.2.1. Estructura de los materiales carbonosos

La configuracién electrénica del atomo de carbono (ls2 2s? 2p2) explica la
enorme diversidad de estructuras de sus materiales y compuestos. Por un lado, la
proximidad energética entre los orbitales de valencia permite tres formas de
hibridacion distintas: sp>, sp® y sp, dando lugar a la formacién de enlaces carbono-
carbono simples, dobles y triples, respectivamente, cada uno de ellos con una

distancia y geometria particular. Adicionalmente, su moderada electronegatividad
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le permite formar enlaces covalentes con un gran nimero de elementos: oxigeno,

nitrogeno e hidrégeno, principalmente.

En la naturaleza el carbono sélido se encuentra como carbono amorfo o
cristalino y este ultimo en forma de diamante o de grafito. El diamante surge de la
uniéon de dtomos de carbono con hibridacién sp3 a través de cuatro enlaces o en
una estructura donde cada atomo de carbono se encuentra en el vértice de un
tetraedro regular y de su extensidon en el espacio se forma una red tridimensional.
Las demas formas alotrépicas (Figura 4) se basan en la hibridacién sp? de los dtomos

de carbono.

Graphene

Graphite

Fullerene

Carbon nanotubes

Figura 4. Formas alotrépicas del carbén basadas en la hibridacion sp® [108].

En esta situacidn, idealmente los atomos se unen formando hexagonos
mediante tres enlaces o. El orbital p libre, perpendicular a los sp?, interacciona con
otro orbital p mediante enlaces tipo 1 que pueden ser aislados o conjugados, como
en los alquenos, o deslocalizados como en los aromaticos, aportando en este caso
propiedades metalicas al carbén. De la extensidn de estas unidades hexagonales en
un mismo plano se obtienen l[dminas de grafeno. Se puede decir que el grafeno es el
constituyente basico de todas las nanoestructuras grafiticas como el grafito, los

nanotubos (CNT), fullerenos (Cgo), etc. Como se muestra en la Fig. 4, todas estas
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formas alotrdpicas se pueden construir curvando el grafeno de una manera
especifica. Ademas, de los diferentes apilamientos de las ldminas de grafeno se

forman las nanofibras de carbono (CNF) [109].

El grafito es un semimetal que representa la estructura grafitica mas
habitual, que surge del apilamiento ordenado de las laminas de grafeno a través de
interacciones de tipo Van der Waals (Figura 5). El espaciado interlaminar del grafito
alo largo del eje c es 0.335 nm [110] siendo la distancia del enlace C-C de 0.142 nm.
Debido a la hibridacién sp?, cada 4tomo de carbono posee un orbital p libre que se
emplea en un enlace 1 con otros atomos de carbono. De esta manera, los enlaces it
se extienden a lo largo de todo el plano, con lo que los electrones libres tienen
libertad de movimiento de un enlace a otro. Es por ello que el grafito es
considerado un conductor de la electricidad a lo largo del plano basal ab, y no en la
direccién perpendicular, eje ¢, debido a la relativamente elevada separacion entre
los planos. Por eso se dice que el grafito posee un alto grado de anisotropia, algunas
de sus propiedades varian dependiendo de si éstas son medidas a lo largo del plano

basal o en la direccién perpendicular.

plano basal

Figura 5. Estructura del grafito [111]

En realidad esta estructura bidimensional puede presentar defectos en
forma de pentagonos, heptagonos, etc., alrededor de los cuales se encuentran

fuertemente localizados los enlaces dobles, provocando la curvatura de las [aminas
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y, por tanto, la variacién de las propiedades eléctricas y de su reactividad. El
caracter aromatico de las laminas grafiticas posibilita la formacion de complejos
interlaminares, en los que las ldminas pueden actuar como donadores de
electrones, aceptores de estos, o bien formar complejos m-m mediante la

interaccidn entre atomos de metal y las macromoléculas de carbén.

El grafito natural puede ser encontrado en diferentes partes del mundo, con
tamafios de cristal normalmente menores de 0.1 mm. En ocasiones puede
presentar defectos en su estructura, presentando planos intercalados y también
impurezas quimicas como atomos de hierro u otros metales de transicion. Para
ciertas aplicaciones se hace necesaria la produccion de grafito sintético de mayor
cristalinidad. Se puede producir grafito sintético mediante diferentes
procedimientos, entre los que destacan la grafitizacion de carbdn no grafitico, la
deposicion quimica de vapor (CVD, del inglés, chemical vapor deposition) de
hidrocarburos a altas temperaturas y la cristalizacion de metales fundidos saturados
con carbono. Es posible obtener grafito de una gran perfeccién cristalina
efectuando una pirdlisis de hidrocarburos a elevadas temperaturas (> 2000 °C),
seguido de un tratamiento térmico de grafitizacion del carbono pirolitico resultante

a temperaturas que superan los 2700 °C y a elevadas presiones.

1.3.2.2. Grafito de alta superficie

El grafito de alta superficie, mas conocido por sus siglas en inglés HSAG (high
surface area graphite) es un grafito sintetico modificado mecanicamente, que da
lugar a laminas de grafito de pequefio tamafio de particula, resultando asi en una
textura predominantemente mesoporosa [112]. Ademads, estos han sido sometidos
a un proceso de grafitizacion mediante un tratamiento térmico que aumenta la

cristalinidad.

Como es sabido, la superficie de los materiales grafiticos se puede
considerar como una combinacion de planos basales y sitios insaturados en las
aristas de los planos grafiticos. En el caso concreto de los grafitos de alta superficie,

existe una gran proporcion de bordes que pueden albergar otros atomos
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quimisorbidos como el oxigeno, nitrégeno e hidrégeno [113]. Ademas, se sabe que
estas valencias insaturadas en los bordes de las laminas sirven de puntos de anclaje

de la fase activa.

Este tipo de material presenta también regiones ricas en electrones nt dentro
de los planos basales, que pueden ofrecer enlaces de transferencia electrénica con
compuestos aromaticos a través de interacciones especificas m-mt. No obstante,
debido a que los grafitos de alta superficie estan formados por cristalitos pequefios
gue exponen mas bordes, el papel de los planos basales y las interacciones -t se

espera que sea mas limitado que en el caso de cristales de mayor tamario [107].

Varios estudios han tratado de esclarecer qué factores gobiernan la
dispersion metalica en este tipo de materiales carbonosos, asi como en la
estructura y propiedades de las particulas metalicas soportadas. En primer lugar,
hay que tener en cuenta que la sintesis de catalizadores metalicos soportados
implica una serie de etapas consecutivas, en las cuales existen numerosas variables
tales como el precursor metalico, el disolvente empleado, el secado, la temperatura
de descomposicion del precursor metalico o de reduccidn, asi como la quimica
superficial de las superficies grafiticas empleadas como soporte. Tradicionalmente,
se ha pensado que los grupos oxigenados introducidos en la superficie de HSAG,
particularmente el caso de los grupos carboxilicos, pueden actuar como puntos de
anclaje de la fase activa mediante intercambio idnico con los precursores metalicos
[114]. Sin embargo, frecuentemente se olvida que la estabilidad térmica de estos
grupos funcionales estd limitada a temperaturas cercanas a 400 °C, temperatura a
la cual tiene lugar frecuentemente la reduccién y/o descomposicién del precursor
metalico. A este respecto, nuestro grupo de investigacion demostré que las
interacciones especificas que se producen entre las particulas metalicas con los
bordes y las esquinas de las capas grafiticas son el factor que gobierna la dispersién
de las nanoparticulas metalicas [115]. Ademas, se encontré que dicha interaccion
metal-carbono produce particulas mucho mas resistentes a la sinterizacién que
aquellas unidas a grupos oxigenados, de ese mismo material soporte. Por ejemplo,
hay trabajos que reportan que los atomos de Pd estan mas fuertemente retenidos

en los atomos de carbono insaturados, debido a la formacion de enlaces Pd-Cy a la
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estabilizacion del sistema electronico mt de los anillos aromaticos mas cercanos

[116].

1.3.2.3. Grafeno

Aunque se conoce desde hace muchos afios como constituyente basico de
los materiales grafiticos, hasta el afio 2004 no se creia posible su existencia como
entidad aislada, ya que se suponia que los cristales estrictamente bidimensionales
eran termodindmicamente inestables. Pero ese afio, un grupo de cientificos
encabezados por AK. Geim y K.S. Novoselov fueron capaces de obtener e
identificar, por primera vez, ldminas individuales de grafeno mediante un
procedimiento conocido como exfoliacion micromecanica [117], hallazgo que les
hizo merecedores del premio Nobel de la Fisica en 2010. Como se ha dicho, el
grafeno es una lamina monoatémica plana de dtomos de carbono unidos mediante
enlaces covalentes spz. Debido a las propiedades fisicas insélitas que presenta,
tanto desde el punto de vista de la investigacion en fisica fundamental como de sus
aplicaciones practicas, el grafeno es contemplado como un material excepcional. En
lo que al campo de la catalisis respecta, comparado con otros materiales de carbdn,
el grafeno es considerado un soporte mas idéneo para el anclaje y crecimiento de la
fase activa debido a su elevada superficie especifica, excelente conductividad,
fuerza mecanica, estabilidad quimica y ligero peso [118]. Todas estas excepcionales
propiedades, unidas a la posibilidad de interaccionar con moléculas orgdnicas a
través de interacciones m-m, han posicionado al grafeno como el material clave para
el desarrollo de sistemas cataliticos heterogéneos con mejores propiedades.
Ademas de todo esto, una de las principales ventajas que presenta el grafeno como
soporte de nanoparticulas metalicas es la interaccion especifica que ofrece con
estas por superposicion de los orbitales m extendidos con los orbitales d de los
atomos de los metales de transicion [119]. Asi pues, se ha propuesto que los
materiales grafénicos actuan mediante un efecto cooperativo en la actividad
catalitica adsorbiendo sustratos y reactivos cerca de las nanoparticulas de metal.
Ademas, pueden modular la densidad electrdnica de estas nanoparticulas metalicas

cambiando de este modo la afinidad por los sustratos y los productos. En este



Introduccion | 39

sentido, varios trabajos han reportado mayores actividades cataliticas usando estos
soportes, que las obtenidos con otros materiales de carbdn u 6xidos metalicos

[120,121].

1.3.2.3.1. Sintesis de materiales de grafeno

Desafortunadamente, el aprovechamiento de estas excelentes propiedades
del grafeno se ha visto frenado por las dificultades en su obtencidn y procesamiento
a gran escala. El método mas extendido de sintesis de grafeno es el anteriormente
mencionado a partir de exfoliacion micromecanica, sin embargo, a pesar de que con
este método es posible obtener ldminas de grafeno monocapa de gran tamafio y
calidad, el procedimiento es muy laborioso y difiimente escalable. Otros métodos
comunes de sintesis son por CVD de hidrocarburos sobre metales de transicion y
mediante la reduccion de un o6xido grafitico. Este ultimo se plantea como un
método prometedor de cara a su procesamiento a gran escala, y por ello, se

describe a continuacion.

El 6xido grafitico (GO) es un material derivado del grafito con un alto
contenido en oxigeno y de estructura laminar (Figura 6), lo cual permite la
interaccidn por expansioén a lo largo de su eje c. Su sintesis fue descrita por primera
vez en 1859 por Brodie [122] y los métodos que se emplean actualmente para su
sintesis se basan en alguno de los siguientes procedimientos o variantes
experimentales: Brodie [122], Staudenmaier [123] o Hummers y Offeman [124]. En
esencia, todos ellos consisten en la oxidacién de las laminas grafiticas con acidos
fuertes y medios oxidantes dando lugar a una estructura con mayor distancia
interplanar que el grafito original, en un porcentaje que dependera de la intensidad

de la oxidacién [125].
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Figura 6. Estructura del oxido grafitico.

En las oxidaciones se incorporan grupos epoxi e hidroxilo en el espacio
interlaminar del grafito, lo que conlleva una distorsién de las [aminas a modo de
plegamiento y resulta en un aumento de la distancia interlaminar. También se
incorpora, en menor proporcién y principalmente en los bordes de la estructura,
grupos carboxilo y carbonilo (Fig. 6). La incorporacién de los grupos oxigenados en
el GO provoca la formacién de carbono sp3 y defectos estructurales. Estos, ademas,
le confieren un elevado caracter hidrofilo lo que permite la incorporacién de
moléculas polares en el espacio interlaminar por intercambio idnico y/o con enlaces

covalente [126].

El GO asi obtenido puede ser reducido de nuevo a grafeno mediante
diferentes métodos, aungque ninguno de ellos produce grafeno de una sola lamina,
sino que se generan unas pocas ldminas de grafeno (conocido como few layer
graphene). La eleccién de un método u otro estd condicionada, entre otros factores,
por la aplicacion posterior que se vaya hacer. Durante el proceso de reduccién de
GO el carbono pasa de nuevo desde una configuracion sp3 a spz. El producto de
reduccion se denomina cominmente RGO, “6xido de grafeno reducido”, en lugar
de grafeno propiamente dicho. Por tanto, RGO se define como el material derivado
de la reduccién de GO, aunque sus propiedades eléctricas, térmicas, mecanicas y su

morfologia son muy similares a las del grafeno pristino.
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Los métodos mas empleados de obtencion de RGO a partir de GO se basan
en el uso de agentes reductores quimicos como: hidracina hidratada (N,H4-H,0)
[127], dimetil-hidrazina [128], hidroquinona [129] y NaBH4; [130]. Sin embargo,
estos métodos quimicos pueden introducir heterodtomos que afecten a la
estructura electrénica de RGO. Otro de los procedimientos de reduccion
frecuentemente empleado es la exfoliacidén térmica de GO a alta temperatura. Este
consiste en someter al GO a una rampa de calentamiento en atmdsfera inerte o
reductora para que se produzca simultaneamente la deflagracion de las laminas y la
reduccion de los grupos oxigenados. Para que se produzca la exfoliacion de una
forma satisfactoria, la velocidad de descomposicion de los grupos funcionales
oxigenados debe exceder la velocidad de difusion de los gases que salen entre las
[dminas de 6xido de grafeno. El hecho de que la temperatura de exfoliacién sea un
factor determinante en el proceso, implica que este método se defina como una
exfoliacion térmica. Otros métodos de obtencion de RGO a partir de GO son el

método fotocatalitico [131] y el electroquimico [132].

1.3.2.3.2. Grafeno dopado con nitrogeno

Ademas de presentar excelentes propiedades para ser usados como
soportes para la dispersiéon de nanoparticulas metalicas, debido a la tendencia
actual hacia la busqueda de una quimica mas sostenible, el desarrollo de
nanoestructuras carbonosas sin elementos metalicos y con centros superficiales
activos representa un campo cada vez mas explorado en catdlisis. En ausencia de
defectos, los planos basales no son muy reactivos, encontrandose los centros
activos en los bordes de las laminas de grafeno, donde atomos de carbono con
valencias insaturadas quimisorben oxigeno o agua cuando estan expuestos a la
atmdsfera. Asi, se originan diferentes grupos oxigenados que pueden actuar como
centros activos en determinadas reacciones (Figura 7). Estos son: grupos acidos, en
los que se incluyen acidos carboxilicos, lactonas o fenoles y, ademads, grupos
carbonilos y ésteres que se consideran neutros. Las estructuras basicas se atribuyen
a grupos funcionales como quinonas o el propio sistema electrénico n caracteristico

del plano grafitico basal [107].
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Figura 7. llustracion esquematica de diferentes centros activos en la matriz de
grafeno debido a la incoporacién de heterodtomos [133].

Asimismo, para hacer a los materiales de carbén quimicamente activos, se
puede recurrir a la funcionalizacion quimica o al dopado. Este ultimo implica la
introduccion de un heteroatomo (N, Si, B, S) sustituto de un atomo de carbono en la
estructura grafitica, lo que le puede conferir mejoras en sus propiedades
electrénicas y superficiales, con aplicaciones en numerosos campos. De entre los
diferentes tipos de heterodtomos que se pueden introducir en la estructura
grafitica, los dtomos de nitrégeno se consideran excelentes candidatos por su
tamafio atdmico comparable al del carbono. El dopado con nitrogeno afecta a la
conductividad, polaridad, caracter hidrofilico y basicidad de estas nanoestructuras.
Una de las propiedades mas interesantes desde el punto de vista de catalisis y en lo
gue concierne al presente trabajo de investigacion es el caracter basico que puede

aportar esta funcionalidad.

Existen diferentes estrategias para la introduccion de heterodtomos de N en
la estructura grafitica, dependiendo de su aplicacién, cantidad y tipo de grupos
nitrogenados requeridos, pudiendo distinguirse: el dopado in situ o el post-
tratamiento. En el caso del dopado in situ, se produce una carbonizacién directa de
la especie que contiene el heteroatomo, de modo que éste se introduce en la
[dmina de grafeno durante su proceso de crecimiento. Métodos de dopado in situ

son: arco de descarga [134], CVD [135] y reaccion solvotermal a partir de diferentes
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precursores nitrogenados [136]. En el caso del tratamiento a posteriori, el material
se hace reaccionar con ciertos agentes quimicos, por ejemplo, el tratamiento
térmico de GO con urea [137], y tratamiento térmico de GO con NH; [138]. Puesto
gue la estructura grafitica es relativamente inerte debido a su elevada estabilidad
guimica, cuando se recurre a la funcionalizacidn post-tratamiento, frecuentemente
se emplean materiales carbonosos previamente sometidos a un proceso de
oxidacién, de modo que son mas reactivos y se consigue asi un dopado mas

efectivo.

La introduccion de atomos de nitrégeno en las [dminas de grafeno modifica
el entorno electrénico del material, a causa de los cinco electrones de valencia del
nitrogeno frente a los cuatro del carbono. El nitrégeno puede incorporarse de
diferente manera en la red de carbono, dando lugar a diferentes funcionalidades,
gue a su vez proporcionan propiedades diferentes al material. Las funcionalidades
de nitrégeno comunmente descritas en bibliografia se esquematizan en la Figura 8.
La relativa abundacia de un tipo de N u otro esta determinada, entre otros factores,

por la temperatura del tratamiento del proceso de sintesis.

Figura 8. Tipos de funcionalidades de nitréogeno [139].

El nitrégeno piridinico (N,) consta de tres orbitales con hibridacion sp2 y un
orbital p. Un orbital sp2 tiene un par de electrones desapareados, mientras que los
otros dos orbitales sp? estan ocupados con un electrén cada uno para formar los
enlaces o con los atomos de carbono adyacentes. El quinto electrdn se sitia en un
orbital tipo p para dar lugar al enlace mt del sistema aromatico. El nitrégeno pirrélico

(NPYR) también tiene hibridacion spz, pero en este caso su par solitario estd en un

orbital p contribuyendo al enlace m aromatico. Los otros tres electrones dan lugar a
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tres respectivos enlaces o con los atomos de carbono adyacentes y de hidrégeno. El
nitrégeno cuaternario, (Ng), también conocido como substitucional o grafitico,

reemplaza a un atomo de carbono en la red grafitica. Este tipo de nitrégeno tiene

una hibridacién spz, en donde tres electrones forman tres enlaces o y un cuarto
electrén ocupa un orbital p, utilizado para el enlace nt del sistema aromatico. El
quinto electrén se encuentra deslocalizado en la red grafitica, siendo el que
realmente dopa las laminas de grafeno. Las especies N-X se consideran como

formas oxidadas de nitrégeno piridinico.

La cantidad y el entorno quimico de estos grupos nitrogenados determina
sus propiedades acido-base, por lo que es imperativo conocer las propiedades
donantes/aceptoras de estos grupos. Tanto en el caso del N cuaternario como del N
pirrdlico, ambos contribuyen con sendos electrones a la aromaticidad del sistema.
En estos casos, la protonacién del &tomo de N requeriria la donacién de un electrén
al protén H*, lo que resultaria en una pérdida de aromaticidad del anillo aromatico,
lo cual no es energéticamente favorable. Por tanto, estos grupos nitrogenados no
contribuyen a la basicidad. Sin embargo, en el nitréogeno piridinico, el par de
electrones solitario puede actuar como una base de Lewis/Brgnsted, por lo que
puede interaccionar con un protén. Por tanto, de entre todos los tipos de N, sélo los
piridinicos presentaran caracter basico [107]. De hecho, se han descrito varias
reacciones donde la selectividad hacia ciertos productos aumentaba gracias a la
presencia de centros basicos nitrogenados [140]. Por ultimo, las especies oxidadas

piridinicas presentan cierto caracter acido.

Ademas del caracter basico que puede proporcionar, se sabe que el dopado
de materiales grafiticos con atomos de nitrégeno puede también repercutir en las
propiedades cataliticas cuando se emplean como soporte de la fase activa,
produciendo cambios en la morfologia, densidad electréonica o dispersién de las
nanoparticulas metalicas. En este sentido, se ha publicado que los atomos de
nitrogeno producen distorsiones en las laminas de grafeno favoreciendo el anclaje y
nucleacion de las nanoparticulas metadlicas, contribuyendo asi a una mayor
dispersién del metal [141]. No obstante, también se ha reportado que un contenido

muy elevado en nitrégeno, concretamente en especies cuaternarias, puede actuar
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en detrimento de la dispersién, ya que el aumento de la densidad electrénica
generado por el dopaje con nitrégeno favorece la movilidad del metal en la
superficie y la consecuente sinterizacion, dando lugar al crecimiento de particulas

de mayor tamano sobre la superficie grafitica [139].
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Una vez analizada la problemdtica medioambiental actual, y habiendo
justificado la necesidad existente de desarrollar tecnologias eficientes que integren
el uso de la biomasa como fuente de energia y materia prima para la sintesis de
productos de interés aplicado, se pasan a definir los objetivos planteados para esta

Tesis Doctoral.

Como objetivo genérico se establecié encontrar procesos alternativos a la
ruta petroquimica para la sintesis de productos de interés aplicado a partir de uno
de los derivados de la biomasa con mayor proyeccién: el bioetanol. Esto implica el
disefio y desarrollo de nuevos nanomateriales que sean selectivos y que aunen

estabilidad y compatibilidad con el medio ambiente.

Como se establecid en el capitulo introductorio, existen varias rutas posibles
de valorizacion de bioetanol, que a su vez requieren de catalizadores con unas
caracteristicas especificas relacionadas principalmente con sus propiedades acido-
base. La presente Tesis Doctoral se ha centrado en dos procesos que parten del
bioetanol: la deshidrogenacion para obtener acetaldehido y la condensacién del

mismo, para sintetizar 1-butanol.

Los objetivos especificos que presentamos a continuacién se han definido en
funcién de las dos rutas de valorizacién del bioetanol que se han seleccionado.
Ademas, como objetivo complementario se planted la aplicacion de algunos de los
materiales disefiados en otra reaccion relevante desde el punto de vista

medioambiental, la reduccidn del 4-nitrofenol. Se especifican a continuacién.

Objetivos especificos respecto a la deshidrogenacion catalitica de bioetanol:

- Sintetizar materiales basados en dxido de zinc con distintas orientaciones
cristalinas que expongan diferentes relaciones de caras.
- Llevar a cabo una caracterizaciéon morfoldgica, estructural y superficial de

dichos materiales que permita establecer relaciones especificas con la
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actividad y selectividad en la reaccion de transformacidon de etanol a
acetaldehido, empleando para ello un reactor de lecho fijo en continuo.

- Sintetizar materiales de grafeno, incluyendo tratamientos que permitan
modificaciones en su quimica superficial mediante el dopado con
heterodtomos de nitrégeno, accediendo asi a aportar cierto caracter basico,
ademas de inducir cambios estructurales en los mismos.

- Estudiar el efecto de la incorporacion de heteroatomos de nitrégeno cuando
los materiales grafénicos son empleados como catalizadores en la reaccién
de deshidrogenacion de etanol.

- Analizar, mediante diversas técnicas de caracterizaciéon de sdlidos, cémo
influyen las caracteristicas quimicas, texturales y estructurales de los
nanomateriales carbonosos sintetizados cuando estos son empleados como
soportes de catalizadores de cobre.

- Analizar el efecto de la temperatura de reaccién y de la presencia de agua en
la corriente de alimentacién, tanto en la actividad catalitica como en la
distribucién de productos, de los catalizadores de Cu soportados sobre
materiales grafiticos. Asimismo, comparar la actividad y estabilidad catalitica

de los mismos con un catalizador de Cu sobre silice comercial.

Objetivos especificos respecto a la condensacion catalitica de bioetanol a 1-

butanol:

- Disefiar, sintetizar y caracterizar materiales de tipo multicomponente, de
caracter bifuncional, que integren como componente basico materiales
basados en oxido de magnesio y como agente
deshidrogenante/hidrogenante nanoparticulas metalicas de Cu y Pd.

- Llevar a cabo un estudio que permita seleccionar el metal y precursor
metalico éptimos, en términos de actividad y selectividad, en la reaccion de
condensacién de etanol a 1-butanol, habiendo sido realizado este proceso
en reactor tipo tanque agitado.

- Evaluar la influencia de la incorporacion de materiales carbonosos grafiticos

como soporte de las fases activas en los resultados cataliticos.
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- Determinar y cuantificar los centros activos mediante diversas técnicas de
caracterizacion que permitan establecer relaciones entre sus propiedades y
su accién como catalizadores heterogéneos.

- Verificar la reciclabilidad de algunos de los materiales cataliticos incluyendo

la presencia de agua.

Objetivos especificos relativos a la aplicacion de catalizadores disefiados en la

reaccion de reduccion de 4-nitrofenol:

- Estudiar el comportamiento catalitico de algunos de los materiales
previamente disefiados y sintetizados para la valorizacion del bioetanol, en la
reaccion de reduccidn de 4-nitrofenol a 4-aminofenol en fase acuosa.

- Evaluar comparativamente la actividad catalitica catalizadores de Cu y Pd
soportados sobre materiales grafiticos. Estudiar, ademas, la estabilidad de
estos tras varios ciclos de reaccion.

- Comparar el comportamiento catalitico de dichos materiales, en términos de

actividad y estabilidad, con los publicados hasta la fecha.
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3.1. Sintesis de catalizadores

En la presente Tesis Doctoral se han empleado una gran variedad de
materiales como catalizadores, segun la reaccion concreta estudiada y el objetivo a
perseguir. Por este motivo, la descripcidn relativa a materiales se ha dividido en

funcidén de las reacciones estudiadas.

3.1.1. Catalizadores para la reaccion de deshidrogenacion de bioetanol

Como se comentd en el capitulo introductorio, la deshidrogenacion de
etanol puede llevarse a cabo con materiales de naturaleza bdsica —como
determinados oxidos metalicos— o con algunos metales de transicion. Asi pues, para
llevar a cabo esta reaccién se seleccionaron dos grupos de materiales diferenciados
conocidos por sus propiedades deshidrogenantes: por un lado, catalizadores
basados en o6xido de zinc, y por otro, catalizadores basados en un metal de
transicion: el cobre. Como soporte de este metal se han utilizado un grafito de alta
superficie y materiales de grafeno, sin dopar y funcionalizados con grupos
nitrogenados. Estos ultimos, ademas, también se estudiaron directamente como

catalizadores libres de metal en la transformacion de bioetanol.

Como se explico detalladamente en el apartado 1.3.2 del capitulo
introductorio, la eleccion de materiales de carbén como soporte y como
catalizadores estuvo condicionada por varios factores. En primer lugar, por su
caracter hidrofdébico, especialmente Util en reacciones de valorizacién de derivados
de la biomasa, y ademas, por la versatilidad que ofrecen tanto en sus caracteristicas
texturales y quimica superfical, que pueden ser modificadas mediante tratamientos
quimicos con el objetivo de introducir grupos funcionales que actuen bien
directamente como fase activa, bien como puntos de anclaje de esta. Ademas de
esto, en ausencia de grupos superficiales, su caracter inerte puede resultar
particularmente ventajoso si se quieren emplear Unicamente con el objetivo de

dispersar la fase activa.
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3.1.1.1. Oxidos de zinc

Se prepararon muestras policristalinas de dxido de zinc mediante diferentes
procedimientos de sintesis, con el objetivo de ocasionar diferencias estructurales,

morfoldgicas y superficiales entre las muestras.

Por un lado, se empled un método de microemulsiéon. Se utilizé n-heptano
(Scharlau) como medio organico, Tritdn X-100 [C14H,,0(C,H40),] (Aldrich) como
tensioactivo y hexanol como cotensionactivo. Como precursor del Zn se empled
nitrato de zinc (Aldrich). La relacién molar de agua/Zn se fijé en 110, mientras que la
relacion molar agua/tensioactivo fue diferente para cada una de las muestras: 9
para ZnO-E3, 6 en el caso de ZnO-E4 y 36 para la muestra ZnO-E5. Tras la
introduccion de Zn en la fase acuosa, la disolucidn se dejé en agitacién durante 30
min. A continuacidn se incorpord una cantidad de hidroxido de tetrametilamonio en
doble molaridad que la de zinc, el cual estaba también formando una
microemulsién como la anterior. La mezcla resultante se dejé agitando durante 24
horas y posteriormente se centrifugd, y los precursores solidos separados se

enjuagaron con metanol y se secaron a 383 K durante 12 horas.

Otro grupo de muestras se prepard por descomposion térmica a 873 K de
diferentes precursores: oxalato de zinc (ZnO-x), hidréoxido de zinc (ZnO-h) e

hidroxicarbonato de zinc (ZnO-hc), suministrados por Sigma Aldrich.

Por ultimo, se estudié una muestra comercial, ZnO-A (Analar, procedente de

B.D.H. Chemicals Ltd), obtenida por ignicion de Zn.

Previamente a la evaluacion catalitica de las muestras en reactor de lecho

fijo, estas fueron calcinadas in situ durante 2 horas a 723 K.

3.1.1.2. Materiales de grafeno

Dada la amplitud de términos y tipos de materiales carbonosos existentes, la
terminologia empleada en la redaccién de la presente Tesis Doctoral se ha llevado a

cabo siguiendo las recomendaciones dadas en la referencia [1].
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En el presente trabajo de investigacidn, todos los materiales de grafeno
(dopados y sin dopar) se han preparado empleando como material de partida
grafitos naturales de diferente tamafio de particula (10, 100 y 200 mesh)
suministrados por Alfa Aesar (pureza > 99.99%). En primer lugar, estos materiales se
sometieron a un tratamiento de oxidacion para obtener el correspondiente oxido
grafitico (GO) empleando una modificacién del método de Brodie. El procedimiento
es como sigue: 10 g de grafito se trataron con 200 mL de HNOs; fumante en un
reactor de vidrio mantenido a 273 K. A continuacion se adicionaron 80 g de KCIO;
lentamente y se dejo la reaccion durante 21 h, manteniendo en todo momento la
temperatura en 273 K debido a la elevada exotermicidad de la reaccidn.
Posteriormente, se lavd con agua destilada hasta que la disolucién de lavado

alcanzo pH neutro. Por Ultimo, la muestra se secd a 333 K en una estufa a vacio.

3.1.1.2.1. Oxidos de grafeno reducidos

El siguiente paso en la sintesis de materiales de grafeno consistid en la
exfoliacion térmica de GO en un reactor vertical de cuarzo. En el caso de la sintesis
de grafeno sin dopar el proceso se llevé a cabo bajo atmdsfera de N, (100 mL/min)
hasta 773 K (rindiendo GOE) con una velocidad de calentamiento de 5 K/min. En la
Figura 1 se muestra una representacion esquematica del proceso de sintesis de los

materiales de grafeno.

kit Oxido grafitico Oxido de grafeno reducido
OH COOH

on OO0H

e e - o
— i N — e s et
. e H OH COOH
% Oxidacion Reduccién

45:%‘ e EDOH N y exfoliacién

OH

Figura 1. Sintesis de 6xido de grafeno reducido a partir de grafito.
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3.1.1.2.2. Oxidos de grafeno reducidos dopados con nitrégeno

Para la introduccidon de atomos de nitréogeno en las laminas de grafeno se
emplearon dos métodos diferentes. El primero siguié el mismo procedimiento
anteriormente descrito para los grafenos sin dopar pero con la salvedad de que se
empled una atmdsfera reactiva consistente en una mezcla de NHs, H, y Nj, con
caudales de 10, 6 y 50 mL/min, respectivamente. Estas muestras se trataron
también hasta 773 K (GORE-a) y ademas, una tanda también se calentdé a mayor

temperatura, 1173 K (GORE-b).

Asimismo, se preparo otra tanda de 6xidos de grafeno reducidos dopados
con nitrégeno a partir de reaccidén en estado sélido entre GO y urea, siguiendo la
metodologia descrita por Z. Mou y colaboradores [2]. En primer lugar, se
molturaron 3 gramos de urea por cada gramo de GO en un mortero de agata. A
continuacion, la mezcla se llevd a un horno tubular para su exfoliacién térmica bajo
atmodsfera de N, (100 mL/min) hasta 773 K (rindiendo GOE-u) con una rampa de
calentamiento de 5 K/min. Por ultimo, el material resultante se lavd con agua
destilada con el objetivo de eliminar cualquier impureza que pudiera quedar

presente y finalmente se secé en estufa a 333 K durante una noche.

La temperatura de tratamiento en el caso de los materiales de grafeno
dopados con nitrégeno es un aspecto fundamental a tener en cuenta con respecto a
la cantidad y tipo de nitrogeno incorporado. Asi, Z. Mou y colaboradores,
propusieron una transformacién gradual del tipo de N segin aumenta la
temperatura como se esquematiza en la Figura 2. Por debajo de 573 K la amida y/o
amoniaco (producido por descomposicién térmica de la urea) se enlaza a los grupos
funcionales oxigenados de las laminas de grafeno como se esquematiza en la etapa
1. En la etapa 2, el N de la amida en el grafeno amidado se transforma en N pirrélico
y N piridinico en los bordes y/o defectos entre 573 Ky 773 K. Finalmente, en la
etapa 3, el N piridinico se transforma en N cuaternario incorporado en la red

grafitica entre los 773 Ky 973 K.
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Figura 2. llustracidn esquematica del proceso de formacién de grafeno dopado con
N. Adaptado de [2]

3.1.1.3. Cobre soportado sobre materiales grafiticos

Como soporte de los catalizadores de Cu, se emplearon cuatro materiales
grafiticos diferentes: un grafito de alta superficie, un material de grafeno sin dopar,
y otros dos grafenos dopados con nitrégeno, estos Ultimos preparados siguiendo las
metodologias detalladas en el apartado anterior empleando amoniaco y urea como
fuente de nitrégeno, respectivamente. En este caso, los materiales de grafeno se

prepararon a partir de un grafito natural de 200 mesh.

El grafito de alta superficie comercial (HSAG) empleado en este trabajo ha
sido adquirido a Timcal, su nombre comercial es TIMREX HSAG500. E| area
superficial especifica de este grafito es de unos 500 mz/g. Los cristales de grafito

tienen un tamafo aproximado de 0.80 pum.

Todos los catalizadores metdlicos empleados en este trabajo de
investigacion se prepararon por el método de impregnacion a humedad incipiente.
Mediante este método, el soporte se pone en contacto con una disolucién de la sal
metalica precursora con un volumen necesario para llenar el volumen de poros del
soporte. Posteriormente, durante el secado, el disolvente se evapora y el precursor
gueda incoporado en el soporte. El método de impregnacién a humedad incipiente

tiene la ventaja de ser sencillo, reproducible, y no genera residuos [3].
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Para la incorporacion del cobre, se empled una disolucion con una relacion
volumétrica de agua y etanol 1:1, como sal precursora se utilizé Cu(NOs),:3H,0
(Sigma Aldrich) con la concentracion adecuada para incorporar un 5% de metal en
el soporte. Después de la impregnacion, las muestras se secaron a temperatura
ambiente durante unas 3 horas y finalmente se secaron en estufa a 383 K durante
una noche. Con fines comparativos, se prepard también un catalizador de cobre

. . 2 ..
soportado en SiO, comercial (Fluka, Sger=480 m“/g) empleando un procedimiento

analogo.

Por ultimo, con el fin de descomponer la sal precursora y estabilizar el cobre,
las muestras se trataron a 623 K en atmadsfera inerte de He (20 mL/min) durante 3

horas, excepto Cu/SiO, que se calcind en aire a la misma temperatura.

3.1.2. Catalizadores para la reaccion de condensacion de bioetanol

Como se dijo en la introduccion, la reaccién de condensacion de etanol
requiere el empleo de catalizadores bifuncionales. Asi pues, hemos seleccionado un
soporte de naturaleza bdsica basado en éxido de magnesio y como agente
deshidrogenante/hidrogenante se han estudiado dos tipos de metales: cobre y
paladio. Ademas, en otra tanda de catalizadores se han incorporado nanomateriales

grafiticos con el objetivo de aumentar la dispersién de las fases activas.

3.1.2.1. Soportes de 6xido de magnesio y nanocomposites Mg-carbén

El soporte denominado Mg se obtuvo mediante calcinacién de un hidréxido
de magnesio comercial, Mg(OH), (Fluka, Sger=17 mz/g) a 723 K en mufla durante 5
horas.

Con el fin de incrementar la dispersion de la fase activa, se emplearon dos
materiales carbonosos: un grafito de alta superficie, HSAG (Timcal, Sger = 490 mz/g)
y un 6xido de grafito obtenido por oxidacién de un grafito natural de 325 mesh (Alfa

Aesar) siguiendo la metodologia descrita en el apartado 3.1.1.2.1.
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Los composites Mg-carbdn se prepararon mediante un método de
deposicidn-precipitaciéon. Primeramente se prepararon 400 mL de una disolucion
acuosa de nitrato de magnesio (Mg(NOs),-6H,0, Sigma Aldrich) en cantidad
suficiente para incorporar un 50% en peso de MgO en el soporte carbonoso. A
continuacion, se afiadieron 2,5 g del material grafitico, (HSAG o GO) y la suspension
resultante se mantuvo en agitacidn (700 rpm) constante. Seguidamente se ajusté el
pH a 11 afadiendo gota a gota una disolucién de NaOH (25% en peso) previamente
preparada, y se mantuvo agitando durante 1 hora. Posteriormente, el precipitado
resultante se lavo y se centrifugd varias veces para eliminar el sodio residual y se
secd a 343 K durante una noche. Una vez seco, el material se traté en un horno
tubular horizontal bajo atmdsfera de nitrégeno, con una rampa de calentamiento
de 5 K/min hasta 873 K, dando lugar al correspondiente soporte, Mg-HSAG or Mg-

GOE, respectivamente.

3.1.2.2. Incorporacion de las nanoparticulas de Cu o Pd en los soportes

La incorporacién de la fase metalica se llevd a cabo mediante el método de
impregnacion a humedad incipiente empleando disoluciones acuosas de los
precursores metdlicos en concentracion necesaria para incorporar un 5% en peso
de metal en el soporte: Mg, Mg-HSAG y Mg-GOE. Todos los precursores metalicos
fueron suministrados por Sigma Aldrich. En el caso de los catalizadores de Cu, se
emplearon dos sales precursoras diferentes: Cu(NOs),-3H,0 y CuCl,. Con respecto a
los catalizadores de Pd, se estudiaron tres precursores distintos: Pd(NOs),-2H,0,
PdCl, y Pd(NH3)4Cl>-H,0. Una vez impregnados, los materiales se secaron en estufa a
383 K durante una noche.

Previamente a su evaluacion catalitica, los catalizadores se redujeron en fase
liquida, a temperatura ambiente, empleando como reductor NaBH, (Sigma Aldrich).
Para ello, 2 gramos del catalizador impregnado se afiadieron a 500 mL de una
disolucién acuosa 0.15 M de NaBH; en agitaciéon constante durante 20 min. Por
ultimo, se filtraron y lavaron con agua destilada hasta pH neutro y finalmente se

secaron a 383 K en estufa durante una noche.
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3.2. Técnicas de caracterizacion

3.2.1. Fisisorcion de nitrogeno a 77 K

La fisisorcion de N, es la forma mas aplicada, validada y aceptada para la
determinacién de la superficie especifica. Se denomina superficie especifica al area
expuesta por un sélido por unidad de masa (m?/g). Ademas, en funcién de la
naturaleza fisico-quimica del material y del rango de tamafos de la porosidad
presente, esta técnica permite detectar los volumenes de los poros, evaluar su
morfologia, conectividad y distribucion de tamanos, dentro del rango de validez del
método (que viene dado por la existencia o no de los fendmenos fisico-quimicos en

los que se sustenta el cdlculo con este método).

Los fundamentos basicos de la técnica analitica son simples: una muestra
previamente sometida a vacio con o sin calentamiento para limpiar la superficie de
sus particulas sdlidas, es enfriada a temperatura criogénica (77 K) y posteriormente
expuesta a una rampa de presiones controladas en presencia de N,. Cada vez que se
incrementa la presidn, el nimero de moléculas de gas adsorbidas en la superficie
aumenta. La presién a la cual la adsorcidn se equilibra queda registrada y, aplicando
las leyes universales de los gases es posible determinar la cantidad de gas
adsorbido. A medida que la adsorcion avanza, el espesor de la capa adsorbida
aumenta. Los posibles microporos existentes en la superficie se llenan rapidamente
guedando entonces la superficie libre totalmente cubierta. Finalmente los poros de
mayor tamafio se llenan también. El proceso puede continuar hasta llegar al punto
de condensaciéon del gas de andlisis sobre el sélido en estudio. A partir de este
punto, comienza el proceso de desorcién en el que a medida que se reduce la
presion se produce la liberacidon de las moléculas adsorbidas. De igual manera que
en la fase de adsorcién, la cantidad de gas adsorbida en superficie es cuantificada
mediante técnicas gravimétricas o volumétricas, segun las caracteristicas del
equipo. En el caso del equipo empleado en este trabajo se emplea el método
volumétrico estatico. Al final del andlisis se han registrado dos conjuntos de datos

gue describen el fendmeno de adsorcion y el de desorciéon mediante sendas
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isotermas. El analisis de estas isotermas ofrece gran informacién sobre el area

superficial del sélido, asi como de la porosidad del mismo.

Para la determinacion del area superficial es necesario calcular la capacidad
o el volumen de la monocapa, valor que simplemente se multiplica por el area
ocupada por cada molécula adsorbida para obtener el area superficial. Una de las
técnicas mas conocidas para calcular el volumen de la monocapa es el método BET
(Brunauer-Emmett-Teller), que se aplica generalmente a la adsorcién de N, a 77 K,
tomando el valor de la molécula adsorbida como 0.162 nm”. Brunauer-Emmett-
Teller mediante la introduccién de una serie de simplificaciones, fueron capaces de
extender los mecanismos de Langmuir (aplicables fundamentalmente a fenémenos
de quimisorcion de gases) a una adsorcién de multicapa y formularon la ecuacion
BET [4]. Langmuir idealiza la superficie de un sélido al considerarlo como una serie
de centros activos dispuestos bidimensionalmente, cada uno de los cuales es capaz
de quimisorber una sola molécula. Ademas de ampliar el concepto desarrollado por
Langmuir de una sola capa a una segunda y restantes capas adsorbidas, el método
BET asume que los calores de adsorcién (fisisorcion) son similares al de

condensacién del adsorbato. La ecuacion BET se formula como se sigue:

P oL Ecuacién 3.1
n(P—P) nC moC /Po cuacion 3.

Donde n es la cantidad especifica de gas adsorbido a la presion relativa p/po y nm €s
la capacidad de la monocapa (cantidad de gas necesaria para cubrir la superficie con
una monocapa completa de moléculas). El parametro C se relaciona con la entalpia
de la primera capa adsorbida. De la representacion de p/n(po-p) frente a p/po se
determina la capacidad de la monocapa y el parametro C. Calculada la capacidad de
la monocapa se puede calcular la superficie especifica. Para aplicar el método BET
se han de asumir los siguientes postulados: i) la superficie es energéticamente
uniforme, es decir, todos los centros activos son equivalentes, ii) las capas
adsorbidas por encima de la primera capa son equivalentes, iii) el calor de adsorcion

en las capas mas externas sera igual al calor latente de condensacién.
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El método BET es incompatible con la heterogeneidad energética exhibida
en muchas de las superficies de sélidos, y ademas el rango de aplicacién de la
ecuacion BET esta restringido a una pequefia parte de la isoterma, generalmente
para p/po <0.3. Sin embargo, a pesar de sus limitaciones, este método se puede
aplicar a isotermas del tipo | (con algunas excepciones), tipo I, tipo IV y tipo VI,
suponiendo que no hay una contribucidon importante al llenado primario de los

microporos y que la estructura de la monocapa completa no varia de una a otra [5].

Para el célculo del tamafio y volumen de poro se emplea el método BJH a
partir de la curva de desorcién del N, [6]. El tamafio de los poros estd definido por
la IUPAC segun: i) microporos si las dimensiones son inferiores a 2 nm; ii)
mesoporos si las dimensiones estan entre 2 y 50 nm; vy iii) macroporos si las

dimensiones son superiores a 50 nm [7].

El equipo usado para la obtencién de isotermas de adsorcion de N, fue un
Micromeritics ASAP 2020. Previamente a las medidas de adsorciéon de N, las

muestras fueron desgasificadas a 423 K.

3.2.2. Difraccion de rayos X (XRD)

La difraccion de rayos X es una de las técnicas fundamentales en el estudio
de estructuras cristalinas. Las aplicaciones mas importantes de esta técnica son la
identificacion de fases cristalinas (empleando la ley de Bragg) y la estimacién del

tamanio de cristalito (mediante la férmula de Scherrer).

Los rayos X son una radiacion electromagnética de longitud de onda corta
producida por el frenado de electrones de elevada energia o por transiciones
electronicas de electrones que se encuentran en los orbitales internos de los
atomos. El intervalo de longitudes de onda de los rayos X comprende desde
aproximadamente 0.01 nm hasta 10 nm. Sin embargo, con fines analiticos suele
aprovecharse la region del espectro comprendida entre aproximadamente 0.01 nm

y2.5nm.
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La interaccidn entre el vector eléctrico de la radiacion X y los electrones de la
materia que atraviesa da lugar a una dispersion. Cuando los rayos X son dispersados
por el entorno ordenado de un cristal, tienen lugar interferencias (tanto
constructivas como destructivas) entre los rayos dispersados, ya que las distancias
entre los centros de dispersion son del mismo orden de magnitud que la longitud de

onda de la radiacion. El resultado es la difraccion.

En este trabajo el equipo empleado fue un difractdmetro de rayos X
Polycristal X’Pert Pro PANalytical, equipado con un monocromador de grafito y
usando la radiacién Cu Ka (A= 1.5406 A). Para llevar a cabo el experimento, se sitta
una pequefa cantidad de muestra en un portamuestras, que se coloca en el equipo.
El voltaje del tubo y la corriente se ajustaron a 45 kV y 40 mA, respectivamente. Se
trabajo en un intervalo de 26 entre 4° y 90° y con una velocidad de barrido de 0.04°

por segundo.

3.2.2.1. lIdentificacion de fases cristalinas. Ley de Bragg

Cuando un haz de rayos X choca contra la superficie de un cristal formando
un angulo 8, una porcion del haz es dispersada por la capa de atomos de la
superficie. La porcién no dispersada del haz penetra en la segunda capa de dtomos
donde, de nuevo, una fraccion es dispersada y la que queda pasa a la tercera capa

(Figura 3).

Figura 3. Difraccion de rayos X producida por un cristal [8]
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El efecto acumulativo de esta dispersiéon producida por los centros
regularmente espaciados del cristal es la difraccion del haz. Para que se produzca la
difraccién de los rayos X son necesarios dos requisitos: que el espaciado entre las
capas de atomos sea aproximadamente el mismo que la longitud de onda de la
radiacion y que los centros de dispersion estén distribuidos en el espacio de una
manera muy regular. En la Figura 3 se representa un haz estrecho de radiacion que
choca contra la superficie de un cristal formando un angulo 6. La dispersidn tiene
lugar como consecuencia de la interaccion de la radiacién con los atomos
localizados en O, Py R. Si la distancia AP + PC = n-A, donde n es un nimero entero, la
radiacion dispersada estara en fase en OCD vy el cristal parecera reflejar la radiacién
X. Pero AP = PC = d-senf, donde d es la distancia interplanar del cristal, con lo que se
tiene que las condiciones para que tenga lugar una interferencia constructiva del
haz que forma un angulo 6 con la superficie del cristal, son: nA = 2dsen6, donde n es
un numero entero, A es la longitud de onda de los rayos X, d es la distancia entre los
planos de la red cristalina y © es el angulo entre los rayos incidentes y los planos de
dispersién. Esta expresion se conoce como ley de Brag. De ella se extrae que los
rayos X son reflejados por el cristal solo si el dngulo de incidencia satisface la

condicion:
sen® = nA/2d Ecuacion 3.2

La representacion de la intensidad de la radiacion tras interaccionar con la
muestra en funcién del angulo de incidencia (26), se denomina difractograma y es
caracteristico de cada material cristalino. La identificacion de fases cristalinas se
realiza por comparacion con la base de datos de difraccidon de rayos-X del JCPDS

(Joint Committe on Powder Difraction Standars 1971).

En el caso de los materiales de carbdn el analisis mediante difraccion de
rayos X permite diferenciar las estructuras del carbono y determinar el grado en
que el material estudiado se aproxima a la estructura grafitica. Asi, el grafito
presenta un pico de difraccién a 25-26° (28), correspondiente a la familia de planos
(002) que se desplaza hacia dngulos mds bajos y se ensancha al aumentar el grado

de desorden.
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3.2.2.2. Estimacion del tamafio de cristalito. Formula de Scherrer

Si la difraccién fuese ideal, los picos de los difractogramas serian muy
estrechos, practicamente lineas. Sin embargo, con tamafios de cristalito por debajo
de ~100 nm, ocurre un ensanchamiento de los picos debido a interferencias
destructivas incompletas en las direcciones de dispersién donde los rayos X estan
fuera de fase. La férmula de Scherrer relaciona el tamano del cristalito con el

ensanchamiento del pico:

KA

dprxy = m Ecuacion 3.3

Siendo dgry el tamafio de cristalito promediado en volumen y medido en la direccion
perpendicular al plano que origina el pico de difraccidn, K es una constante de
proporcionalidad que depende de la forma de la particula y de la distribucion del
tamanfio de particula [9] (se suele asignar el valor de 0.9 a cristales esféricos) y B es
la anchura del pico de difraccion corregida por los efectos de ensanchamiento
producidos por el equipo instrumental, en radianes, medida a la mitad de la altura
del maximo de intensidad (FWHM, del inglés, full width at half maximum). Se
corrige mediante la ecuacién f =B — b, donde B es la anchura del pico de
difraccion de la muestra y b es el ensanchamiento instrumental correspondiente a
la sustancia estandar. Este ultimo depende Unicamente del aparato de medida y no
esta relacionado con la cristalinidad de la muestra. Para determinarlo, se suele
seleccionar una sustancia estandar de cristalitos mayores de 100 nm, puesto que la
influencia de tamafios mayores sobre el ancho del pico de difraccién es
despreciable. En nuestro caso, se empled como sustancia estandar silicio

policristalino.

La aplicabilidad de esta técnica en catalizadores metalicos soportados esta
condicionada por su limite de deteccidn, ya que dependiendo de la masa atomica
de los elementos se requiere como minimo un porcentaje en peso que suele oscilar
entre el 1 y el 5%. Ademas, no es aplicable para cristalitos mayores de 100 nm ni

menores de 4 nm.
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Por otro lado, a determinacién del tamafio del cristalito a partir del
ensanchamiento de los diferentes picos del difractograma correspondientes a los
diferentes planos de difraccidn, proporciona una idea del grado de anisotropia de la

muestra.

3.2.3. Espectroscopia Raman

La técnica se basa en la dispersidn inelastica que tiene lugar cuando una
muestra se ilumina por un rayo laser. Como resultado de la accién de los fotones
incidentes, que tienen una energia mas alta que la del estado vibrante de la
estructura, el material irradiado obtiene temporalmente un nivel inestable y
después vuelve a uno de los estados permitidos, emitiendo un foton de energia mas
alta que los fotones iniciales. Esta diferencia de energia es caracteristica para cada

material [10].

Para los materiales de carbén, la espectroscopia Raman se emplea como
técnica complementaria a la difraccion de rayos X. Mientras que la difraccion de
rayos X ofrece informacidn sobre el caracter grafitico del material, con Ia
espectroscopia Raman es posible obtener ademas informacion sobre el grado de
orientacién. En general, los espectros Raman de los materiales de carbdn se
caracterizan por cinco picos de los que los correspondientes a la banda G (1575 cm’
) y la D (1355 cm™) son los més significativos y estan asociados al orden grafitico y
los defectos estructurales, respectivamente. Como medida del grado de
ordenamiento se suele emplear la relacion Ip/(lp+lg) siendo menor a mayor grado de

ordenamiento. Su valor para materiales desordenados se encuentra entre 0.6-0.8.

Las medidas se realizaron en un espectrémetro microscopio Raman confocal
Renishaw RM 2000 con laser emitiendo a 514 nm. Las muestras se depositaron
sobre una lamina de metacrilato. La deconvolucion de los espectros se llevd a cabo

empleando una funcidn lorentziana.
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3.2.4. Andlisis termogravimétrico (TGA)

El analisis termogravimétrico se basa en la medida de la variacién del peso
de una muestra cuando se somete a un programa de calentamiento en una
atmdsfera controlada, dando informacion sobre los cambios en la composicidn de la
muestra sélida y las caracteristicas de estabilidad térmica. Este tipo de analisis
ofrece una idea acerca de los grupos funcionales presentes en una muestra cuando
el calentamiento se produce bajo una atmdsfera de gas inerte, ya que los grupos

superficiales son desorbidos a medida que progresa el calentamiento.

Cuando el calentamiento se produce bajo una atmodsfera de aire u oxigeno,
las muestras carbonosas se queman, quedando un residuo final que se
corresponderia con el 0xido del posible metal presente en el material carbonoso en
su estado de oxidacién mas estable en las condiciones de dicha calcinacién. Es decir,
con esta técnica es posible determinar el contenido metalico en el caso de

catalizadores carbonosos.

El aparato utilizado para la realizacién de estos experimentos fue un equipo
termogravimétrico de 5200 TA Instruments, modelo SDT Q600 TA System. Para los
analisis, una cantidad determinada de muestra se sometié a un programa lineal de
calentamiento hasta una temperatura de 1273 K en atmoésfera de helio o aire,
segun lo que se pretendia estudiar. El caudal de gas utilizado en todos los casos fue

de 100 mL/min con una rampa de calentamiento de 10 K/min.

Por otro lado, la curva de la derivada de la pérdida de peso se puede utilizar
para detectar la temperatura en la que los cambios de peso son maximos. El
instrumento utilizado también registra la diferencia de temperatura entre la
muestra y una cestilla de referencia que nos permite determinar el analisis térmico
diferencial (DTA). En el modo de DTA, el flujo de calor de la muestra se compara con
el material de referencia que permanece sin modificarse. El diferencial de
temperatura entre la muestra y la referencia se representa frente la temperatura
del horno (curva DTA), permitiéndo asi detectar si el proceso que tiene lugar es

exotérmico o endotérmico.
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3.2.5. Microscopia electronica de transmision (TEM), microscopia
electrénica de transmision de barrido (STEM) y espectroscopia
de energia dispersiva de rayos X (EDX)

La microscopia electronica de transmision es una técnica ampliamente usada
para la caracterizacién estructural y quimica de los materiales, ya que se produce
informacién directa sobre la morfologia, distribucion de tamanos de particula,
composicion quimica e identificacion de fases cristalinas aplicable a un gran rango
de materiales [11]. El fundamento de la técnica, basicamente, consiste en la
obtencién de un haz de electrones acelerados que, mediante un conjunto de lentes
electromagnéticas, se enfoca en la muestra problema produciendo una interaccion
entre los electrones y la muestra. En funcién de cémo se modula el haz podemos
obtener la microscopia electrénica de transmision (Transmission Electron
Microscopy, TEM) cuando se proyecta un haz paralelo a la muestra, o la microscopia
electrénica de transmision de barrido (Scanning Transmission Electron Microscopy,
STEM) cuando el haz se converge en un punto del orden de 1nm y con este haz se
produce un barrido de la muestra. Para la microscopia TEM los electrones que se
usan para generar la imagen son los electrones transmitidos que no sufren
interaccidon con la materia, mientras que para la microscopia STEM los electrones
gue se usan para generar la imagen son aquellos que se dispersan como
consecuencia del choque de los primeros con los atomos. A mayor numero atémico
de los elementos que componen la muestra mayor sera la cantidad de electrones
gue son dispersados. También existe una relacion directa entre angulo de medida y
numero atémico, es decir, a mayor numero atémico mayor es la cantidad de
electrones dispersados a altos angulos lo que genera un mayor contraste en la

fotografia final.

Ademas, el microscopio puede estar dotado de un espectrometro de
energias dispersivas de rayos X (Electron-Dispersive X-ray, EDX) cuyo fundamento
esta basado en la interaccion de los electrones con la materia, es decir, como
consecuencia de la interaccidn existe una excitacion de un electron a estados
energéticos superiores que al relajarse producen rayos X caracteristicos de cada

elemento, los cuales son recogidos y analizados por el sistema EDX. Esto permite
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conocer la composicién elemental del area estudiada e incluso se puede hacer
mapas de composicion “mapping” cuando se acopla el modo de andlisis de barrido

STEM con el EDX.

Para llevar a cabo el analisis de catalizadores, que previamente deben ser
reducidos, el procedimiento experimental consta de una primera etapa de
molturacién para dejar la muestra en un fino polvo que después es suspendido en
un disolvente volatil (etanol). Se afiaden un par de gotas a la rejilla de microscopia
(Lacey carbon, 200 mesh, Aname) y esta se coloca en el brazo portamuestras para
luego proceder a introducirla en el microscopio para su desgasificacidn y posterior
analisis. El microscopio empleado en estos estudios fue un JEOL 2100F electron-gun
microscope con un sistema EDX INCAX-Sight de Oxford Instruments que opera a 200
kV con una resolucién maxima de 0.17 nm y con un tamafio minimo de

convergencia del haz de 0.2 nm para el modo STEM.

3.2.6. Microscopia electronica de barrido (SEM)

La microscopia electrdnica de barrido es muy util para estudiar la morfologia
de los cristalitos. En este microscopio se hace incidir un delgado haz de electrones
acelerados, con energias desde unos cientos de eV hasta unas decenas de KeV,
sobre una muestra gruesa, opaca a los electrones. Este haz se focaliza sobre la
superficie de la muestra de forma que realiza un barrido de la misma siguiendo una
trayectoria de lineas paralelas. De todas las formas de radiacion resultantes de la
interaccion del haz incidente y la muestra, hay dos realmente fundamentales en
el  microscopio de barrido: loselectrones secundariosy los electrones
retrodispersados. Los primeros son electrones de baja energia (decenas de eV) que
resultan de la emisidn por parte de los 4tomos constituyentes de la muestra (los
mas cercanos a la superficie) debido a la colision con el haz incidente. Los
electrones retrodispersados, sin embargo, son electrones del haz incidente que han
interacccionado (colisionado) con los atomos de la muestra y han sido reflejados. La

intensidad de ambas emisiones varia en funcidon del angulo que forma el haz
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incidente con la superficie del material, es decir depende de la topografia de la

muestra.

En este trabajo se ha empleado un microscopio electrénico JEOL JSM 7600F.
Previamente a la realizacién del analisis morfolégico, las muestras se metalizaron
con un recubrimiento de oro de unos 5 nm de grosor para asegurar la conductividad

de los electrones.

3.2.7. Espectroscopia fotoelectronica de rayos X (XPS)

La técnica de XPS para el analisis quimico fue introducida por primera vez
por el fisico sueco Kai Siegbahn, que recibio el Premio Nobel en 1981 por su trabajo
[12]. Sieghban llamod a esta técnica ESCA (Electron Spectroscopy for Chemical
Analysis). Esta técnica, que tiene su fundamento en el efecto fotoeléctrico explicado
por Albert Einstein, es de gran utilidad para la determinacidon de la composicién
atdmica superficial de materiales. Ademas de dar informacion acerca de la
composicion atémica de la muestra, con esta técnica también es posible conocer el

grado de oxidacion de los compuestos examinados.

En la Figura 4 se puede ver una representacion esquematica del proceso que
ocurre durante la irradiaciéon de rayos X sobre una muestra, donde E,, E', y E"}
representan las energias de los electrones de las capas internas Ky L de un dtomo.
Las tres lineas superiores representan algunos de los niveles energéticos de los

electrones de las capas mds externas o de valencia.

El fundamento fisico en el que se basa esta técnica consiste en que cuando
se irradia un haz de rayos X monocromaticos de energia hv sobre una muestra, se
produce la emision de electrones con una energia cinética determinada, Ey, la cual
puede relacionarse con la energia de enlace del electrén a través de la siguiente
ecuacion (efecto fotoeléctrico):

En=hu-Ei-¢@ Ecuacion 3.4

donde ¢ es la funcidn trabajo del espectrémetro.
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espectroscopia fotoelectrdnica de rayos X.

Cada elemento da lugar a un Unico espectro, de modo que los picos
espectrales de una mezcla corresponden aproximadamente a la suma de los picos
individuales de cada uno de los componentes. Cada pico se asocia a un tipo de
atomo presente en la muestra analizada y, normalmente, se refiere al atomo y nivel
energético de procedencia, indicando el simbolo y tipo de nivel. Aunque la radiacion
penetra en la materia del orden de orden de 1-10 um, el recorrido libre medio de
los fotoelectrones antes de sufrir alguna colision ineldstica con los atomos del sélido
es de entre 0.4 y 4 nm, lo que provoca una pérdida de energia suficiente para que
no puedan abandonar la superficie de la muestra de los electrones generados. Por
tanto, el espectro viene dado por los electrones procedentes de las capas atdomicas
mas superficiales del sélido. Por otra parte, cuando se analizan muestras aislantes,
la muestra se va cargando positivamente como consecuencia de la emision de
fotoelectrones. El resultado es que los electrones se ven atraidos por el potencial
positivo de la muestra y los picos se desplazan hacia una energia de enlace mayor y

su energia cinética se reduce a la siguiente expresion:

Ex=hv—E,—@—-C Ecuacion 3.5

Donde C es el potencial de carga debido a este efecto.
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El equipo utilizado para el analisis de las muestras ha sido un espectrometro
Escaprobe P de Omicrom equipado con un analizador de electrones semiesféricos
EA-125, con 7 canales (energia de paso de 2-200 eV) y una fuente de radiacién de
rayos X con anodos de Mg Ka (1253,6 eV) y Al Ka (1486,6 eV). El equipo posee una

camara de pretratamiento a atmdsfera y temperatura controladas.

Para realizar el analisis de los catalizadores se prepararon previamente
pastillas para proporcionar una superficie plana y homogénea y asi evitar el arrastre
del material en la etapa de desgasificacion. El portamuestras se introduce en la
camara de prepratamiento, donde la muestra se desgasifica hasta alcanzar un vacio
proximo a 107 mbar, y se transfiere a la cdmara de andlisis en donde la presion
residual se mantiene por debajo de 10" mbar. Los andlisis de los catalizadores
fueron realizados con radiacién procedente de una fuente con anodo de Mg. Para el
registro de los espectros se utilizéd una energia de paso de 50 eV, y se acumularon
espectros hasta conseguir una buena relacion sefial/ruido, dependiendo de las
intensidades de los picos. El equipo esta dotado con una toma de tierra que libera la
acumulacién de cargas positivas durante la adquisicién de los espectros de las
muestras conductoras. Para muestras aislantes el equipo cuenta con un caidén de

electrones que hace de neutralizador.

Usando esta técnica es posible realizar un analisis semicuantitativo de la
superficie de un sélido a partir de las areas de los picos resultantes, e identificar los
estados quimicos a partir de las posiciones exactas, separaciones y perfiles de las
caracteristicas espectrales. Para ello, se integraron las dreas de los picos
fotoelectronicos después de suavizar el espectro cuando fue necesario, sustraer la
linea base (sustraccién de tipo Shirley no lineal), y de ajustarlos con una mezcla de
funciones Gaussianas-Lorentzianas. Como patron de referencia de los
desplazamientos de los picos por el efecto de cargas se usd el pico correspondiente
a Cls (E, = 284.6 eV). El programa empleado para realizar los andlisis fue el CASA

XPS.



Metodologia experimental | 87

3.2.8. Calorimetria de quimisorcion de CO,

En un sentido general, la calorimetria consiste en la medida directa del calor
puesto en juego durante un proceso. Su aplicacion es universal dado que son raros
los sistemas cuya alteracion transcurre sin modificacién de su estado energético. En
la técnica de microcalorimetria de adsorcion, mas concretamente, la muestra se
mantiene a temperatura constante mientras una molécula sonda se adsorbe sobre
la superficie, y un detector de flujo térmico emite una sefial proporcional a la
cantidad de calor transferida por unidad de tiempo. La microcalorimetria de
adsorcion es una herramienta potente para caracterizar energéticamente las
superficies sélidas, asi como para la descripcién termodindmica de fendmenos de
interaccidon gas-sélido. La microcalorimetria de adsorcién de CO, se aplica en esta
Tesis para obtener informacion sobre la densidad de centros basicos superficiales y

su distribucion de fuerzas.

El experimento consiste en enviar sucesivas dosis del adsorbato sobre la
muestra inicialmente desgasificada y esperar hasta que se alcance el equilibrio
térmico tras cada incremento. La seiial de flujo de calor y el cambio de presidn
concomitante se registran de forma continua. Es preciso minimizar el volumen de
cada dosis con el objetivo de poder observar cualquier cambio que se produzca en
funcién del recubrimiento. La adsorcién se considera completa cuando, para
incremento significativo de la presion, se detecta flujo de calor que cae en valores

de fisisorcion (< 40 KJ/mol) del gas.

Los experimentos de calorimetria en esta Tesis Doctoral se llevaron a cabo
en un Microcalorimetro Tian-Calvet (C80 II-Setaram) asociado a una linea
volumétrica de adsorcion de gases. Previamente, la muestra (200 mg) se desgasificd
durante la noche a 623 K en vacio en un bulbo de adsorcién. A continuacion, se dejo
enfriar hasta temperatura ambiente y se introdujo en la célula calorimétrica,
dejandola en alto vacio durante dos horas para permitir que se estabilice la sefal
calorimétrica. Seguidamente se llevé a cabo la quimisorciéon de CO,. Para ello se
mandaron sucesivos pulsos del gas al bulbo de adsorcién situado en la celda

calorimétrica, hasta una presién final de equilibrio maxima de 7 Torr, a una
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temperatura constante de 323 K. Para un pulso dado, la adsorcién se considerd
completa cuando en el flujo térmico (medido en el calorimetro) y en la presion
(medida mediante un manémetro Baratron MKS (B)) no hubo cambio detectable

durante varios minutos.

Estos experimentos permiten hallar la correspondiente isoterma de
adsorcidn en la que se representa la cantidad adsorbida por gramo de catalizador
(Nags, en umol/g) frente a la presién de equilibrio del gas (P.) en cada pulso.
Asimismo, se pueden representar las correspondientes microcalorimetrias de
adsorcidén, en las que se representa el calor diferencial de adsorcién por mol de gas
adsorbido (Qgi, en kJ/mol) frente a N,g. Para la comparacién de los distintos
catalizadores se calcula el cubrimiento, que se define como la fraccion de la
monocapa de gas quimisorbido. Entonces se representa el calor de adsorcion frente
a la fraccion de cubrimiento conseguida en cada dosis o punto. Con el analisis de
este perfil calorimétrico, caracteristico de cada catalizador, se obtiene informacién
acerca del tipo y numero de centros basicos, asi como la distribucién energética de

éstos (fortaleza de los centros basicos).

3.2.9. Espectroscopia infrarroja de reflectancia difusa por
transformada de Fourier (DRIFTS)

La espectroscopia vibracional fue wuna de las primeras técnicas
espectroscopicas que encontré un uso extendido, en particular la espectroscopia de
absorcién infrarroja (IR) que recibe su nombre de la region del espectro
electromagnético implicada. Con fines analiticos suele emplearse la zona del
infrarrojo medio, con longitudes de onda comprendidas entre aproximadamente
2.5 y 15 um. Como en otros procesos de absorcién de radiacion electromagnética,
la interaccion de la radiacion infrarroja con la materia provoca en ésta alguna
alteracion. En el caso que nos ocupa, esta alteracién guarda relacidon con cambios
en el estado vibracional de las moléculas. El espectro vibracional de una molécula se
considera una propiedad fisica Unica y por tanto caracteristica de ésta molécula. Asi,

entre otras aplicaciones, el espectro IR se puede usar como “huella dactilar” en la
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identificacion de muestras desconocidas mediante la comparacién con espectros de

referencia.

La espectroscopia IR denominada “de reflexion difusa por transformada de
Fourier” o DRIFTS, derivado de sus siglas en inglés, se basa en la medida de la
radiacion difusa dispersada por una muestra cuando sobre ella incide la radiacion
electromagnética y se emplea fundamentalmente para determinaciones

cualitativas.

Como en los andlisis de transmisidn, generalmente antes de la medida las
muestras deben ser molidas y mezcladas con sales cristalinas invisibles a la
radiacion IR, como el bromuro potasico. No obstante, en la reflexion difusa o DRIFT
no son necesarios los procesos de pretratamiento de muestra de prensado para
obtener pastillas, ahorrando con ello gran cantidad de tiempo. La profundidad de la
muestra en el portamuestras debe ser mayor que la profundidad de penetraciéon del
haz de radiacién IR en la muestra; en caso contrario, la radiacidon no sera reflejada
desde la superficie. La calidad de los espectros DRIFTS depende fuertemente del

tamafio de las particulas, de la concentracion y de las caracteristicas de la muestra.

Los analisis DRIFTS del presente trabajo se llevaron a cabo en un
espectrofotémetro infrarrojo Varian 670 equipado con un detector MCT (Telururo
de Mercurio y Cadmio) refrigerado con nitrégeno liquido. Los espectros se
registraron en un intervalo de ndmero de onda de 2000 y 4000 cm™ vy se llevaron a
cabo 200 barridos para cada analisis con una resolucién de 4 cm™. Los espectros se
registraron a una temperatura controlada de 423 K y en atmdsfera de Ar, y se

representaron en modo absorbancia.

3.2.10. Reaccion de reduccion de 4-nitrofenol a 4-aminofenol

La reduccién de 4-nitrofenol (4-NP) a 4-aminofenol (4-AP) es una de las
reacciones mas frecuentemente usadas para la evaluacidn de la actividad catalitica
de nanoparticulas metalicas en fase acuosa, puesto que es considerada una

reaccion catalitica modelo [13]. El mecanismo de este tipo de reacciones esta bien
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establecido, no se producen reacciones secundarias y el progreso de la reaccién se
sigue facilmente mediante espectroscopia ultravioleta-visible (UV-Vis). La reaccion
de reduccion de 4-NP a 4-AP se estudia en medio acuoso en presencia de un agente

reductor como borohidruro de sodio (NaBH,).

En la presente Tesis Doctoral se estudid esta reaccidn como caracterizacion
complementaria de algunos de los catalizadores disefiados y sintetizados. En
concreto, se evaluaron las propiedades cataliticas de nanoparticulas de Cu y Pd
soportados sobre materiales grafiticos: 6xidos de grafeno reducidos y la muestra

comercial HSAG.

La reduccidn catalitica de 4-NP a 4-AP se estudié a temperatura ambiente,
empleando una disolucién de concentracién 0.05 mM de 4-nitrofenol y 50 mM de
NaBH; (Sigma Aldrich). Tras afadir una cantidad determinada de catalizador
activado, la disoluciéon se mantuvo en agitacién y la degradacion de 4-NP se
monitorizo a intervalos de tiempo definidos mediante un espectrofotémetro UV-Vis
Agilent 8453 en el rango A=250-550 nm. El consumo de 4-NP se analizé mediante la
disminucion de la senal de absorbancia a A=400 nm correspondiente al i6n
nitrofenolato en medio bdsico y la aparicion de una nueva banda a A=300
correspondiente al idn aminofenolato. En la Figura 5 se representa la reaccién de

reducciéon de 4-NP con NaBH, en disolucidn.

NO; NH,

4 _ catalyst -
* 3BHy ———4 + 3BO; + 2H,0

OH OH

Figura 5. Reduccion de 4-NP a 4-AP en presencia de un catalizador.

Los catalizadores fueron previamente activados en fase liquida, a
temperatura ambiente, empleando también NaBH; como agente reductor para la
formacién de las nanoparticulas metalicas. Para ello, 100 mg del catalizador
preparado por impregnacién, se redujeron empleando 100 mL de una disolucién 50

mM de NaBH,4 en agitacion constante durante 15 min. Por ultimo, el catalizador se
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filtré, se lavd con agua destilada y finalmente se secé a 323 K en estufa a vacio

durante una noche.

Para evaluar la reciclabilidad de los catalizadores se repitieron hasta 10
ciclos cataliticos consecutivos. Tras cada test, la mezcla de reaccidn se filtra y el
catalizador recuperado se reutiliza, sin ningun tratamiento posterior, en un nuevo
ciclo. El procedimiento se repitié hasta 10 veces consecutivas y al final, el
catalizador se lavé con agua desionizada y se secd para su posterior caracterizacion.
Ademas, para aquellos catalizadores que mostraron una alta estabilidad incluso
después de 10 ciclos de reaccién, se comprobd si el catalizador era estable también
después de estar almacenado durante 1, 2 y 3 meses, respectivamente, a

temperatura ambiente.

3.3. Estudio de la actividad y selectividad catalitica

En la presente Tesis Doctoral se han estudiado dos reacciones de
valorizacién de bioetanol; la deshidrogenacién y la condensacién, para lo cual se
han empleado un reactor de lecho fijo con paso de gas en continuo y un reactor tipo

tanque agitado para reacciones en medio liquido, respectivamente.

3.3.1. Deshidrogenacion catalitica de bioetanol

El reactor de lecho fijo consiste en un tubo en cuyo interior se ha
empagquetado el catalizador (lecho) a través del cual circulan los reactivos. Opera
segun la hipdtesis de fujo de pistdn, que asume que en cada posicion longitudinal
del reactor las propiedades no dependen de la posicion radial (perfil plano de
velocidad) y que todos los elementos del fluido avanzan por el reactor con

velocidad uniforme.
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3.3.1.1. Descripcion del sistema experimental

Las reacciones de deshidrogenacion de etanol en fase gas se llevaron a cabo
en un equipo automatizado Microactivity de PID Eng&Tech. El equipo permite la
regulacién y el control de todos los parametros de reaccion: caudal de gases,
temperatura y presidon. En la Figura 6 se muestra un esquema del sistema
experimental de reaccion. El reactor consiste en un tubo de vidrio pyrex de 50 cm
de longitud y 9 mm de didmetro interno. Este se situa en el interior de un horno
eléctrico cilindrico vertical de 40 mm de diametro interno cuya temperatura se
controla mediante un termopar de tipo K, ubicado en el centro del lecho catalitico.
El conjunto se sitla en una caja caliente que permite mantener la temperatura del
sistema, con el objetivo de evitar una posible condensacion de vapores. Del mismo
modo, todas las lineas a la salida del reactor estan calefactadas a 140 °C. La
alimentacion de gases se da por la parte superior del reactor en flujo descendente,
atravesando el lecho catalitico y se descarga por la parte inferior del mismo. En la
entrada del reactor hay una valvula de seis vias que regula el paso de gas, bien por
el reactor (reactivos sin reaccionar y productos), bien sin pasar por el reactor (modo
by-pass). Los caudales de los gases son regulados mediante controladores de flujo
masico (MFC Bronkhorst High-tech B.V.) capaces de medir hasta 100 mL/min de gas.
La presiéon del sistema se mide a partir de un mandémetro (Bronkhorst High-tech
B.V.) que mide diferenciales de presion a partir de 100 mbar. El gas de salida se

dirige mediante una tuberia de acero inoxidable al cromatégrafo de gases.

Los catalizadores empleados en los experimentos cataliticos se pastillaron y
se tamizaron con un tamafio de grano de 0.5-0.8 mm. Para mejorar la conductividad
en el seno del lecho catalitico e incrementar la homogeneidad longitudinal y radial
de temperaturas, las particulas de catalizador se diluyeron en bolitas de vidrio hasta
alcanzar una longitud de lecho catalitico de 45 mm. El catalizador y diluyente han de
estar bien mezclados, y el lecho se compacta y sostiene en el centro del reactor

mediante sendos tapones de lana de vidrio situados en los extremos.
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Figura 6. Sistema experimental para el estudio de la reaccién de deshidrogenacion
de etanol en fase gas.

El etanol (99.5%, Panreac) es inyectado al equipo mediante un sistema de
inyeccion automadtica (Kd Scientific,c model 100), empleando una microjeringa de
2500 pL de capacidad, con una velocidad de flujo de 7.5 pL/min. Previamente a su
entrada en el reactor, el etanol es evaporado a su paso por un tubo de acero
inoxidable mantenido a 140 °C, y es arrastrado mediante un caudal de helio de 20
mL/min. El flujo resultante, con un 15.7 vol.% de etanol, es alimentado al reactor.

Los ensayos se llevaron a cabo a presion atmosférica.

3.3.1.2. Otras consideraciones experimentales
3.3.1.2.1. Criterios para asumir flujo de piston

En un reactor de lecho fijo, donde se asume flujo de pistdén, los flujos locales
alrededor de los granos de catalizador y junto a las paredes del reactor pueden
causar una desviacion del flujo pistén ideal. Existen dos criterios para asumir el

comportamiento de flujo de pistdn definidos por Mears [14]. Uno de los criterios
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para asumir un perfil plano de velocidad radial, y poder despreciar el efecto de la

dispersion axial, viene dado por:

T

—> 10 Ecuacion 3.6

Donde:
d;: es el diametro interno del reactor (9 mm)

dp: es el diametro de la particula de catalizador (0.5-0.8 mm )

Se comprobd que en las condiciones experimentales empleadas en este
trabajo: 11.2 < d;/d, < 18, por lo que se puede asumir un perfil plano de velocidad

radial.

Por otro lado, cerca de la pared del reactor, el grado de compactacion del
lecho es menor que en el interior debido a la presencia de la superficie plana de la
pared. Una mayor fraccién de huecos implica una menor resistencia al flujo y por
tanto es de esperar mayores velocidades locales. Aunque el efecto de la dispersion
axial depende de la conversidn, de manera simplificada, para poder despreciarlo se

debe satisfacer también la siguiente expresién [15]:

L
€5 50 Ecuacion 3.7
dyp

Donde L. es la longitud del lecho de catalizador.

En las condiciones experimentales empleadas en este trabajo se comprueba

que 56.2 <L/d, <90.

Puesto que es muy complicado obtener una mezcla completamente
homogénea entre el catalizador y el diluyente, es preferible evitar obtener datos
cinéticos a elevadas conversiones, ya que los efectos debidos a la dispersion axial en
dichas condiciones son mas evidentes [16]. Por ello, cuando se quieren obtener
parametros correspondientes a la cinética de la reaccion es preferible trabajar en

condiciones diferenciales (conversiones préoximas al 10%) [17].
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3.3.1.2.2. Estudio de los fendmenos de transferencia de materia

e Difusion externa. Se comprobd que variando simultaneamente el caudal de

etanol y la cantidad de catalizador, manteniendo el tiempo espacial W/Fxo
constante [donde W es la masa de catalizador y Fao representa el caudal
molar de reactivo que se alimenta al reactor (Fao = 7.70 10° moI.h'l)], la
conversion permanecia constante, y por tanto, las limitaciones debidas a la
difusidn externa son despreciables y el sistema opera en régimen cinético.

e Difusion interna. De igual forma y en las condiciones de reaccidon

mencionadas anteriormente se comprobd que con un tamafio de particula
comprendido entre 0.5-0.8 mm, variando la cantidad de catalizador la
conversion es proporcional a la cantidad de catalizador, por lo que se puede

decir que la cinética del proceso esta controlada por la reaccion catalitica.

3.3.1.3. Anadlisis de los productos de reaccion

El gas que sale del reactor (ver Fig. 6) se analiza periédicamente mediante un
cromatégrafo de gases modelo Varian CP-3800 con una columna empaquetada
Porapak Q 80/100 (4 m x 1/8”) y empleando He como gas portador. El
cromatdgrafo esta equipado con un detector de conductividad térmica (TCD) y un
detector por ionizacion de llama (FID) situados en linea. Las sefiales de los
respectivos detectores se recogen en un sistema informatico. No obstante, para la
determinacion de los productos de reaccion sélo fue necesario el FID. Para el
correcto andlisis, separacion e identificacion de los diferentes productos la columna

se mantuvo a 200 °C.

Los tiempos de retencién tanto del etanol como de los posibles productos se
determinaron usando mezclas patrones y los factores de respuesta (FR) se
obtuvieron de bibliografia [18], mientras que en otros casos se determinaron
experimentalmente. Los factores de respuesta son, dentro de amplios limites,
independientes de la composiciéon de la muestra, condiciones de analisis, tipo de
columna, y caracteristicas del cromatdgrafo, siempre que el detector sea de

ionizacion de llama. En este trabajo, se determinaron los FR de los compuestos que
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no estaban tabulados a partir de los factores de respuesta relativos al etanol (FRR)

[19] mediante la preparacion de mezclas patrones de concentraciones conocidas.

Normalizando las areas a partir de sus factores de respuesta, se obtiene la
composicidon en peso de la muestra, la cual se transforma en composicién molar

dividiendo por el peso molecular de cada compuesto.

3.3.1.4. Expresion de resultados

Conocida la composicion molar del producto, los resultados de un

experimento se expresan utilizando las siguientes definiciones:

e Primeramente, la conversion (Xgon) de etanol se calcula a partir de la

expresion:

z;nymol; .
100 Ecuacion 3.8

X [ = .
reon (%) 2molg. oy + Zinymol;

Donde n; es el nUmero de atomos de carbono del producto i, mol; son los
moles de producto i y mol’ron se refiere a los de etanol no reaccionados
identificados a la salida del reactor.

e La actividad especifica (A), definida como los moles de etanol tranformados

por unidad de masa de catalizador y por unidad de tiempo se calculé como:

X % mol
2 (umol) _ %&0) " Qgeon (HS )
g-s Mear(9)

Ecuacion 3.9

Donde Qgion representa el caudal molar de etanol alimentado al reactor y
Meq: €S la masa de catalizador.
e La selectividad (S) a cada producto se determind a partir de la siguiente

formula:

S (%) = n;mol; B
i (%) = —- 100 Ecuaciéon 3.10
Zinimoli
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e El balance de materia (balance carbono, C) se plantea segun la expresion
general: [moles alimentados] = [moles transformados] + [moles no

reaccionados]. Se ha calculado a partir de la expresién:

X;nymol; + 2molgon

C (%) = 100 Ecuacion 3.11

2molgion

Donde molg:on son los moles de etanol alimentados

3.3.2. Condensacion catalitica de bioetanol

La reaccion de condensacion de etanol se estudid en un reactor discontinuo

tipo tanque agitado o reactor Batch.

3.3.2.1. Descripcion del sistema experimental

El equipo de reaccion esta basado en un equipo autoclave Parr 5500 cuyo
esquema queda representado en la Figura 7. Tiene 300 mL de capacidad y es de

acero inoxidable. Consta de dos partes:

- Cabeza del reactor: es la parte donde se encuentran integrados el mandmetro
(Ashcroft 316), el termopar tipo K (enfundado en una camisa de acero inoxidable),
el motor y las palas de agitacion, el refrigerante del motor de agitacidn, la valvula de
entrada de gas, y la valvula de salida de gas (muestreo o purga).

- Tanque: es la parte donde se introduce el etanol junto con el catalizador.

Ambos se encuentran unidos por medio de dos piezas metdlicas dotadas de
un total de 6 tornillos colocados verticalmente, permitiendo que el sistema cierre
herméticamente. La temperatura del horno se regula con un controlador Minicor

41.
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Motor do agitachn ———»

Controlador

Medidor do presién

Liave do muwstreo

Termopar

Figura 7. Sistema experimental para el estudio de la reaccion de condensacién de
etanol en fase liquida.

Para llevar a cabo la reaccién de condensacidn catalitica, se pesaron 500 mg
de catalizador en cada experimento, previamente activado con NaBH; como se
detallé en el apartado 3.1.2.2 de este capitulo. A continuacién se vertieron 100 mL
de etanol (79 g) en el tanque del autoclave y se afiadieron los 500 mg de catalizador
activado. Una vez montado el dispositivo, se purgd el sistema introduciendo
sucesivos pulsos de aproximadamente 8 bar de helio en el autoclave. Seguidamente
el autoclave se presurizd con 8 bar de He y se procedid a calentar hasta 503 K. En
este momento la presion alcanzada por el sistema es de 52 bar, correspondiente al
valor de la presion de vapor del etanol a dicha temperatura, predicho por la

ecuacion de Antoine. La agitacidon se mantuvo constante a 600 rpm.

Una vez transcurridas 5 horas, se pard la agitacion, se desconectd la
temperatura del horno y se esperd a que el sistema alcanzase la temperatura
ambiente. El catalizador se separd de la solucién resultante (etanol y productos)

mediante filtracion. Se extrajo una muestra liquida que se analizd mediante
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cromatografia de gases como se describe en el apartado 3.3.2.3. El catalizador
recuperado mediante filtracion se lavd y a continuacion se secé en estufa a 383 K
durante una noche. Catalizadores seleccionados fueron reutilizados en 3 ciclos

sucesivos de reaccion.

3.3.2.2. Otras consideraciones experimentales

Esta reaccion presenta una serie de particularidades relacionadas con las
condiciones experimentales empleadas, y que han sido necesarias tener en cuenta a
la hora de obtener datos experimentales. La reaccion se ha estudiado a 503 K, cerca
de la temperatura critica del etanol (514 K). En estas condiciones la fase liquida se
expande significativamente de modo que la composicion en la fase vapor es

bastante representativa respecto del total.

Puesto que la composicidon de la fase liquida dependera de la volatilidad de
cada compuesto en dichas condiciones, no se tomaron muestras durante el
transcurso de la reaccién sino que se tomé una Unica alicuota de analisis tras 5
horas de reaccidn, una vez se ha enfriado el reactor a temperatura ambiente y

habiendo condensado asi los productos mas volatiles.

3.3.2.3. Analisis de los productos de reaccion

El analisis de los productos asi como del etanol no consumido se realizé en
un cromatégrafo de gases Bruker Scion 436 equipado con un detector de ionizacién
de llama y una columna capilar BR-Swax (30 cm, 0.25 mm i.d. 0.25 um df) con N,
como gas portador (ImL/min). Para analizar las muestras liquidas se inyecté 1 pL

con un inyector automatico y con una relacion de split 1/100.

Las condiciones de analisis determinadas para la correcta separacién e
identificaciéon de los diferentes 18 productos detectados fueron: 1 min a 50 °C,
rampa de 15 °C/min hasta 150 °C y se mantuvo a esta temperatura durante 3.61

min (total=12 min).
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La calibracion de los posibles productos de reaccion se llevd a cabo con
muestras comerciales. De forma analoga al caso anterior, los tiempos de retencién,
tanto del etanol como de los posibles productos, se determinaron usando mezclas
patrones y los factores de respuesta se obtuvieron de bibliografia mientras que

otros se determinaron experimentalmente.

3.3.2.4. Expresion de resultados

La conversidn, selectividades y balance de materia se calcularon mediante

expresiones analogas a las expresadas en el apartado 3.3.1.4.
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4.1. Resumen de los articulos relativos a la deshidrogenacidon
de bioetanol

Como se expuso en el capitulo introductorio de la presente memoria, la
transformacion catalitica de etanol en acetaldehido representa una via de
obtencion de productos de interés aplicado a partir de un recurso renovable.
Ademads, supone una alternativa a la actual ruta petroquimica (proceso Wacker),
gue es contaminante y costosa. El acetaldehido se emplea en la industria quimica
como materia prima en la sintesis de: acido acético, anhidrido acético,

crotonaldehido, y la piridina, entre otros.

Tal y como se desprendié de la revisidon bibliografica llevada a cabo, la
deshidrogenacion de etanol puede producirse con materiales de naturaleza basica —
como determinados 6xidos metalicos— o con algunos metales de transicion. Asi
pues, para llevar a cabo esta reaccion se seleccionaron dos grupos de materiales
diferenciados conocidos por sus propiedades deshidrogenantes: por un lado,
catalizadores basados en éxido de zinc, y por otro, catalizadores basados en un
metal de transicion: el cobre. Como soporte de este metal se han estudiado un
grafito de alta superficie y materiales de grafeno, algunos sin dopar y otros
funcionalizados con grupos nitrogenados. Estos ultimos, ademads, también se
estudiaron directamente como catalizadores aprovechandonos del caracter basico
aportado por los grupos nitrogenados, pretendiendo favorecer asi la conversion de

etanol en acetaldehido.

Puesto que el 6xido de zinc puede presentar una gran variedad de
morfologias y orientaciones cristalinas, con diferentes ratios caras polar/no polar,
varios trabajos experimentales han tratado de relacionar sus propiedades cataliticas
con factores estructurales. Algunos estudios han demostrado que las propiedades
cataliticas, como la selectividad depende de las caras expuestas, pero el tema
genera cierta controversia y es aln objeto de debate. En este contexto, el primer
articulo expuesto (Publicacién 1) describe la preparativa y caracterizaciéon de
nanoestructuras de 6xido de zinc con diferentes orientaciones cristalinas, y, por

tanto, distintas relaciones de caras expuestas, asi como su aplicaciéon en la
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transformacién de etanol. EI compuesto mayoritario obtenido con todos los
catalizadores fue el acetaldehido, el cual es el producto de deshidrogenacién sobre
centros basicos. Ademas, se detectaron pequefias cantidades de etileno, que es el
subproducto consecuencia de la deshidratacion sobre centros acidos, y en menor
proporcién, productos de condensacién. Se pudo observar que un aumento en la
superficie polar expuesta conducia a un incremento en la selectividad hacia etileno,
y a su vez, a una disminucién en la selectividad hacia acetaldehido. Por otra parte,
sobre el grupo de muestras que presentaban una relacidn de intensidades
(1010)/(0002) casi idéntica (determinadas por XRD), también se detectaron
diferencias en las selectividades obtenidas. A partir de los espectros DRIFTS en la
region de los hidroxilos se observé que estas muestras presentaban propiedades
superficiales diferentes. En estos casos el incremento gradual de grupos hidroxilos
de acidez moderada, y que se relacionan con las caras polares, es el que nos
permitia explicar la selectividad hacia etileno. Asi pues, los resultados de
selectividad catalitica indicaron que existia una correlacion con la morfologia-
estructura de los cristales de ZnO, en la reaccién de descomposicién de etanol. En
cierto modo, las propiedades acido-base de estos o6xidos, que condicionan la
selectividad hacia etileno, dependen de las funciones superficiales, tal y como se

detectod por DRIFTS.

Los siguientes articulos expuestos plantean el uso de materiales grafiticos —
oxidos de grafeno reducidos y grafito de alta superficie— valiéndonos de su enorme
versatilidad y la facilidad con la que su quimica superficial puede ser modificada
permitiendo asi, introducir grupos funcionales que actiuen como fase activa

(Publicacion I1) o bien actuando como soporte de esta (Publicacion 1l1).

Asi pues, en la Publicacion Il se exponen los resultados obtenidos con unos
materiales de grafeno dopados con nitrégeno y sin dopar, preparados mediante
oxidaciéon de un grafito natural con diferentes granulometrias y posterior reduccioén a
alta temperatura. Con todas las muestras estudiadas el producto mayoritario obtenido
fue el de deshigrogenacion, el acetaldehido, alcanzandose selectividades cercanas al
100%. En el caso de la muestra tratada en inerte, las conversiones eran bastante

inferiores a las obtenidas con los grafenos tratados en NHjs, lo que indicaba que la
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inclusion de heteroatomos de N en las [dminas de grafeno genera centros basicos que
favorecen la reaccion de deshidrogenacion. Pero ademads, al comparar el
comportamiento catalitico entre los diferentes grafenos dopados con nitrégeno, se
encontrd también que la tendencia en la conversion de etanol a acetaldehido estaba
controlada simultaneamente por el contenido en nitrégeno superficial determinado
por espectroscopia fotoelectrénica de rayos X (XPS) y por el grado de exfoliacidon o

superficie especifica de los materiales sintetizados.

A pesar de que se demostrd que con los materiales de grafeno funcionalizados
con nitrogeno es posible llevar a cabo la deshidrogenacion de etanol,
desafortunadamente las funcionalidades de nitrégeno requieren elevadas
temperaturas (a partir de 673 K) para activar la molécula de etanol, haciendo el
proceso poco factible desde un punto de vista practico. Asi, en la Publicacién llI, se
planted el estudio de algunos de estos materiales como soportes de catalizadores de
cobre. La eleccién de este metal estuvo supeditada, ademas de a su bajo coste en
comparacion con otros metales nobles, a sus conocidas propiedades
deshidrogenantes en reacciones de deshidrogenacién de alcoholes, lo que permite
operar a temperaturas relativamente bajas, con altas selectividades hacia el producto
de deshidrogenacion. Sin embargo, frecuentemente la aplicacién de catalizadores de
cobre esta limitada por su rapida desactivacion causada por la sinterizacidon del

metal.

Por tanto, la eleccion de un soporte estable que permita una buena
dispersién es un aspecto critico a tener en cuenta. En la Publicacion Il del presente
capitulo se recogen los resultados obtenidos con los catalizadores de Cu soportados
sobre materiales grafiticos: grafenos funcionalizados y un grafito comercial de alta
superficie. De este estudio se extrajo que, el comportamiento catalitico de estas
muestras dependia, en cierto modo, de la estructura y naturaleza del soporte (6xidos
de grafeno redudidos dopados con N o sin dopar), que promovia diferencias
estructurales en las nanoparticulas de Cu soportadas, tal y como reveld la observacion
detallada mediante microscopia TEM. Por otro lado, se comprobd que, en general, la
presencia de agua en la corriente de alimentacién apenas modificaba los resultados

cataliticos, es decir, estos catalizadores mantenian su actividad y selectividad. Por el
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contrario, se encontré el agua causaba una inhibicion de la actividad inicial cuando se
empleaba silice comercial como soporte y, ademas, este catalizador se desactivaba en
dichas condiciones. Por tanto, en este caso, el agua compite por los sitios activos con
el etanol, mientras que el caracter hidrofdbico de los materiales de carbén minimiza

este efecto.

Los diferentes ensayos de transformacion selectiva del bioetanol en
acetaldehido se estudiaron en fase gas, en un reactor de lecho fijo, a presion
atmosférica, y en un intervalo de temperatura entre 423 y 773 K, en funcion del
material estudiado. Ademads, en algunos casos, realizaron ensayos con la presencia
de agua (10% v/v) en la corriente de alimentacidon al reactor, y se evalud la

estabilidad de los catalizadores, durante 5-6 horas a diferentes temperaturas.
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4.2.0. Abstract

For a series of nanometric ZnO materials, the relationship between
morphological and surface functionalities, and their catalytic properties in the
selective decomposition of ethanol to yield acetaldehyde were explored. Six ZnO
wurtzite solids were prepared by microemulsion-precipitation method and thermal
decomposition of different precursors, and compared with a commercial sample. All
these materials were intensively characterized by XRD and SEM in order to obtain
their morphological specificities. Also surface area determinations and IR
spectroscopy were used to detect differences in their surface properties. The
density of acid surface sites have been quantitatively determined using the
isopropanol dehydratation reaction test. Based on these characterization studies
and on the results of the catalytic tests it has been established that ZnO basal
surfaces seem to be responsible for the production of ethylene as minority product,
as well as for secondary reactions that yield acetyl acetate. Furthermore, one
specific type of the exposed hydroxyl groups appears as the key point governing the

surface catalytic properties.

4.2.1. Introduction

Chemical conversions over solids with acidic properties have received much
attention compared to the small amount of data collected for basic catalysts.
However, in recent years, there has been a renewed interest in heterogeneous
catalysts that have exposed surface with basic properties exposed because of their
good performance in some reactions of biomass transformation [1,2], among
others. Biomass and its derivatives provide some viable routes to alleviate the
strong worldwide dependence on fossil fuels [3-5]. One of the major products from
biomass conversion is ethanol, a commodity chemical derived from the
fermentation of sugarcane or energy-rich crops such as corn [6]. Bioethanol can be
the raw material to manufacture a number of chemical products [7,8]. An
important pathway for ethanol conversion is its dehydration over acid catalysts to

yield ethylene, which has received much attention in the literature [9-12].
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However, less attention has been focused on ethanol dehydrogenation to
acetaldehyde, which is favored on basic catalysts [13]. Recently, acetaldehyde has
been categorized as one of the promising ethanol derivatives from a sustainable
perspective [5]. This chemical is an important intermediate in organic syntheses and
is used as raw material for the production of acetic acid, acetic anhydride, ethyl
acetate, butyl aldehyde, crotonaldehyde, pyridine, peracetic acid, vinylacetate and
many other products [14]. Besides, acetaldehyde obtained from ethanol can be a
basic reactant for subsequent condensation reactions yielding larger molecules such
as 1-butanol [11,15,16] or 1,3-butadiene [17]. Industrially, acetaldehyde is mainly
obtained by direct catalytic oxidation of ethylene via the Wacker process, which
produces chlorinated wastes and is energetically costly [18]. Therefore, there is a
need to develop new synthetic routes and improved heterogeneous catalysts for

this process.

An alternative for solid catalysts exhibiting basic properties are those
derived from zinc oxide, which is a promising candidate for ethanol catalytic
valorization [19,20]. ZnO materials have recently become the focus of many studies
addressing their use as heterogeneous catalysts for a variety of reactions. ZnO is an
essential component of methanol synthesis catalysts [21,22], and has been
suggested as a suitable catalyst for water [23] and sulfur hydride [24] dissociations,
for desulfurization processes [25], for water gas shift reaction [26], for CO,
activation processes [27] and for the conversion of maleic anhydride into 1,4-
butanediol [28, 29]. However, ZnO, as a metal oxide semiconductor, has also
received much attention due to its photocatalytic properties. For instance, some
studies of its application as photocatalyst in the degradation or in complete

mineralization of environmental pollutants have been presented [30-32].

Pure ZnO materials crystallize in a wurtzite-type structure. Microcrystalline
powder of ZnO is usually made up of hexagonal prisms, where the (0001) and the
(0001) polar faces are located perpendicularly to the c-axis, while the non-polar
ones (1010) and (1120) are parallel to this [0001] axis. The former surfaces are
simultaneously created when the crystal is cut along a basal plane (see Scheme 1)

[33]. Non-polar surfaces, of which the (1010) is the most studied, exhibit almost
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equivalent amounts of Zn and O atoms, and do not need to compensate any surface
dipole moment. In contrast, the polar zinc-terminated (0001) surface and the
oxygen-terminated (0001) surface, can possess large dipole moments [34]. As ZnO
exhibits a variety of morphologies, including single-crystal surfaces [35], thin films
[36], nanostructures [37,38], and well-faceted nanoparticles [39,40], with distinct
polar/nonpolar facet ratios, many experimental works have addressed this point by
relating the catalytic behavior to structural factors. However, the discussion
remains open to a large extent. On one hand, some research groups assign the
highest catalytic activities to polar surfaces [37,39,41] and point out that such
surfaces are the most unestable, that is, exhibit the highest surface energy, and
consequently are prone to react more easily. On the other hand, others have shown

that nonpolar surfaces [35] are responsible for the catalytic performance.

Scheme 1. Crystallographic ZnO wurtzite structure. Preferential surface orientations
are displayed with coloured planes and direction vectors for the hexagonal (left
image) and the orthorhombic (right image) unit cells. Orange and ice blue spheres
denote Oxygen and Zinc atoms, respectively [33].

Surface crystalline structures are well known to be a fundamental aspect in
the activity and selectivity in heterogeneous catalysis using metal oxides [42].
Surface structure sensitivity phenomenon, which implies that active sites are
different from one crystalline face to another, was suggested by Boudart for
metallic nanoparticles [43]. Structure sensitivity on metal oxides for oxidation
reactions was demonstrated for the first time by Volta el al. [44] for propene partial
oxidation to acrolein when using a new method to prepare MoOs crystals with
specific orientations. In the particular case of ZnO, apart from photocatalysis, there

is very little data dealing with the influence of morphology or surface properties of
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zinc oxide powders in their catalytic behavior. Indeed, there is a lack of fundamental
understanding on how these ZnO powders work under real catalytic reactions, and
the aspects on which the catalytic activity and selectivity depend on surface
structures are still matters of debate. In some studies the catalytic activity of the
polar surfaces was found to be higher than that of the nonpolar surfaces, such as in
methanol synthesis [45], in the decomposition of terminal alkynes [46] or in the
decomposition of acetic and propionic acids [47,48]. However, most of these
studies concern single crystals and/or high vacuum conditions. It is known that the
surfaces of polycrystalline ZnO particles comprise a large number of defects such as
steps, edges, corners, kinks and vacancies, which are not present on perfect single-

crystal surfaces.

As was mentioned above, polar surfaces on ZnO are intrinsically unstable,
and different stabilization processes can occur. Examples of stabilizing processes are
surface reconstruction [49], saturation of the surface with hydroxyl groups via the
adsorption of hydrogen or water [34] or the formation of oxygen vacancies on the
polar oxygen-terminated (0001) surface. The latter was proposed to play an
important role in catalysis on ZnO, for example as active sites for methanol
synthesis, [50] and has recently been proposed to be a pivotal factor in ethanol
conversion yielding acetaldehyde and/or ethylene [20]. With respect to the surface
hydroxyl groups on polar surfaces, there is also an open discussion of their role in
catalysis. This is because, in many catalytic reactions, one or more reaction steps
involve hydrogenation/dehydrogenation of the reaction species, likely to be carried
out by these surface moieties [51]. Furthermore, it is known that the presence of
surface hydroxyl groups could modify the acid-base surface properties of the
material. Indeed, it has been shown that in many solid bases such as earth oxides
[52,53] or hydrotalcites [54-56], surface hydroxylation partially controls their

reactivity.

In the present work we explore the relationship between ZnO morphology
and the surface reactivity during the dehydrogenation of ethanol, for a series of
seven nanometric samples, six synthesized in the lab or one commercially available.

The structural and chemical differences encountered for the different
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nanoestructures are analyzed as a function of the specific surface planes exposed to
the media. The main characterization tools applied are surface area determination
(Sget), XRD and SEM images for structural and morphological details. DRIFTS and
catalytic tests of isopropyl alcohol dehydrogenation/dehydratation are used to
determine the main acid-base surface properties. The information obtained from
these characterization methods are used to discuss the reactivity of the exposed

facets of this polycrystalline ZnO samples in the ethanol decomposition reaction.

4.2.2. Experimental

4.2.2.1. Preparation of ZnO samples

Three of the studied materials were prepared by a microemulsion method
using n-heptane as organic media, Triton X-100 as surfactant and hexanol as
cosurfactant. This procedure is fully described in Ref. [41]. Water/surfactant molar
ratio was 9 (ZnO-E3), 6 (ZnO-E4) and 36 (ZnO-E5). Three other samples were
prepared as indicated in Ref. [57]. In brief, these were obtained by thermal
decomposition of zinc oxalate (ZnO-ox), zinc hydroxide (ZnO-h) and zinc
hydroxicarbonate (ZnO-hc), respectively. A commercial sample Analar, from B.D.H.
Chemicals Ltd. (ZnO-A) prepared by the combustion of Zn was also studied. All these
samples were calcined at 723 K for two hours before characterization and catalytic

studies.

4.2.2.2. Characterization

The catalysts were characterized as follows. Structural properties were
determined by X-ray diffraction (XRD), using a Rayflex XRD3100 instrument
provided with CuKa X-rays (A = 1.54 A) and a Ni filter. Steps of 0.05° were employed
with a time of 1 s per step and a 26 range of 5-95°. The morphological appearance
of the samples was observed by scanning electron microscopy (SEM) using a JEOL
JSM 7600F equipment. Previous to these observations by SEM the samples were
metallized to assure the electron conduction. For this, a layer of Au with thickness

close to 5 nm was evaporated over each ZnO sample. Surfaces areas of the samples
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(Sger) were measured adsorbing N, at 77K in an automatic volumetric adsorption
apparatus (Micromeritics ASAP 2020) by using the BET method. Prior to nitrogen

adsorption, the samples were outgassed for 8 h a 523 K.

Diffuse-reflectance infrared Fourier transform spectroscopy (DRIFTS) spectra
were collected on a Varian 670 infrared spectrometer, at 423 K under argon
atmosphere. Each reported spectra is obtained by collecting 200 scans with a
resolution of 4 cm™ and are presented in absorbance mode. Furthermore, in order
to gain information about the surface acid sites density with quantitative values, the
samples have been studied in the isopropyl alcohol dehydrogenation or
dehydration test at 493 K. The experimental and the analytic system used in these
reaction tests is the same that the below described for the studies of ethanol
valorization reactions. The mass of the catalyst was adjusted in each test to work

under differential conditions (conversion values lower than 10%) in all cases.

4.2.2.3. Catalytic valorization processes of ethanol

The catalytic properties of the samples were studied for the transformation
of ethanol, in gas phase at atmospheric pressure, in a fixed-bed vertical
microreactor (9 mm i.d.). In a typical experiment a known mass of catalyst (with a
particle size of 0.5-0.8 mm) was dispersed in solid-glass beads, in order to increase
the bed length and to avoid local heating. The reactor was placed inside a
temperature-controlled heating jacket with a thermocouple placed at the centre of
the catalytic bed. The catalytic experiments were carried out at 623 K. Ethanol
(99.5%, Panreac) was charged through a micro-pump and vaporized in helium
(carrier gas). The resulting stream, with 31 vol.% of ethanol, was fed to the reactor,
at 20 mLstp/min. The composition of the stream reactor effluents was analyzed on
line using a gas chromatograph (Varian CP-3800) with a Porapak Q column and

equipped with FID and TCD detectors.

The conversion was calculated based in the following equation:

Zinimoli 100

X %) = :
rion (%) nymolgoy + Zinymol;
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Where n; is the number of carbon atoms of the product i and molgoy is the

unreacted ethanol in the stream reactor effluent.
The selectivity to a specific product was defined as follows:

n;mol;

S; (%) = 100

Zinimoli

Carbon mass balances in these catalytic tests were calculated as the ratio of
the total composition of the stream reactor effluent (all formed products and
unreacted ethanol) against the introduced ethanol, and resulted in all cases
accuracy higher than 97%. In order to discard the presence diffusional problems,
experiments performed were replicated with other particles sizes and working with
the double of the catalyst weight. The results obtained suggest the absence of both
external and internal mass transfer effects. Blank experiments were performed to
verify the absence of catalytic activity in the conditions used in this study, either

with the empty reactor or filled with the glass beads.

It should be raised that catalytic properties in the ethanol decomposition,
conversions and selectivities, were unmodified during the time on stream. These
observations were extensive for all the samples with changes lower than 1% in both
specific activities and selectivity values, clearly indicating that the catalyst surfaces
were quite stable under reaction conditions (neither structural modifications nor

chemical surface properties seem to be place).

4.2.3. Results and discussion

4.2.3.1. Catalysts characterization

Some characterization results that concern the textural, structural, and
morphological properties of the samples are summarized in Table 1. Although
samples Zn0-E3, ZnO-E4, ZnO-ox and ZnO-E5 have a relative high BET surface area
(20-40 mz/g), the other three zinc oxides, ZnO-hc, ZnO-A and ZnO-h, exhibit lower
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specific surface areas, less than 7 mz/g, which results in a BET surface area close to

1 m?/g for ZnO-h.

Table 1. Sg, intensity ratio of XRD (1010)/(0002) peaks, morphological
observations, range of particle sizes measured from the SEM micrographs, and
average particle size calculated from the principal XRD peak of ZnO samples.

Sample (ns“%E/Tg) Sg—zg% Morlzgstlagagical Partsitl:sll\ensize part)i(tf:eD bsize
(nm) (nm)
ZnO-E3 38 0.97 Brick® 20-100 32
ZnO-E4 35 1.06 Hexagonal © 10-50 37
Zn0-ox 23 1.31 Hexagonal disk 30-80 45
ZnO-E5 23 1.44 Needle 20-120 43
Zn0O-h 0.8 1.27 Hexagonal disk 200-1000 >100
Zn0O-hc 6.7 1.27 Hexagonal disk 80-200 86
Zn0O-A 2.9 1.29 Hexagonal prism 100-400 >100

[a] Observed by SEM. [b] Particle sizes calculated by the application of Deybe-Scherrer
equation to the principal ZnO XRD peak. [c] Studies by TEM also support these
morphological observations, as reported in references [33, 41].

XRD patterns of the bulk ZnO samples are shown in Figure 1. All seven ZnO
samples present the typical XRD diffraction character of wurtzite structure
according to the standardized (JCPDS 36-1451) card. The main peaks at 26 = 31.8,
34.5, 36.3, 47.6, 56.6, 62.9, 66.5, 68.0, 69.2, 72.7 and 77.1° correspond to (100),
(002), (101), (102), (110), (103), (200), (112), (201), (004) and (202) crystalline
planes of ZnO, respectively. Establishing the relation between cubic and the
hexagonal system, it is found that (100) and (002) planes correspond to (1010) and
(0002) planes, respectively, of the hexagonal structure (Scheme 1). In the case of
the four samples with higher specific surface (higher than 20 mz/g), it can be seen
that the (1010)/(0002) intensity ratio varies from 0.97 to 1.44 (ZnO-E3<ZnO-

E4<Zn0-ox<ZnO-E5, Table 1) evidencing a morphological variation in which the
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growth perpendicularly to the crystallographic c-axis is favored when increasing this
ratio, and consequently, leads to an increase in the extent of basal planes at the
surface, or viewed from another perspective, to a decrease of the nonpolar vs. polar
surface proportion. According to our XRD results, ZnO-E5 exhibits the highest basal
surface extent; in other words, ZnO-E5 presents a preferred orientation in [1010]
direction exposing polar (0001)/(0001) surfaces. By contrast, ZnO-E3 has a higher
proportion of nonbasal facets. Notably, the rest of the samples, ZnO-hc, ZnO-A,
Zn0O-h, which have low specific surface areas, and ZnO-ox, have a very similar
(1010)/(0002) intensity ratio of around 1.30, and consequently, a similar

morphology is expected for these samples.
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Figure 1. XRD patterns of ZnO samples.

Such morphological evolution throughout our first series of samples was also
studied by SEM. SEM images of the sample with the lowest (1010)/(0002) intensity
ratio, ZnO-E3, show small particles between 20 and 100 nm with a brick-like

morphology (Figure 2a). This corresponds to slightly elongated particles along the ¢
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crystallographic orientation and presents a larger contribution of nonpolar (1010)
than polar (0001)/(0001) plane types. ZnO-E4 exhibits poorly identifiable shape of
particles by SEM (Figure 2b). Images of sample ZnO-ox show rounded (hexagonal-
like) ZnO nanoparticles with sizes around 30-80 nm (Figures 2c). For ZnO-E5, more
elongated forms are shown displaying some needle-like structures, in which the
nanostructure grows in a direction perpendicular to the crystallographic ¢ axis and
mainly exposes (0001)/(0001) facets along the needle surface layer (Figures 2d).
The SEM study of the low-surface-area samples [ZnO-h (Figure 3a), ZnO-hc (Figure
3b), ZnO-A (Figure 3d)] and ZnO-ox (Figures 2c and 3c), which have similar
(1010)/(0002) intensity ratio, reveals that these samples show a hexagonal-type
morphology, evidencing a preferential exposure of the (0001)/(0001) planes. This
morphology type is clear in the ZnO-h sample (Figure 3a) which exhibits the largest
crystallite size (between 200 and 1000 nm). However, in the case of ZnO-A, SEM

images also show elongated hexagonal prisms.

Figure 2. SEM images of the ZnO samples with different (1010)/(0002) intensity
ratio. a) ZnO-E3, b) Zn0-E4, c) ZnO-ox and d) ZnO-E5.
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Figure 3. SEM images of the ZnO samples with similar (1010)/(0002) intensity
ratio. a) ZnO-h, b) ZnO-hc, ¢) Zn0O-ox and d) ZnO-A.

The particle sizes of the ZnO nanocrystals were obtained by the Scherrer
method from the XRD patterns (broading of the peaks) [58]. These values are
presented in Table 1 and are comparable with those directly obtained from the SEM
images (Table 1). In most cases these values are in the nanometric scale, except for
samples ZnO-A and ZnO-h, for which the particle sizes are out of the range of
application of the Scherrer equation (>100 nm). Notably, the particle size calculated

is in good agreement with the surface areas measured for the samples.

SEM and XRD are physical techniques that give information on the entire
material providing morphological or structural information, whereas a surface
technique such as DRIFTS allows to explore the chemistry of the surfaces, which are
clearly involved more directly in the catalytic reaction. Shape modification involves

changes in the ratio of exposed faces for both polar and non-polar surfaces which
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presumably means chemical differences due to the presence of different surface

sites.

DRIFTS is a powerful tool in the description of the morphology and surface
ZnO nanostructures and allows the tracking of surface active sites and the
identification of different types of hydroxyl groups that depend on the dominance
of nonpolar or polar surfaces [33] on faceted nanoparticles. The DRIFTS spectral
region that corresponds to hydroxyl-related contributions for all ZnO samples, are
presented in Figure 4. The presented spectra were obtained after in situ treatments
at 423 K under a dry gas flow. The spectra shown can be divided into four different
regions defined by cutoff levels at & = 3100, 3370 and 3500 cm™ [33]. The first
region of low-wavenumber values contains relatively small contributions that are
presumably dominated by interacting OH species as well as molecularly adsorbed
water [59] on nonpolar (1010) surfaces (e.g., bands between & = 2600 and 3100 cm’
). The middle wavenumber region (e.g., bands between & = 3100 and 3370 cm™)
contains contributions from isolated OH species on nonpolar (1120) surfaces [59-
63]. This region exhibit slight variance for the four samples presented in Figure 4.a.
However, in the wavenumber region over & = 3370 cm™, most significant
differences were observed among these samples; a certain tendency in the peak
centered at 3400 cm™ is appreciable and follows the intensity order: ZnO-E3 < ZnO-
E4 < ZnO-ox < ZnO-E5. This contribution has been proposed to correspond to Os-H
species (conformation with H attached to an O surface atom (Os) on O-terminated
(1010) polar surfaces. The peak trend shows a clear correlation to the variation of
morphology in these four samples, that is, the higher the proportion of exposed
polar faces (evidenced by XRD) the greater contribution of the peak around o =
3400 cm™. The hydroxyl groups exposed on the basal faces of the ZnO crystallites
have a more acidic character than those on other surfaces. Finally, signals above ¢ =
3500 cm™ are associated with OH groups with a more basic character and related to
both basal (0001) and nonpolar (1010) surfaces. Although the latter seem to be
more important at higher wavenumbers, it is not possible to establish significant
differences between these spectra that can be related to the structural findings (i.e.

XRD).
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Interestingly, DRIFTS spectra of samples with a comparable (1010)/(0002)
XRD intensity ratio (ZnO-h, ZnO-hc, Zn0O-ox, and ZnO-A) display significant
differences (Figure 4 b). These can be related qualitatively to the contribution of the
peaks at U = 3400, that is, Os-H species of moderate acidity increase in the order
Zn0O-h < Zn0O-hc < Zn0-ox < ZnO-A. If we take into account the previous XRD and
SEM results, the different proportion of this contribution cannot be ascribed to the
different ratio of polar/nonpolar faces. These IR experiments indicate that the
exposed O-H species are not equivalent. However, the presence of other types of
hydroxyl groups, that is, exposed on the edges and kinks of the crystallites, cannot
be ruled out if we consider the relatively high BET surface area of these samples.
Therefore, although these ZnO materials possess similar structural characteristics,

they exhibit different acid—base characters depending on the preparation method.
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Figure 4. DRIFTS spectra in the hydroxyl region for ZnO samples with different (a)
and with similar (b) XRD intensity ratios.

To obtain a quantitative measurement of the acidic properties for the ZnO
samples with similar structural characteristics (Fig. 1), and with different surface

area values (Table 1), we performed isopropanol decomposition as a test reaction.
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This method presents the advantage of studying the solid materials under similar
conditions (temperatures, flow of reactant gases, etc.) than if they are analyzed in
the transformation of ethanol. In general, isopropanol is dehydrated to propylene
mainly over acidic sites and dehydrogenated to acetone over basic or redox sites.
These transformations occur through different mechanisms that depend on the
nature of the catalyst [64]. The main results achieved with this procedure for these
ZnO catalysts are collected in Table 2. Only two reaction products were obtained
with our ZnO samples: acetone with selectivities higher than 97% in all cases and
propylene as a minor byproduct. Clearly, these selectivities indicate that ZnO

surfaces mainly expose basic sites.

Furthermore the obtained information can be considered as quantitative, so
we can obtain values related to the active surface sites. We have not determined
the amount of basic surface sites from the isopropanol converted to acetone
because these ZnO samples suffer a severe deactivation under the studied reaction
conditions. The reported data were measured after short time on stream period (5
min), and propylene formation, mainly over acidic sites, was used to evaluate the
concentration of acidic surface sites to corroborate the DRIFTS findings of acid
hydroxyl group. Surfaces of oxide powder particles comprise a large number of
defects such as steps, edges, corners, kink and vacancies, and particularly for
samples with higher specific surface areas (> 30 m?/g), deactivation during tests is
very fast. ZnO-E3, ZnO-E4 and ZnO-E5 are intrinsically unstable in the isopropanol
test, which makes it impossible to obtain reproducible data. For the other ZnO
samples, the density of acidic sites can be estimated easily by dividing the specific
catalytic activity (mmol of CH3CHOHCH; transformed into CsHg per gram of catalytic
sample) by the surface area of the sample, and these latter results are reported in
Table 2. Interestingly, the order of the degree of acidity for these four samples
follows the trend of the IR intensity of the acidic hydroxyl group at & = 3400 cm™
(Figure 4.b). Thus these ZnO samples with very similar structural characteristics are
different if we study their acid surface properties, either by DRIFTS or by the

isopropanol test.
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Table 2. Initial isopropyl alcohol selectivities and specific activities of the acid
surface sites (5 min in reaction at 493 K)

sample Selectivity to Selectivity to Acidic centers
acetone (%) propylene (%) (pmol/mz-s) (-10°)
ZnO-h 99.1 0.9 1.71
ZnO-hc 99.0 1.0 2.15
Zn0O-ox 99.0 1.0 3.46
ZnO-A 97.9 2.1 5.59

4.2.3.2. Catalytic valorization of ethanol

The results of the activity tests in the ethanol reaction are summarized in
Figure 5 and Figure 6. The mass of catalyst in each experiment was adjusted in each
case to work under isoconversion conditions, that is, conversions between 15 and
20% in all cases. The product distribution under these conditions reflects the
specific nature of the active surface sites since it minimizes secondary reactions,
although the complete limitation of the secondary reactions is rather difficult. For
all the studied catalysts ethanol is mainly converted into acetaldehyde (selectivities
of 84-94%), whereas the primary product ethylene becomes a minor (selectivities
lower than 8%). Some condensation products were also obtained: ethyl acetate,
with selectivities with values of 2-6% and 2-butenal (crotonaldehyde) with very low
selectivities, close to 1-3%. Concerning the reaction mechanism that can justify the
production of a given compound, the main primary product, acetaldehyde is
obtained from the classical dehydrogenation of ethanol. According to the literature,
this dehydrogenation involves the initial adsorption of ethanol on a strong acid-

basic pair, Zn*"-0?

" species in our studied samples. Then, the abstraction of the
adsorbed hydrogen leads to a surface ethoxy intermediate that undergoes
dissociation into an aldehyde intermediate and a hydride-like hydrogen involving a
neighboring acid site [11]. Ethylene is formed mainly by direct dehydration of the
ethanol over acid sites and does not undergo further reaction. However

acetaldehyde can suffer subsequent successive condensations, as it has been

revealed by the continuous decrease of the acetaldehyde selectivity when ethanol
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conversion increases, for instance at higher reaction temperatures (these
experiments are not shown for the sake of brevity). The main secondary product is
ethyl acetate, which is obtained from the coupling of ethanol and acetaldehyde. For
this, acetaldehyde is adsorbed on an acid site, while the hydrogen of the ethanol OH
group is abstracted over surface basic sites, generating surface alkoxides.
Thereafter, a hemiacetal is formed by reaction of the surface alkoxide and the
adsorbed aldehyde. The hemiacetal would be dehydrogenated immediately and
produce ethyl acetate [65]. The other condensation product, 2-butenal, is
originated through a base-catalyzed aldol condensation mechanism (bimolecular
reaction between adjacent adsorbed acetaldehyde species). In this case the primary
product will be 3-hydroxybutanal, which is easily dehydrated to form the 2-butenal

over strong acid-base pairs [13].

I Acetaldehyde
I Ethylene
I Il Condensation products

o1
6
4]
2]
0

0.97 1.06 131
(ZnO-E3) (znO-E4) (Zn0O-0x) (ZnO-E5)

©
B
|

[{e]
N
1

e 8

Selectivity (%)

Figure 5. Selectivity catalytic results at 623 K for samples with different
(1010)/(0002) peak intensity ratio (I). The results presented correspond to average
values after 1 h in reaction up to the end of the experiment.
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Figure 6. Selectivity catalytic results at 623 K for samples with similar
(1010)/(0002) intensity ratio. The results presented correspond to average values
after 1 h in reaction up to the end of the experiment.

In order to test the stability of these catalysts as well as some deactivation
phenomena under reaction conditions, all experiments were performed with the
catalysts at 623 K for 6 hours. For all ZnO samples, both the conversions and
selectivities remained absolutely unaltered during our catalytic experiments. The
values of specific activities and selectivities are average values taken after 1 h into
the reaction up to the end of the each experiment. Finally, the determined specific
activities are in the same order of magnitude, more precisely these values are: ZnO-
E3 (2.0 umol/m*s), ZnO-E4 (1.0 umol/m*s), ZnO-ox (1.2 pmol/m?:s), ZnO-E5 (1.2
pmol/mz-s), Zn0O-h (6.5 umol/mz's), ZnO-hc (1.7 umol/mz-s) and ZnO-A (1.7

umol/mz-s).

As indicated in the previous section, the presence of surface sites of
different nature and amounts on each sample can be related to their different
morphologies. The obtained selectivity values are presented for four catalysts as a
function of the increased (1010)/(0002) XRD intensity ratios in Figure 5. It is

evident that the product distribution significantly varies depending on the catalyst



Role of exposed surfaces on zinc oxide nanostructures in the catalytic... | 131

studied. The formation of acetaldehyde decreases considerably with a catalyst that
has a highly polar surface extent and, simultaneously, an increase in the selectivity
to ethylene and condensation products occurs. ZnO-E3, which has a high proportion
of nonpolar surfaces, exhibits the highest selectivity to acetaldehyde (94%),
whereas the sample with the highest extent of basal surface, ZnO-E5, presents the
lowest values (88%). These results highlight the requirement of the presence of
nonpolar surfaces to optimize the dehydrogenation performance. Such location of
active sites is consistent with the work of Drouilly et al. [20] in which the high
activity of this face is related to its high performance in the ethanol
dehydrogenation reaction. However, as acetaldehyde is generally the main product
observed even for the sample exposing polar surfaces preferably, we cannot rule
out the location of active acid-base Zn®**-O% pairs involved in acetaldehyde
formation on basal O-terminated (0001) faces, as these could also expose surface
acid-base pairs, which is supported by DFT calculations [20]. Concerning ethylene
selectivity, which increases gradually if the exposure of polar surfaces is maximized,
the presence of Lewis acid sites Zn** on (0001) surface and/or the oxygen vacancies
[20] on (0001) surfaces might be responsible of the formation of this primary
product. The selectivity towards ethylene over the needle-shaped sample ZnO-E5 is
around four times higher than with the brick-like sample ZnO-E3, which evidences
the requirement of basal surfaces for ethylene formation. The increase in the
selectivity to the secondary products, ethyl acetate and 2-butenal, with an increase
in the (1010)/(0002) intensity ratios is shown in Figure 9. Thus we can hypothesize

that basal faces are also involved in these secondary condensation reactions.

In the case of samples with comparable (10i0)/(0002) intensity ratios,
significant differences in the obtained selectivities are also found (Figure 6), even
though these samples have a similar relative exposure of the different surfaces
[(1010)/(0002) intensity ratios between 1.27-1.31]. These findings led us to
consider an additional parameter in addition to the morphology that controls the
selectivity, as mentioned above for the first group of samples that display different
(1010)/(0002) intensity ratios. In the case of the second group of four samples,

both the contribution of hydroxyl species at ~3400 cm™ (Figure 4.b), and the
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isopropyl alcohol reaction test (Table 2) denote an increase in the acidic sites with
moderate strength in the order: ZnO-h < ZnO-hc < ZnO-ox < ZnO-A. Selectivity
values are represented for the different samples in the same order in Fig. 6. While
the formation of acetaldehyde decreases, the selectivity to ethylene and
condensation products increases. Thus, as reported in Fig. 7, an increase in the
density of acidity sites caused by these hydroxyls gives rise to an increase in the
selectivity to ethylene. Previously, acidic hydroxyl groups have been described to
act as active sites in the dehydration of ethanol to ethylene in a series of
commercial alumina materials [66]. The tendency caused by the effect of moderate
acidity hydroxyls is also evident in the formation of secondary products (Fig. 6), so
we can propose that this type of hydroxyls act as acid active sites. From a catalytic
point of view and under our experimental conditions, the ZnO-A is able to produce
yields of ethyl acetate six times higher than ZnO-h. It should be highlighted that this
type of hydroxyls groups are related to polar surfaces, evidencing once again that
active sites are different from one crystalline face to another. In other words, a

surface-structure-sensitive phenomenon occurs.

3400 cmi*

6 30 3300 3500 3700
Wavenumber (cm™)

ZnO-hc

% Ethylene selectivity

ZnG-h

T T T T T T T T T
0.001 0.002 0.003 0.004 0.005 0.006
Number of acidic sites (umol.m?s™)

Figure 7. Ethylene selectivity as a function of the density of acidic hydroxyls
determined from the isopropyl alcohol reaction test for ZnO samples with similar
(1010)/(0002) intensity ratios.
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4.2.4. Conclusions

A series of ZnO nanostructures prepared by different methods that display
different morphologies and surface hydroxyl features have been tested in the
catalytic ethanol decomposition. Characterization by XRD, SEM, DRIFTS and
isopropanol decomposition test allowed us to provide a complete structural,
morphological and superficial analysis of the materials. The interpretation of these
results gave conclusive evidence on the key role played by the ratio of the polar and
nonpolar facets exposed at the external surface of the ZnO nanomaterial on the
studied reaction. It was shown that maximization of specific activity is not obtained
by maximizing the exposure of any particular type of surface (polar verus nonpolar)
to the external solid surface. However, concerning the selectivity, a structure-
surface-sensitivity phenomenon was found in the ethanol decomposition: polar
surfaces were more selective than the nonpolar ones to the minority products;
ethylene and condensation products. Furthermore, it was determined that this
dependence on morphology is related to the different superficial properties
displayed by different types of surfaces. Specifically, the presence of particular
acidic hydroxyls groups seems to be responsible of the acid catalytic properties that
favor the formation of ethylene and condensation products, which evidences the
indirect role of polar (or basal) surfaces on ZnO materials in the ethanol catalytic
transformation. These results indicate the requirement to minimize the polar
surface extension as well as the importance to control the acid-base properties in
ZnO materials to optimize the dehydrogenation performance towards acetaldehyde

as the main product.
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4.3.0. Abstract

N-doped and un-doped graphene samples were synthesized starting from
natural graphite of different particle sizes (10, 100 and 200 mesh) by oxidation and
further thermal treatment under ammonia and inert atmospheres, respectively.
Samples were thoroughly characterized by TEM, XRD, Raman and XPS. The nature
and quantity of nitrogen species introduced were dependent on starting materials,
reduction atmosphere (NH3 or inert) and temperature. All samples were employed
as basic catalysts in the dehydrogenation reaction of ethanol. Acetaldehyde was the
main product obtained owing to the basicity induced by the presence of N atoms in
the graphene layers. Conversion increased with higher N at.% and lower number of
stacked graphene sheets. Catalysts with highest ratio between both factors gave

highest conversion values.

4.3.1. Introduction

Graphene, the single atomic layer of graphites consisting of a monolayer of
carbon atoms arranged in a hexagonal honeycomb structure, has opened up a new
era in various fields of application since its successful preparation [1] owing to its
unique properties. Nevertheless, the modification of some properties can be
advantageous. Various methods have been proposed to engineer the electronic
structure of graphene. These which include preparing carbon sheets with different
layers and graphene with and without defects by new and improved synthesis
methods, chemical functionalization of graphene, and chemical doping [2]. This last
involves the introduction of a heteroatom substituting a carbon atom in the
graphitic structure. The presence of this foreign atom confers it, compared to
pristine graphene, even superior qualities in several applications. Various examples
can be found in the literature. For instance, hydrogen adsorption was enhanced by
Si doping (10%) where its storage capacity was doubled with respect to the un
doped samples [3]. Boron doped graphene has been used as electrode material for

supercapacitors and these have proven superior results with respect to pristine
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graphene [4]. Other heteroatoms such as S and P have also been used in order to
open the zero band gap of pristine graphene [5]. Chirality and thermal conductivity
can be modified by low nitrogen doping [6]. N-graphene has also shown better

performance in Li ion battery applications [7].

For the chemical doping of carbon based materials, nitrogen (N) substitution
atoms are considered excellent candidates because of their comparable atomic size
and strong valence bonds with carbon atoms. Various methods have been proposed
depending on its use, amount and type of N groups required. These include: Arc
discharge (~ 1% N) [8], Chemical vapor deposition (~ 2% N) [9], solvothermal
reaction using various nitrogen precursors (8 -10 % N) [10,11], thermal annealing of

GO with urea (~10% N) [12], and thermal annealing of GO with NH3 (~ 7% N) [13].

Nitrogen doped carbon materials are suitable as basic catalysts or as
catalysts support, owing to increase in electronic density derived from the electron
pair of the nitrogen atoms. Various reactions have been studied in the literature
where selectivity towards certain products was increased thanks to the presence of

suitable nitrogen surface basic sites [14-17].

In our work we study the catalytic dehydrogenation of ethanol (reaction
pathways shown in Fig. 1) which requires basic sites. Otherwise, the use of a
catalyst with acidic character would yield ethylene. Ethylene serves as a monomer
in the production of polyethylene [18,19] while acetaldehyde, produced by the
basic catalysis, is a valuable raw material suitable for condensation reactions to give
C4 products such as 1-butanol and 1,3-butadiene [20,21]. So far, most of the
materials studied for this dehydrogenation reaction are based on alkaline-earth
metal oxides [22], mixed oxides (Mg-Al, Mg-Fe) [23,24] and hydroxyapatites [25].
Very little has been published employing carbon based catalysts and it could be
advantageous to use these hydrophobic materials favoring the interaction with the
organic reactants and products and avoiding the participation of water (present in
bioethanol or as by-product from ethanol dehydration) which could be a drawback

in these reactions.
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Figure 1. Scheme of reaction pathways in ethanol decomposition [24]

4.3.2. Experimental procedure

4.3.2.1. Synthesis and characterization of catalysts materials

To produce the N-doped graphenes, natural graphite of three different
particle sizes (10, 100 and 200 mesh) supplied by Alfa Aesar (purity > 99.99%), were
used as starting materials. These were first oxidized to obtain the corresponding
graphite oxides (GO) employing a modification of the Brodie’s method [26,27]. This
procedure is as follows: 10 g of graphite (G) was added to 200 mL of fuming HNOs
kept at 0 2C in the reaction flask. 80 g of KCIO3; was slowly added during 1 hour.
Thereafter, the mixture was stirred for 21 hours at this same temperature. The
resulting GO was filtered and washed thoroughly with deionized water until neutral
pH. The sample was dried over night at 333 K in a vacuum furnace. Thereafter,
exfoliation of the synthesized GO was carried out in a vertical quartz reactor under
inert and reactive atmospheres. For the former GO was heated under nitrogen (50
mL/min) until 773 K (yielding GOE) while for the later a mixture of NHs, H, and N, of
flow rates 10, 6 and 50 mL/min (giving GORE), respectively, was used. These
samples were also heated until 773 K although one of them was also treated at a
higher temperature (1173 K). In the nomenclature, particle size of starting graphite
as well as exfoliation conditions, are taken into consideration. Hence, for example,
100GOE-a the first digits mean starting graphite used was of 100 mesh, GOE stands

for graphene oxide exfoliated under inert atmosphere at 773 K (a). As for 100GORE-
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a, would be the same except for GORE which stands for graphene oxide exfoliated
under reactive conditions. This nomenclature for the N-doped and un-doped

graphenes is summarized in table 1.

All carbon materials were studied employing various characterization
techniques. Transmission Electronic Microscopy (TEM) was used to evaluate the
successful exfoliation of GO. The amount of residual oxygen groups after both
reactive and inert treatments was estimated by Thermogravimetric Analysis using a
SDTQ600 5200 TA system. In this latter, the samples were heated from room
temperature to 1173 K, with a heating rate of 10 K- min~* under helium. To have an
idea of the degree of exfoliation and restacking, graphitic properties of N-doped
and un-doped samples were studied with the aid of X-ray diffraction. These studies
were performed using a Rayflex XRD3100 instrument provided with CuKa X-rays
(A=1.54 A) and a Ni filter. Steps of 0.05° were employed with a time of 1s per step
and a 20 range of 5-95°. Microscopic confocal Raman spectrometer (Renishaw RM
2000, 514.5 nm laser) was employed to probe the structure of samples. BET surface
area was measured by N, adsorption-desorption isotherms at 77 K on a
Micromeritics ASAP 2020. The surface composition of synthesized materials was
analyzed by X-ray photoelectron spectroscopy (XPS) with a Omicron spectrometer
system equipped with a hemispherical electron analyzer operating in a constant
pass energy, using Mg Ka radiation (hv = 1253.6 eV). The samples were fixed to the
sample holder using a carbon adhesive tape. The background pressure in the
analysis chamber was kept below 5 x 10 mbar during data acquisition. Survey scan
spectra were made at a pass energy of 50 eV, while the C 1s, O 1s and N 1s
individual high resolution spectra were taken at a pass energy of 20 eV. All binding

energies (BE) were referenced to the C 1s line at 284.6 eV.

4.3.2.2. Catalytic test

Catalytic reactions were carried out at atmospheric pressure. In each test,
50 mg of carbon material were loaded in a glass tube (9mm id) that served as a

fixed-bed, continuous flow reactor. 7.5 puL/min of ethanol (purity) were diluted in
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helium (total flow rate of 20 mL/min) and passed through the catalytic bed. At
regular time intervals the reaction products were analyzed in a gas chromatograph
(GC) apparatus, equipped with both TCD and FID detectors. This analysis system is
directly coupled to the reactor exit. This dehydrogenation reaction was studied at

three different temperatures: 673, 723 and 773 K.

4.3.3. Results and discussions

4.3.3.1. Characterization of materials

TEM images reveal on one hand, single layer graphene (Fig. 2a) due to
complete GO exfoliation under inert conditions although some restacking was also
observed (Fig. 2b). It has been reported that the synthesis of graphene materials
from reduction of exfoliated GO generally yields samples based not on single
separated graphene sheets, but rather on an interconnected network with regions
of over-lapped multiple layers [28]. When NH3 treatment was undertaken, defects
in the stack and scrolled edges of graphene were observed (Fig. 2c) with respect to
inert treated GO (GOE). Higher treatment temperatures (1173 K) enhance this
effect (Fig. 2d). This is in good agreement with Raman spectroscopy results. This
technique has proven to be extremely sensitive and valuable in the characterization
of carbon materials [29]. In Fig. 3 Raman spectra of original graphite (100 mesh),
and its corresponding graphene material after both inert (100GOE-a) and ammonia

treatment (100GORE-a) at 773 K are represented.
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Figure 2. TEM images of N-doped and un-doped graphenes. (a) and (b)
100GOE-3, (c) 10GORE-a (d) 10GORE-b

As is expected, graphite has an intense G band peak owing to its high
crystallinity [30] and a very small D peak. The former arises from emission of zone-
center optical phonons, while the later is closely related to disorder-induced
scattering resulting from imperfections such as the edges present in the graphitic
structure [31]. As for the treated samples the relative intensity ratio of D to G band
is significantly higher for the ammonia treated sample (0.96 vs. 0.84) indicating the
higher degree of disorder in this material. This effect caused by the substitution of C

atoms with N atoms has also been described in the literature. C. M. Chen et al. [32]
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claimed that the introduction of N especially the “lattice N” which directly bond to
in-plane sp2 bonded carbons will cause the lattice distortion, so the graphitic region
transforms into sp®> domain. This higher degree of disorder found in the N-doped
graphenes corroborates what was observed in TEM images. XRD results gave the

diffractograms depicted in Fig. 4.
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Figure 3. Raman spectra of original starting graphite material as well as N-doped
and un-doped graphene.

As can be observed, graphite oxide (GO) (Fig. 4a) presents the characteristic
peak at about 16° which is shifted with respect to the graphitic graphite peak at 26°
(corresponding to the (002) planes of grahene layers) which in this case is totally
absent. This is due to the complete and successful oxidation of the natural graphite
starting material. When GO was treated under N, atmosphere practically no peaks
were observed (Fig. 4f). As for the NH; reduced GOs, although the peak at 16° owing
to un reduced GO is also absent owing to its correct reduction, a small broad peak
at about 26° characteristic of graphite structures, is now present (Fig. 4b-4e)
hinting that restacking is favoured under ammonia reactive conditions rather than
in inert atmosphere. It is worth noting that this peak increases when the particle

size of starting material increases. This feature is most significant for the sample of
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largest size, 10GORE-a (Fig 4b) and it decreased when this same 10GO was reduced

and exfoliated at higher treatment temperatures (1173 K).
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Figure 4. XRD diffractograms of graphene materials: (a) 10GO, (b) 10GORE-3, (c)
10GORE-b, (d) 100GORE-a, (e) 200GORE-a, (f) 100GOE-a.

Although this peak (26°) is characteristic of the graphitic nature and
therefore restacking of the graphene material, when compared to the original

graphite starting material, it is very small (Fig. 5) proving that the resulting graphene

is far from its complete conversion to graphite.



150 | Capitulo 4

—10G

—— 10GORE-a

Intensity (a.u.)

Figure 5. XRD diffractograms of starting graphite and an exfoliated graphene.

TGA was carried out under He atmosphere the results are represented in
Fig.6. The profile of the as prepared GO shows the pronounced % Wt loss of about
30% typical for GO prepared by the brodie method [33]. This characteristic feature
which appears at about 560 K greatly was reduced in treated samples although
when comparing the inert treated and ammonia treated, some differences can be
observed. There are still some functional groups present in the former while in the
case of the latter the presence of these groups is not so significant. Thus reduction

is more efficient in the N-doped carbon materials.
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Figure 6. TGA profiles of an as prepared GO, as well as GO treated under inert and
ammonia atmosphere.

This can be confirmed on viewing XPS C 1s spectra (Fig. 7). As can be seen
GO has a pronounced envelope at high BE owing to its high oxygen content
(carbonyl, carboxyl, and hydroxide groups [34]). These functional groups greatly
decreased for the treated samples and this oxygen reduction is most effective for
ammonia treated graphenes. The oxygen/carbon atomic ratios, collected in Table

1, also confirm this.

Table 1. XPS results.

Samples Tireatme o/c Pyridinic- Pyrollic-N Quaternary-N  Pyridinic-N-O
nt (K) N (397.8 (399.4 (401 eV) (403.3 eV)
eV) eV)

10GORE-a 773 0.039 5.9 39.8 22.3 30.2 7.7
100GORE-a 773 0.039 5.6 40.8 19.1 31.2 9.0
200GORE-a 773 0.028 3.1 38.6 15.1 37.9 8.4
10GORE-b 1173 0.017 2.8 39.9 17.6 32.4 10.1
100GOE-a 773 0.178 0 - - - -

a: samples treated at 773 K
b: samples treated at 1173 K



152 | Capitulo 4

Cls ——GOE
—— GORE
—GO

-

204 292 290 283 286 284 282 280
Binding energy (eV)

Figure 7. XPS C 1s spectra of an as prepared GO, as well as GO treated under inert

and ammonia atmosphere.

Nitrogen dopants are believed to present in four major states (pyridinic
nitrogen, pyrrolic/pyridonic nitrogen, oxidized nitrogen and quaternary nitrogen)
[35] and these can be determined by XPS. The amount and type of N incorporated
species was strongly dependent on reduction atmosphere and temperature as is
observed in Table 1. Insignificant amounts of N were present in the sample reduced
under inert atmospheric conditions. For NHs reduction treatment N% was directly
proportional to the size of original graphite particles and highest amounts (~ 6%)
were found for largest size. N incorporation reduced at higher treatment
temperatures (1173 K). As was mentioned above and can be viewed in Fig. 8 and 9,
the distribution of nitrogen species was not the same in all cases. While pyrrolic
species seemed highest for largest grain size, quaternary nitrogen was higher for

smaller ones.
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Figure 8. XPS N 1s spectra species present in N-doped graphenes
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Figure 9. XPS N 1s spectra of envelope of N-doped graphenes
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4.3.3.2. Catalytic test measurements

As was mentioned in the introduction the studied reaction can follow
different pathways as shown in the scheme of Fig. 1. In this study acetaldehyde was
the desired product. The reaction was first carried out in the absence of catalyst
(blank test) to observe if it could take place without any catalysts. In this case,
conversions are very low achieving only about 8 % at 773 K. The reaction was later
carried out with the GO samples treated under inert atmosphere and under
ammonia atmosphere at three different temperatures: 673, 723 and 773 K. In all
cases selectivity towards acetaldehyde was almost 100% while other products were
absent. Conversion versus temperature is represented in Fig. 10 for all samples that

were reduced and exfoliated at 773 K.
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Figure 10. Conversion versus temperature for all catalysts treated at 773 K.

Catalytic activities were low and quite similar at lowest reaction
temperature (673 K). Increase in reaction temperature causes an increase in
conversion. For the 100GOE-a sample (reduced under inert conditions) this feature
was less pronounced giving the lowest conversion values of all four catalysts. As for
the ammonia treated samples, conversion increase with temperature is more

prominent and at first seemed to be influenced by the particle size of starting
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graphite material, although highest values corresponded to medium sized sample
(100 mesh). Therefore, various parameters are to be considered. On one hand, XRD
results gave insights on the degree of exfoliation deduced by the presence and
intensity of the graphitic peak. It should be expected that the higher the extent of
exfoliation (and lower the intensity of the 26° peak) the lower the number of
stacked graphene sheets and the higher the specific reactive area. M. Coros et al.
employs the scherrer equation in calculating the mean value of crystalline domain
which they associate with the number of layers present in the graphene material
[36]. They observed a good correlation with their HRTEM results. By fitting the (002)
reflection, one can obtain the average number of layers using the Scherrer formula
[38,37]. We obtained a rough estimate of the number of graphene layers following
a procedure as has been described by other authors [38]. First we calculate the
crystallite size (calculated from the width of individual peaks by the Deybe-Scherrer
equation). Once calculated and taking an interlayer spacing of 3.35 A, the number
of graphene stacked layers in each catalyst can be obtained using the equation, N =
L/d + 1, being N the number of layers, L the crystallite size obtained from Scherrer
equation and d the d-spacing between planes. The + 1 term is used to correct the

counting error. The values obtained are summarized in Table 2.

Table 2. Average number of graphene layers deduced from XRD results

Samples Tireatment N2 Layers N% (XPS) N%/ N2 Seer (M?/g)
(K) (XRD) layers
10GORE-a 773 27 5.9 0.22 101
100GORE-a 773 16 5.6 0.35 123
200GORE-a 773 13 3.1 0.24 245
10GORE-b 1173 38 2.8 0.07 93
100GOE-a 773 - - - 457

As can be deduced, when comparing 10GORE-a with 100GORE-a, as the

former presents a much higher number of graphene layers, conversion is much
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higher for the latter (values above 70% at 773K, Fig. 10). Similar results were
expected for 200GORE-a since it had a similar diffraction pattern as that of
100GORE-a of even less number of stacked layers (Table 2) but this was not so and
conversion values were quite lower. Hence another parameter must be considered.
Taking into consideration that the inert treated sample, 100GOE-a, seemed highly
exfoliated and at the same time had the lowest activity; the presence of N atoms
plays a key role favoring this dehydrogenation reaction. Observing XPS at.% of N
(Table 1), 200GORE-a has lower surface nitrogen content than 100GORE-a and thus
lower catalytic activity. This last argument could also apply when studying 10GORE
reduced at two different temperatures since for L0GORE-b, N at. % was quite lower

and so was its performance in the catalytic test (Fig. 11).

304 | M 10GORE-a
| | 1 10GORE-b

Conversion (%)

54
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Figure 11. Conversion versus temperature for 10GORE previously reduced at 773
and at 1173 K.

Nevertheless, in this case, the graphitized peak is slightly shifted to higher
values (lower interlayer spacing) very close to those of the original graphite. And
this would also have influence on its behavior. A part from the total N at.%, the
distribution of its different species (discussed in the previous section) could also
contribute in the catalytic performance. It is said that off all the N species present,

pyridinic N is responsible for the basic properties of these N-doped carbon materials
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[39]. In our case, although slight, 100GORE-a seemed to have higher proportion of

this N state in agreement with its outstanding results.

Bearing in mind all previously discussed results, it can be said that the use of
graphite of different particle size oriented the type of graphene produced tuning
their parameters. Taking into account these parameters, a correlation can be made
considering the extent of exfoliation (number of stacked graphene layers deduced
by XRD) and the amount of N incorporated (XPS results) as conversion is inversely
and directly proportional to the former and the latter, respectively. Therefore,
dividing the values of both factors (N at.% by the number of layers) we obtain the
parameters collected in Table 2. Representing these as well as conversion (at 723 K)
values in Fig. 12 a clear tendency can be observed. As N at% and exfoliation extent
increases, so do conversion values: 100GORE-a > 200GORE-a > 10GORE-a >
10GORE-b.
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Figure 12. Correlation between conversion (at 723 K) tendency and N at. % / N2
graphene layers.

4.3.4. Conclusions

Taking into account the characterization results and catalytic test carried out

various conclusions can be drawn. Nitrogen was successfully introduced within the
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graphite structure and its quantity and the type of N was dependent on the
treatment temperature and original graphite particle size. The exfoliated graphene
consisted of both single sheets as well a number of restacked layers. Defects in N-
doped graphenes were higher than in the un-doped samples. Reduction of GO was
most efficient on the ammonia treated samples than in the inert treated ones.
When applied in the dehydrogenation reaction of ethanol, in general N-doped
graphene gave higher activities towards acetaldehyde owing to their basic
properties, induced by N incorporation. Of all the doped samples 100GORE-a gave
best results owing to the combination of two parameters: degree of graphene
exfoliation and amount of N incorporated. High values contributed positively to the

high performance of N-doped graphene in the catalytic dehydrogenation of ethanol.
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4.4.0. Abstract

A high surface area graphite and three functionalized graphene materials
(one undoped and two N-doped prepared by different methods) synthesized by
thermal treatment of a graphitic oxide were used to support copper catalysts, which
were comparatively evaluated in the bioethanol dehydrogenation reaction. The
characterization of the carbon supports by nitrogen physisorption isotherms, X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) allowed us to stablish
differences in the structure and chemical nature of the surface properties
generated by the different synthesis procedures. Furthermore, reduced copper
catalysts were characterized by XRD, transmission electron microscopy (TEM) to
determine the Cu nanoparticle sizes and their morphologies and XPS to obtain
information on the Cu surface species. It was found that catalytic properties
depended on the nature of each support, because it induced significant differences
on metal nanoparticles, i.e. modifications of structural properties, as consequence
of specific metal-graphite or metal-graphene interactions. Comparative studies with
copper supported on a commercial silica gel highlighted the application of these
carbon supported Cu catalysts as a promising alternative in terms of activity,
selectivity and stability for the dehydrogenation of bioethanol into acetaldehyde.
Also these Cu/graphite or Cu/graphene materials displayed high stability even when

water is co-fed with ethanol.

4.4.1. Introduction

Biomass derivative compounds, often called molecular platforms, provide
some viable routes to produce intermediated materials for the industry, alleviating
the strong dependence of these chemicals on the depleting fossil fuels [1-3]. One of
the major products of biomass conversion is bioethanol, a commodity chemical
derived from the fermentation of grain/sugar crops (first generation) and from
lignocellulosic residues (second generation) [4]. Bioethanol can be one of the future

feedstock to manufacture a number of chemical products [5,6], as it has already
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been demonstrated by the start-up of a 200,000 metric ton ethylene from ethanol
plant in Brazil [7]. Another pathway to convert bioethanol into valuable chemicals is
dehydrogenation yielding acetaldehyde [8,9], which has recently been categorized
as one of the promising ethanol derivatives from a sustainable perspective [5]. This
chemical is an important intermediate in organic syntheses, which is used as a raw
material for the production of acetic acid, acetic anhydride, ethyl acetate, butyl
aldehyde, crotonaldehyde, pyridine, peracetic acid, vinylacetate and many other
products [10]. Besides, acetaldehyde obtained from ethanol can be an intermediate
for subsequent condensation reactions yielding larger molecules such as 1-butanol
[11,12] or 1,3-butadiene [13]. Industrially, acetaldehyde is mainly obtained by the
direct catalytic oxidation of ethylene via the Wacker process, which produces
chlorinated wastes and is energetically costly [14]. Therefore, there is a need to
develop new routes of synthesis and improved heterogeneous catalysts for this

process of direct transformation of bioethanol into acetaldehyde.

The dehydrogenation of alcohols to aldehydes or ketones is a well-known
industrial process, and these reactions are primarily carried out on copper catalysts
because of their high selectivity to the dehydrogenation product [15]. Specifically,
ethanol dehydrogenation has widely been studied over copper catalysts [39,16- 21]
because it takes place in relatively mild conditions when compared to other
catalysts used for this dehydrogenation reaction. However, the application of
copper catalysts is usually limited by their rapid deactivation caused mainly from
sintering due to the relatively low melting point of metal copper. In order to
enhance the metal dispersion, chromia (Cr,03) is widely used as a textural promoter
for copper catalysts, which results in high activity and selectivity, and satisfactory
stability [17,20]. Unfortunately, its industrial use has been restricted in some
countries by environmental regulations that prevent its disposal in landfills due to
possible risks of formation of hexavalent Cr [22]. With the view of replacing Cu-
chromite, lately carbon materials like activated carbon [22] and carbon nanofibers
(CNF) [23] have successfully been applied as a support for Cu catalysts in the
isopropanol dehydrogenation reaction. Also very recently Q.N. Wang and co-

workers [21] have shown that the surface characteristics of a mesoporous carbon
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support provides some advantages in the ethanol dehydrogenation compared to a
mesoporous silica-supported Cu catalyst, i.e., minimizing side reactions. Moreover,
carbon-supported catalysts could represent a potential alternative to conventional
metal oxide catalysts because their physical and chemical properties enable them to
resist the high temperatures required for dehydrogenation reactions. Furthermore,
the use of carbon materials opens up new gates since the surface properties of a
carbon support can be tailored to alter the selectivity and activity of the catalyst. In
this sense, Guerrero-Ruiz et al. [24] reported, for the first time, the influence of
nitrogen and oxygen surface groups in the metal particle size/morphology and in
the catalytic results of iron and ruthenium catalysts supported on highly

microporous carbons.

Graphene is another carbon based nanomaterial that has been considered
as a promising catalyst and catalyst support and it has received high attention over
recent years due to its exceptional properties [25]. Compared to other carbon
structures, graphene materials could be a more desirable support substrate for
growing and anchoring metal nanoparticles (NPs) due to its large surface area,
excellent conductivity, mechanical strength, chemical stability and light weight.
Furthermore, structural defects in the graphene lattice can be useful as it makes
possible to tailor the localized properties of graphene to achieve new surface
functionalities, and this is an important factor that could enhance the metal-support
surface interactions. For example, it has been interestingly reported in the literature
that nitrogen doping introduces chemically active sites, i.e. basic sites, which are
useful in certain catalytic reactions [9,26] and also acts as anchoring sites for metal
nanoparticle attachment [27]. Various methods have been proposed to prepare
nitrogen doped materials, depending on their use, amount and type of N groups
required. Arc discharge (with an amount of incorporated nitrogen of ~ 1% N) [28],
chemical vapor deposition (~2% N) [29], solvothermal reaction using various
nitrogen precursors (8 -10 % N) [30,31], thermal annealing of GO with urea (~ 10%
N) [32] and thermal annealing of GO with NH3 (~ 7% N) [33] have been described.

Another reason to use graphitic materials as ingredients of catalysts in

processes of valorization of biomass derivatives is that they could be advantageous
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because of the water content of these chemical raw materials. The hydrophobic
properties of graphite and graphene may favor the interaction of catalytic active
centers with organic reactants and products, avoiding the participation of water in
the generation of byproducts or in the stability of catalytic materials. So water could
be a drawback for the traditional metal oxides supports (i.e. silica gel, alumina)

which at the same time are not stable at elevated temperatures in its presence [34].

To the best of our knowledge, very little research has been focused on the
use of graphite and graphene materials as support of copper catalysts, and applied
for the bioethanol dehydrogenation reaction. Based on the previous considerations,
in this study copper NPs were generated on different carbon supports: one
commercial high surface graphite and three lab prepared reduced graphene oxides.
One of these graphene materials was just prepared by thermal expansion of
graphitic oxide and other two were nitrogen functionalized. For these latter, two
different procedures involving nitrogen containing compounds were applied during
the graphite oxide reduction. Pure ethanol dehydrogenation was carried out to
probe the catalytic behavior of these support materials and allow comparisons
among the four Cu/carbon systems, in particular to study the effect of the
incorporation of N in the graphene sheets. Furthermore, the influence of the
presence of water (10% vol.) in the reactant feed was also evaluated in terms of
activity, selectivity and stability for these Cu/carbon catalysts and compared to
those obtained with Cu supported on a commercial silica gel. Characterization of
the carbon supports and the catalysts were performed with the aid of X-ray
diffraction (XRD), nitrogen physisorption (SBET) X-ray photoelectron spectroscopy

(XPS) and transmission electronic microscopy (TEM).

4.4.2. Experimental

4.4.2.1. Carbon supports

To produce the N-doped and undoped reduced graphene oxides, natural

graphite of 200 mesh of particle size supplied by Alfa Aesar (purity N 99,99%) was
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used as starting material. This was first oxidized to obtain the corresponding
graphite oxide (GO) employing a modification of the Brodie’s method [9,35]. This
procedure is as follows: 10 g of graphite (G) was added to 200 mL of fuming HNOs
and kept at 273 K in the reaction flask. 80 g of KCIO; was slowly added during 1 h.
Thereafter, the mixture was stirred for 21 h at the same temperature. The resulting
GO was filtered and washed thoroughly with deionized water. For the undoped
graphene material, exfoliation of the synthesized GO was carried out in a vertical
furnace under inert atmosphere heating until 773 K (yielding GOE). For the doped
materials, nitrogen was introduced by two different methods: in the first case GO
was heated until 773 K under a mixture of NHs, H, and N, with flow rates of 10, 6
and 50 mL/min, respectively (giving GORE-a). In the second method N was
introduced by solid-state reaction between GO and urea [32] as follows: 1 g of GO
was first finely milled with 3 g of urea and then transferred onto a furnace and
heated up to 773 K. Thereafter, the produced solid was washed with deionized
water to remove any residual species adsorbed on the sample surface, and then
dried at 333 K overnight (yielding GOE-u). The nomenclature employed in this work
for graphene materials has been applied following the recommendations given in

this reference [36].

The commercial High Surface Area Graphite (HSAG5) also used as support

for Cu NPs was supplied by Timcal (Sger = 490 m?/g).

4.4.2.2. Catalysts preparation

All catalysts were prepared by the wetness impregnation technique using a
H,0:Ethanol (1:1) solution of Cu(NOs3)2:3H,0 (Sigma Aldrich), with the adequate
concentration to incorporate a metal loading of 5% on the supports. After Cu
impregnation, the samples were dried in air at 383 K overnight. For comparative
purposes, similar preparation procedure was adopted for preparing a copper

catalyst supported on commercial silica gel SiO, (Fluka, 480 m%/g).
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Finally the samples were treated at 623 K in inert atmosphere (He, 20
mL/min) for 3 hours, except Cu/SiO, which was calcined in air at the same

temperature.

4.4.2.3. Catalysts characterization

Structural properties of the supports were determined by X-ray diffraction
(XRD), using a Rayflex XRD3100 instrument provided with CuKa X-rays (A = 1.54 A)
and a Ni filter. Steps of 0.05° were employed with a time of 1 s per step and a 20
range of 5—95°. Cu crystallite sizes of the catalysts were calculated from full width at

half maximum (FWHM) of the Cu® peak at 50.4°, using the Scherrer equation [37].

Values of specific surface area (Sger) and average pore diameter of the
supports as well as those of the catalysts were determined by N, adsorption-
desorption isotherms at 77K in an automatic volumetric adsorption apparatus
(Micromeritics ASAP 2020). Prior to nitrogen adsorption, the samples were

outgassed for 5 h a 423 K.

To obtain information on the morphological characteristics such as shape,
density and size of copper crystallites on the different supports, the catalysts were
subjected to a detailed transmission electron microscopy (TEM) study. TEM
micrographs were obtained on a JEOL JEM-2100F microscope at 200 kV. The
samples were ground and ultrasonically suspended in ethanol before TEM images
were generated. The mean diameter (d) of Cu particles was calculated based on a
minimum of 100 particles, using the following equation where n; is the number of

particles with diameter d;:

_xnd;

dCu - Zn
L

Synthesized reduced graphene oxides and the commercial HSAG5 were
analyzed by X-ray photoelectron spectroscopy (XPS) with a Omicron spectrometer
system equipped with a hemispherical electron analyzer operating in a constant

pass energy, using Mg Ka radiation (hv = 1253.6 eV). The samples were fixed to the
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sample holder using a carbon adhesive tape. The background pressure in the
analysis chamber was kept below 5 x 10° mbar during data acquisition. Survey scan
spectra were made at a pass energy of 50 eV, while the C 1s, O 1s and N 1s
individual high resolution spectra were taken at a pass energy of 20 eV. All binding
energies (BE) were referenced to the C 1s line at 284.6 eV. XPS was also used to
study the chemical states of Cu in the Cu/carbon reduced catalysts. For this, all
samples were reduced in a furnace at 300 °C for 2 hours under H, flow, and then
cooled down to room temperature under inert gas and immediately transferred to
the vacuum chamber to proceed with their analysis. X-ray induced Auger electron
spectra of reduced samples in the kinetic region of 930-900 eV were also obtained.
The modified Auger parameter (ac,) was calculated according the following
equation:
oc, = Eg + Eg

where E; is the binding energy of Cu 2p core level and E is the kinetic energy of the
Cu L3VV Auger electron. Spectra were analyzed with Casa XPS software and RSF

database by fitting after Shirley background correction.

4.4.2.4. Catalytic test

Dehydrogenation of ethanol and bioethanol was carried out in gas phase at
atmospheric pressure, in a fixed-bed vertical microreactor (9 mm i.d.). For each run,
100 mg (with a particle size of 0.5-0.8 mm) of catalyst was previously reduced in situ
at 573 K for 2 hours with pure H, (20 mL/min). The reactor was placed inside a
temperature-controlled heating jacket with a thermocouple placed at the center of
the catalytic bed. The catalytic experiments were carried out between 423 and 573
K. Ethanol (either pure or containing water at 10% vol.) was charged through a
micro-pump and vaporized in He as carrier gas. The resulting stream, with 15.7
vol.% of reactant in the gas phase, was fed to the reactor, at 20 mL STP/min. The
composition of the stream reactor effluents was analyzed on line using a gas
chromatograph (Varian CP-3800) with a Porapak Q column and equipped with FID
and TCD detectors.

The activity per gram of catalyst was calculated as follows:
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Xgton (%) . umol
100 Qseon (M)

Meqe(g)

. (umol
Activity (—) =
g-s

Where Qgon represents the molar flow of ethanol fed to the reactor, m,; is the
mass of catalyst and Xgon is the ethanol conversion calculated with following
equation:

Zinimoli 100

X 0/) — .
rion (%) 2molgioy + Zin;mol;

Where n; is the number of carbon atoms of the product i, and molgoy is the
unreacted ethanol in the stream reactor effluent.

The selectivity to a specific product was defined as follows:

n;mol;

S; (%) = 100

Zinimoli

In order to discard the presence diffusional problems, experiments
performed were replicated with other particles sizes and working with the double
of the catalyst weight. The results obtained suggested the absence of both external
and internal mass transfer effects. Blank experiments were also performed to verify
the absence of catalytic activity in the conditions used in this study, either with the

empty reactor or filled with the glass beads.

4.4.3. Results and discussion

4.4.3.1. Textural properties and structure

In Figure 1 the XRD patterns of the supports (Fig. 1a), the precursor catalysts
(treated at 623 K in inert atmosphere, (Fig. 1b)) and the reduced Cu/graphite and

Cu/graphene catalysts (Fig. 1c) are shown.
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Figure 1. XRD patterns of a) graphite and graphene supports b) precursor catalysts
and c) reduced catalysts.

XDR patterns of supports are represented in decreasing order of graphitic
nature (HSAG5>>GOE-u>GORE-a>GOE). XRD pattern of HSAGS5 shows the
characteristics peaks of its graphitic structure, which are much lower in the case of
the graphene materials, being almost absent in the case of GO treated under N,
atmosphere. This is due to the complete and successful oxidation of the natural
graphite starting material and its subsequent reduction [9]. However, it has been
reported that the synthesis of graphene materials from reduction of exfoliated GO
generally yields samples based not on single separated graphene sheets, but rather
on an interconnected network with regions of over-lapped multiple layers [38]. This
is particularly evident in the case of GOE-u, where the peak at 26° corresponding to
the (002) planes of graphene layers, is clearly higher. This means that some
restacking has occurred, which is also reflected in the low surface area measured
for this support (Table 1). Although to a much lesser extent, this effect is also
observed in the case of the NH; reduced GO, where a small broad peak at about 26°

is also present. In summary, there is a clear correlation between the graphitic
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degrees, observed in the XRD patterns, with the BET surface areas measured for
these supports as reported in Table 1. The higher the peak at 26° is, the lower the
BET surface area measured for the graphene synthetized materials. On the other
hand, the N-doping of GO using ammonia and urea resulted in a decrease of the
surface area in comparison with the GO reduced in inert atmosphere (480, 313 and
15.3 m?/g for GOE, GORE-a and GOE-u, respectively, Table 1), which indicates that
the addition of the N-precursor, particularly evident in the case of urea, favors the
larger aggregation of the graphene sheets. This effect has also been previously
reported by R.P. Rocha et al. [39] when N-precursors are used in the synthesis of

functionalized graphene materials.

Table 1. Textural properties of supports and reduced catalysts.

SUPPORTS CATALYSTS
Cu
BET Average Interlayer BET Average Cu
crystallite
surface pore spacing surface pore crystallite .
size
Sample area diameter* d(002) Sample area diameter size (XRD)
. (TEM)
(m*/g)  (nm) (A) (m*/g)  (nm) (nm)
(nm)
HSAG5 490 6.9 3.40 Cu/HSAG5 433 6.6 10 10
GOE 480 9.4 - Cu/GOE 287 5.4 23 22
Cu/GORE-
GORE-a 313 10 3.55 173 4.8 13 9
a
GOE-u 15.3 11 3.34 Cu/GOE-u 13.9 13 27 19
SiO, 480 4.8 - Cu/Sio, 463 4.6 50 -

"BJH desorption average pore diameter

For the impregnated and heat-treated samples, the characteristic peak of
Cu,0 appeared at 36.4° (Cu,O (111), JCPDS card 01-078-2076). This chemical
oxidation state is expected when Cu is obtained from thermal decomposition of
Cu(NO3),:3H,0 in inert atmosphere at 623 K [40]. Although the main characteristic

peaks of the monoclinic structure of CuO at 35.5° and 38.9° were also detected in
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Cu/GOE-u. It is worth noting that when copper is deposited on the reduced
graphene oxide supports, a face-to-face aggregation of graphene sheets occurred,
as the increment in the peak at 26° and 43° indicates (Fig. 1b). Although compared
to the original graphite starting material it is very small proving the resulting
graphene is far from its complete conversion to graphite. This phenomenon is also
reflected in the decrease of the BET surface area measured for these catalysts,
particularly in the case of Cu/GOE and Cu/GORE-a. Table 1 reveals that, after
impregnation and heat treatment the surface area of GOE decreased from 480 to
287 m?/g, and for GORE-a decreases from 313 to 173 m?/g. Also the average pore
diameter decreases from 9.4 to 5.4 nm, and from 10 to 4.8 nm, respectively. These
observations are in good agreement with previous reports [41]. This could be
attributed to the presence of copper species that might block the mesopores in
these graphene or few layer graphene supports and these results in a decrease in

their exposed surface area.

For the reduced catalysts (Fig.1c), the intensity of the characteristic peak of
Cu,0 decreased but was not completely absent and new peaks associated to Cu’
appeared (JCPDS card 04-0836) which means that Cu,0 was partially reduced to
cu’. Only in the case of Cu/GOE-u, Cu,0 species seem to be absent or under the
detection limit. The primary characteristic peak of cu® at 43.3°% is underhand by the
graphitic peak at 43° and so the secondary peak at 50.4° was used to estimate Cu’®

particle sizes applying Scherrer equation (Table 1).

4.4.3.2. Surface properties
4.4.3.2.1. XPS

Table 2 collects the XPS data for the catalysts carbon support. Compared to
the starting GO the oxygen/carbon atomic ratio (0.37) due to functional groups
(carbonyl, carboxyl and hydroxide groups) greatly decreases for the treated samples

and this oxygen reduction is most effective for ammonia and urea treated samples.
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Table 2. XPS data of carbon supports and reduced catalysts.

177

Type of N (%) Cu Cu
o/cC N aCu
Su pport Pyridinic- pyrrolic-N Quaterna Pyridinic- Catalyst ZPs/z Auger
ratio (%) nN(zo7.s ry-N (401 N-O (403.3 (ev)
) (399.4 eV) o) ) (ev) (eV)
918.4/ 1850.4/
HSAG5  0.070 - - - - - Cu/HSAG5 932.0
913.8 1845.8
918.6/ 1850.7/
GOE 0.082 - - - - - Cu/GOE 932.1
914.6 1846.7
918.6/ 1850.6/
GORE-a 0.039 2.0 35 32 28 5 Cu/GORE-a  932.0
914.4 1846.4
GOE-u 0.030 115 57 28 12 3 Cu/GOE-u 932.0 917.6 1849.6

Nitrogen dopants are believed to be present in four major states (pyridinic,
pyrrolic, quaternary, and oxidized nitrogen) and these can be determined by
deconvolution of the N1s signal [42]. As can be observed (Table 2 and Figure 2), the
amount and type of N incorporated species was strongly dependent on the
preparation method. For the NH; reduction treated sample a low percentage of N
(2.0 at.%.) was achieved, while for the case GOE-u a high nitrogen content (11.5
at.%) was introduced into the graphene sheets. As was mentioned above, the
distribution of nitrogen species was not the same for both supports. While N-
pyridinic seemed clearly highest for GOE-u, similar proportions of the three main
different types of nitrogen were observed in the case of GORE-a. Similar distribution
of N species has been reported in literature for the different procedures of
synthesis, thermal annealing of GO with NH3 [9] and thermal solid state reaction of

GO and urea [32], respectively.
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Figure 2. XPS N 1s spectra present in N-doped reduced graphene oxides.

The catalyst surface composition and oxidation state of the copper catalysts
were also investigated by XPS. The different oxidation states of copper can be easily
deduced by XPS because different shapes or energy position of Cu 2ps.,
photoelectron and CulsVV Auger lines characterize the oxidation states of this

element. XPS of Cu2p and Auger for the reduced catalysts are shown in Figure 3.
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I ‘.‘ :Mu\{‘ ‘
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The XPS parameters are summarized in Table 2.
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Figure 3. XPS of (a) Cu 2p and (b) Cu Auger for the reduced catalysts.

All reduced samples exhibit symmetric Cu 2p3/, and Cu 2p;/; main peaks with
BE values at ca. 932.0 eV and 951.5-951.9 eV, respectively. A shakeup satellite peak
at 942 eV is not detected, which suggest the absence of cu? species [43,44]. On the
other hand, peaks due to Cu® and Cu* appear at the same binding energy and in
order to distinguish between the two species the kinetic energy of the Cu L;VV
auger peak was studied. The X-ray induced Auger electron spectra of reduced
samples in the kinetic region of 930-900 eV are represented in Fig. 3.b. Some
differences are observed in the shapes of Cu LsVV Auger photoelectron spectra of
the samples due to specific bonding interactions at the interface between metal
and carbon support. The values of modified Auger parameter, aCu, are 1849.6-
1850.7 and 1845.8-1846.7 eV which correspond to cu’ and cu' species,
respectively. In other words, peaks (KE values) at 917.6-918.6 and 913.8-914.6 eV
(Table 2) are assigned to cu® and Cu,0, respectively [18]. It is interesting to note
that for all reduced samples some equilibrium exists between the Cu® and Cu*
species, except for Cu/GOE-u in which only one type of copper, cu’, appears to be

dominant. These observations are in good agreement with the XRD diffractograms
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(Fig.1) obtained for the reduced catalysts, which indicated the presence of Cu,0 and
cu® species in all the catalysts except in Cu/GOE-u, where only peaks associated to
cu® where detected. The change in the proportion of cu’/Cu’ for supported Cu
samples may be related to different reasons, such as the nature of the interaction at
the interface between supported metal and carbon support. However, taking into
account that the transfer of reduced samples does not excluded the contact with air
and that in the ultra-high-vacuum conditions of the XPS chamber, Cu species can be

modified, all these results should be considered as semiquantitative ones.

4.4.3.2.2. TEM

Figure 4 shows the TEM images of Cu NPs supported on the different
modified graphitic supports together with the histograms of their particle size
distributions. As it can be seen in Table 1 the average Cu crystallite size measured
by TEM varies from 9 to 22 nm in the Cu/carbon catalysts. In general, the average
Cu size measured by TEM is close to the value determined from XRD calculated by
the Scherrer equation (Table 1). On the other hand it is interesting to note that the
Cu crystallite size estimated by XRD reaches an average of 50 nm in the case of
Cu/SiO, despite the BET surface area which is in the same order of magnitude as
some of the graphitic supports. As for the sample of lowest surface area, Cu/GO-E
(13.9 m%/g), its Cu average particles size does not differ much from that observed in
the graphene materials or the high surface area graphite sample (of highest surface
area 433 m%/g). In general, narrow and homogeneous Cu particles size distribution

can be observed for all reduced catalysts.
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Figure 4. TEM images and particle sizes distributions of (a) Cu/HSAG5, (b) Cu/GOE,
(c) Cu/GORE-a and (d) Cu/GOE-u.

TEM can be used as a powerful technique to explore and illustrate metal-
carbon support interactions [45]. Figure 5 shows enlarged images of our Cu/carbon

catalysts in which more details of the Cu NPs can be appreciated.
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Figure 5. Details of the Cu particle sizes morphologies of (a) Cu/HSAG5, (b) Cu/GOE,
(c) Cu/GORE-a and (d) Cu/GOE-u.

As it can be observed, in Cu/HSAGS5, Cu/GOE and Cu/GORE-a Cu NPs tend to
be dispersed on the edges of the graphite layers and seem to be rounded or
amorphous and flatter, characteristics that are associated with the establishment of
a strong metal-support interaction [46]. However, in Cu-GOE-u, Cu NPs with a clear
faceted crystalline structure are present. In this sample Cu NPs are formed by
clusters, which can be related to the relatively low surface area of the GOE-u
support material. From this point of view the graphite-Cu or graphene-Cu
interactions are evidenced to take place for Cu/HSAG, Cu/GOE and Cu/GORE-a,
while for Cu/GOE-u the presence of these aglomerations of Cu nanoparticles

inhibits the interaction with the reduced graphene oxide surfaces.
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On the other hand, as it was previously said, it is well known that lower
specific surfaces lead to lower dispersions or higher metal particle sizes while higher
surface of the support leads to higher dispersion of copper [47]. However, it is
interesting to note that Cu/GORE-a (d=9 nm) exhibits a lower crystallite average size
than that corresponding to Cu/GOE (d=19 nm), although the BET surface area of the
latter is higher than the former (Table 1). The better copper dispersions obtained
with this N-doped graphene material respect to the undoped reduced graphene
oxide could be explained by the different chemical nature developed in the support
caused by the presence of nitrogen atoms changing its electronic structure [48].
Many references in literature indicate that N-rich sites allow preferential growth of
metal NPs because nitrogen can alter the local electronic structure of the carbon
materials, which makes N-doped carbon an excellent support to fix the metal NPs

with high dispersity and small size [27, 49].

However, the poor dispersion achieved by the Cu NPs on the low surface
area GOE-u support, constituted by clusters with no contact with the graphene
surfaces, makes us believe that in this case N atoms do not act anchoring the Cu
precursor. So from these observations it can be deduced that the effect of the N
atoms of the support on the dispersion of metal NPs, depends not only on the
amount and type of N heteroatoms, but also on the exposed surface area of the
graphene material. It should be noted that the GOE-u support has around 20 times
less surface area than the other N-doped graphene material, GORE-a, and its N
content is much higher. This comment is in the line with a carbon supported Pt
electrocatalyst study [50], where the Pt NPs primarily nucleate on the carbon
surface with a moderate nitrogen content rather than on the carbon surfaces with

very high level of nitrogen doping.
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4.4.3.3. Dehydrogenation of ethanol and bioethanol
4.4.3.3.1. Catalytic properties

The catalytic behavior of these materials was studied in the ethanol and
bioethanol (ethanol + water) dehydrogenation reaction. Previously to these
catalytic tests, the absence of activity with the supports was checked. Only in the
case of HSAG5 a low conversion (1.5%) was observed at 573 K, being the products
detected: acetaldehyde, diethyl ether (DEE) and ethylene. Acetaldehyde is the
dehydrogenation product, while ethylene and di ethyl ether are dehydration
products, associated with the presence of oxygen-containing acidic groups on the

carbon surface.

The effect of the reaction temperature in the initial ethanol
dehydrogenation activity for all the studied catalysts is presented in Figure 6. Initial
catalytic activities in this work refer to values after 30 minutes on stream, when
stationary state has been reached. One can see in the graph that the values of
catalytic activity for all Cu catalysts increase with increasing reaction temperature
(from 423 to 573 K). Such an increase coincides with the promotion of both
equilibrium conversion and reaction rate by raising the temperature of the
endothermic reaction. The main reaction product was acetaldehyde at all reaction
temperatures, with selectivity values always higher than 95 % for all the studied
catalysts. Some byproducts of ethanol reaction that were also formed are: DEE,
ethyl acetate (dehydrogenation coupling product), butanal (aldol condensation
product) and acetone. As can be observed in Fig. 6, the highest activities were
obtained with Cu/HSAG5 and Cu/GORE-a, being the latter even a little more active
in this reaction. With this catalyst the catalytic activities varies from 0.93 pmol-g™*-s™
at 423 K to 18.9 umol-g™-s™ at 573 K. It is interesting to note that this catalyst was
significantly more active for all the reaction temperatures than Cu/GOE despite the
support of the latter has a considerably higher surface area. It is generally thought
that a support with higher surface area would have a greater number of active sites
and consequently would show higher activity. The lower activity of Cu/GOE could be

due to the lower exposed copper surface area caused by a higher crystallite size.
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Indeed, references have reported that alcohol dehydrogenation is a size-dependent

reaction, with smaller copper particles domains leading to higher activities [17].
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Figure 6. Effect of the reaction temperature on the initial catalytic activity in ethanol
dehydrogenation.

Therefore, it was found in the present study that the catalytic behavior
depended on the nature or structure of the support. First of all, the support seems
to induce different sizes of the Cu metal particles. This could explain the differences
in catalytic activities obtained for Cu/HSAGS5, Cu/-GOE and Cu/GORE-a. The lower
the particle size is, the higher the catalytic activity showed by the catalyst. However,
the low activity exhibited by Cu/GOE-u (d = 19 nm) cannot be explained in terms of
particle size effects, since it is of a similar particle size as that of Cu/GOE (d =22 nm)
although the catalytic behavior was completely different, being Cu/GOE-u nearly
inactive. This could be addressed assuming differences in other structural
properties caused by the interaction with the support. As was previously deduced
by XPS and shown by TEM (Fig. 5) the interaction with the reduced graphene oxide
support and the morphology of Cu NPs in the case of Cu/GOE-u is totally different in

comparison with the other Cu/graphene or Cu/graphite catalysts. Furthermore, the
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high catalytic activity of Cu/HSAGS5, Cu/GOE and Cu/GORE-a in contrast with the
Cu/SiO, sample (as will be shown later), evidences that specific interactions with the
graphitic support structures are a key parameter to explain the higher catalytic
activities for the ethanol conversion here obtained. As shown by TEM images, in the
case of Cu/GOE-u, the Cu NPs are weakly or not interacting with the graphene layer,
so these metal support interactions are not acting. The chemical and structural
properties of the graphitic support can induce specific metal geometries and
shapes, and this influences the catalytic behavior of the Cu catalysts [51,52].
Indeed, ethanol dehydrogenation reaction is structure sensitive [53], DFT
calculations indicate the ethanol dehydrogenation process is more likely to occur on
(110) and (100) surfaces than on the (111) surface of Cu catalysts. Furthermore, it is
known that many reactions catalyzed by metal NPs proceed predominantly at
defects such as steps, kinks and others, rather than in any specific type or surface
[54]. So it could be possible that ethanol dehydrogenation is more likely to occur on
Cu particles with certain type of exposed phases (preferentially grown on
crystallites with specific interactions Cu-graphene) like the ones present in
Cu/HSAG5, Cu/GOE and Cu/GORE-a. In recent years many articles have been
published establishing that the strength of a metal-carbon support interaction can
exert a significant impact on the activity and selectivity displayed by a catalytic
system [55-57]. For example, the differences in metal-carbon interactions of Pd
catalysts supported on carbon nanofibers and CNTs resulted in significant changes
in activity and selectivity, during the selective hydrogenation of acetylene over

carbon-supported Pd catalysts [58].

4.4.3.3.2. Effect of water on the feed and stability of catalysts

Figure 7 shows comparative experiments with and without water in the feed
for the Cu/graphene or Cu/graphite catalysts (we have discarded Cu/GOE-u because
of its low activity). It should be noted that initial catalytic activities in bioethanol
dehydrogenation for copper supported on carbon materials remained almost
unaltered with respect to those obtained with pure ethanol. Hence, these results

evidence that the hydrophobic properties of graphitic or graphene materials avoid
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the inhibition of activity caused by the competition of water with ethanol for active

sites.
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Figure 7. Effect of water in the initial ethanol dehydrogenation activities for
different reaction temperatures.

The catalytic activities as a function of time can be well regarded as a
criterion for deactivation rate of the catalysts. Experiments with (Figure 8) and
without water (not shown) in the feed were performed in order to study the
stability of our best catalysts. A temperature of 453 K was chosen to carry out
stability experiments: this is unusually low temperature for this reaction. The three
catalysts were quite stable under these reaction conditions during 5 hours, which
indicate that neither coke deposition nor sintering phenomena take place on the
metal surface. As was mentioned in the introduction section, one of the main
challenges related to copper catalysts is to prevent deactivation caused by sintering
of copper NPs [16]. Obviously catalyst deactivation by sintering is more likely to

occur at higher temperatures, however we have chosen a relatively low
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temperature to study deactivation phenomena experiments since with our reduced
graphene oxide supported catalysts, at this reaction temperature, the catalytic
activities are considerably high (1.3 umol-g'l-s'1 for Cu/GOE, 2.2 umol-g'l-s'1 for
Cu/HSAG5 and 2.3 pmol-g™*s™* for Cu/GORE-a). The stability shown by the catalysts

can also considered as an indicator of the strong metal-support interaction.
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Figure 8. The catalytic activity as a function of time in bioethanol dehydrogenation
at 453 K.

On the other hand, it is worth noting that some changes in the product
distribution occurred in presence of water (Table 3). In this case, acetaldehyde was
the only detected product. The formation of dehydration and condensation
products are not observed in presence of water and this was expected because

their formation involves reactions where water is a byproduct.
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Table 3. Selectivities in ethanol catalytic reaction in presence and absence of water.
Without water With water
Selec. Selec. Selec. Selec. Selec. Selec.
Selec. Selec.
Acetalde- Ethyl Butan Acetalde- Ethyl Butan
CATALYST DEE DEE
hyde acetate al hyde acetate al
(%) (%)
(%) (%) (%) (%) (%) (%)
Cu/HSAG5 97.7 11 0.7 0.3
Cu/GOE 98.8 nd* 1.2 nd 100 nd
Cu/GORE-a 97.8 1.6 0.3 0.2

*nd denotes negligible or no detected amount of this product.

Furthermore, the catalytic activity and the stability of the best of our catalyst
Cu/GORE-a was compared to those obtained with Cu supported on a commercial
silica gel (Figure 9). For this, we adjusted the mass of catalyst in each experiment in
order to work under isoconversion conditions, conversions between 20-30% for
both catalysts. We carried out the study at similar conversions because under these
conditions we are sure that catalytic parameters (i.e. selectivity and stability) can be
rigorously compared. Firstly, as shown in Fig. 9a, Cu/GORE-a exhibited more than
seven times higher activity (13.7 umol-g*-s™) than Cu/SiO, (1.85 umol-gt:s™). It is
worth to mention that with pure ethanol, both catalysts were quite stable under
this reaction temperature (523 K) for 3 h (Fig. 9b). Concerning the effect of water in
the initial catalytic activities of these catalysts (Fig. 9a) it is clear that almost a
quarter loss in activity occurred with Cu/SiO, (the catalytic activity decreases from
1.85 to 1.42 umol-g'l-s'l), while for Cu/GORE-a the activity was rather similar in
presence or absence of water in the reactant mixture. It means that presence of
water causes an inhibition of the activity of Cu/SiO,, probably because water
competes with ethanol for the adsorption sites on this catalyst. We also studied
how the presence of water affects the stability with the time on stream for both
catalysts, and significant variations were detected (Fig. 9c). In short, while ethanol
conversion remained almost constant for Cu/GORE-a, an evident deactivation in

presence of water was observed for Cu/SiO,, being the loss of activity around 10%
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in the 180 min of experiment. Consequently, these results seem to indicate that the
hydrophobic character of the graphite or graphene surfaces prevent, under reaction
conditions, the interaction of water molecules with the Cu NPs surfaces. In this way,
this water feeds do not affect either the catalytic activities of the Cu/graphene
samples or the deactivation of the catalytic Cu NPs, which are in a state of strong

interaction with these carbon supports.
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Figure 9. Comparison of catalytic activity (T=523 K) between Cu/GORE-a and
Cu/SiO,. (a) initial activities with and without water in the feed, (b) stability with
time in absence of water and (c) stability with time in presence of water.

4.4.4. Conclusions

The graphitic supports employed in this work are better materials for copper
catalyst preparation in comparison with the commonly used silica, since a higher Cu
dispersion can be achieved with the formers. Furthermore, it has been clearly
demonstrated that graphite or reduced graphene oxide supports can play a critical
role during the preparation of supported copper catalysts with respect to the size
and morphology of Cu NPs. With the exception of Cu/GOE-u, the majority of Cu NPs
were found to adopt a thin flat structure as evidenced from TEM study, pointing out

a high metal-carbon surface interaction.
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The copper catalysts supported on nitrogen doped graphene materials
seemed to have a monofunctional metal performance in the ethanol
dehydrogenation reaction, in spite of the basic properties of the support. That is,
almost no subsequent condensation reactions of the primary product
(acetaldehyde) seemed to take place. However, it was found that the presence of N
in the graphene sheets plays an indirect role in the catalytic behavior of these
samples since it favors the formation of Cu metal particles of smaller sizes in
Cu/GORE-a, and this could explain the higher activity of this catalyst compared to
Cu/GOE. However, the low conversions obtained with Cu/GOE-u can only be
explained in terms of morphological differences induced by modified surface

properties due to the absence of Cu-support interactions in this material.

The presence of water in the reactant feed did not affect the catalytic
activity and stability of Cu/graphite or Cu/graphene catalysts, but it caused a
remarkable decrease in the catalytic activity of Cu/SiO, as well as its deactivation
with time. This may indicate that water competes with ethanol for the same
adsorption sites of the metallic surfaces in this catalyst. However, the hydrophobic
character of HSAG and reduced GO prevent inhibition of activity and the

deactivation during isothermal reaction conditions.

All these results prove that the present Cu-graphite or Cu-graphene-
materials are promising catalysts for bioethanol dehydrogenation into acetaldehyde

and open-up new perspectives in the field of valorization of biomass derivatives.
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5.1. Resumen del articulo correspondiente a la condensacion
de bioetanol

El acetaldehido obtenido mediante la deshidrogenacion de etanol puede
verse involucrado en subsiguientes reacciones de condensacién, siendo una de las
mas interesantes la que se conoce como la reaccion de Guerbet, para obtener 1-
butanol. Este alcohol ha surgido recientemente como uno de los biocombustibles
con mayor proyeccién, superando al bioetanol, por las numerosas ventajas que
presenta sobre este. Si bien existen vias alternativas para su sintesis (la ruta
petroquimica a partir del propileno o mediante la fermentaciéon ABE), recientes
estudios sugieren la condensacion catalitica de etanol es un proceso mas eficiente y
sostenible. No obstante, debido a la complejidad y pluraridad de las reacciones
implicadas, y a la alta reactividad quimica del intermedio acetaldehido, el proceso
todavia requiere mejoras en lo concerniente al disefio de catalizadores
heterogéneos. El reto es encontrar catalizadores que exhiban simultaneamente
propiedades hidrogenantes/deshidrogenantes, y ademds, un equilibrio adecuado

entre centros basicos/acidos.

Asi pues, teniendo en cuenta estas premisas, el publicacion IV se abordé el
desarrollo de una serie de catalizadores bifuncionales compuestos por un metal
hidrogenante/deshidrogenante (Cu o Pd) y un componente basico basado en dxido
de magnesio. El comportamiento catalitico de estos materiales se evalud en la
condensacién de etanol en un reactor tipo tanque agitado, a 503 Ky a la presion
autogenerada a dicha temperatura. Un cribado inicial de catalizadores indicé que
los de Pd eran mas selectivos a 1-butanol que los de Cu, siendo estos ultimos
especialmente selectivos a 1,1-dietoxietano. Se encontré ademas, que el precursor
metalico empleado tenia también una notable influencia en la dispersion metalica
obtenida, lo que repercutia directamente en la actividad alcanzada hacia 1-butanoal,
siendo el que mejores resultados originaba el nitrato de Pd. Asimismo, se hallé que
cuando el Pd era soportado sobre un composite Mg-grafeno, se mantenia la

fortaleza de los centros basicos adecuados, y ademas, se mejord la dispersion del Pd
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respecto del catalizador soportado sobre el MgO madsico. La combinacién de ambos

parametros dio como resultado mejores selectividades hacia 1-butanol.
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5.2.0. Abstract

The condensation of ethanol to 1-butanol in the presence of different
catalytic systems based on a metal hydrogenating/dehydrogenating component (Cu
or Pd) and magnesium hydroxide as basic component was studied. The bifunctional
catalysts were comparatively evaluated in the liquid phase condensation of ethanol
in absence of solvents, at 503 K and at autogeneous pressure. A screening stage to
select the metal (Cu, Pd) and metal precursor was done. Based on the result of this
previous step, palladium nitrate was selected to prepare further bifunctional
catalysts supported over synthetized composites based on Mg(OH), and two carbon
materials (graphite oxide or high surface area graphite). Improved catalytic
performance in terms of selectivity towards 1-butanol and stability was achieved
with the Pd/Mg-graphene compared to Pd/Mg, presumably due to the compromise
between two parameters: the adequate concentration/strength of basic sites and
the small particle size of Pd. Our results indicated that the optimal dispersion of
metal nanoparticles is a key aspect in designing optimum bifunctional

heterogeneous catalytic systems for this condensation reaction.

5.2.1. Introduction

The interest in 1-butanol production has grown in recent years because it is
contemplated as a promising alternative to ethanol as petrol substitute. Butanol
offers many advantages when used as fuel over ethanol due to its properties such
as its lower volatility, immiscibility with water, less corrosive nature (which leads to
improved safety) and mainly its higher heat of combustion, similar to that of
gasoline[1, 2]. Also unlike other alcohols, butanol has the air-fuel ratio closer to that
of petrol, which makes it more suitable when used in current cars as no
modification in combustion engine is required [3]. As a matter of fact, the
application of butanol as biofuel has already been demonstrated, and at the same
time a reduction in emission of pollutants was attained with a very low increase in

fuel consumption compare to petrol [4]. Furthermore, apart from its fuel
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properties, 1-butanol finds applications in the paint, solvents and plasticizers

industries and it is also the raw material for acrylic acid and acrylic esters.

Traditionally, butanol has been produced through the acetone-butanol-
ethanol (ABE) bacterial fermentation. But in the 1950s this method was substituted
by the petrochemical route known as the Oxo process, where propylene is
hydroformylated using syn-gas over a homogeneous rhodium catalyst to vyield
butanal, which is then hydrogenated to butanol [5]. However, this route would not
endure owing to the rising prices in crude oil, which has favored the industrial ABE
fermentation to emerge again in many countries. Nevertheless, some studies have
pointed out the limitations of this fermentation process such as low butanol yield
and by-product formation (acetone and ethanol) [6]. On the contrary, the direct
conversion of butanol from ethanol has been suggested to be a more desirable
route, since the reaction proceeds faster when compared to the fermentation
process and fewer steps are necessary to get the product [68]. Bearing in mind that
ethanol could also be a biomass derivative (bioethanol) [7], the catalytic conversion
of bioethanol into biobutanol represents a promising alternative for fuel production
from renewable biomass resources. Indeed, catalytic conversion of bioethanol into

higher valuable chemicals is one of the scientific challenges in catalysis [8].

The synthesis of higher alcohols from light alcohols is known as Guerbet
reaction and has been used for more than 100 years [9]. Traditionally, it was carried
out employing a homogeneous base (alkali metal hydroxide) in presence of a metal.
The chemical route for the synthesis of 1-butanol from ethanol implies a multi-step
mechanism (see Figure 1): Step (1) is the dehydrogenation of ethanol to
acetaldehyde, step (2) is the base-catalyzed aldol condensation of acetaldehyde to
crotonaldehyde, and steps (3) and (4) are hydrogenation reactions of
crotonaldehyde, 2-butenol, and/or butyraldehyde into 1-butanol. The metal carries
out the ethanol dehydrogenation to acetaldehyde, as well as the hydrogenation of
reaction intermediates to 1-butanol, while the homogeneous base is responsible for
the aldol-condensation step in this Guerbet reaction mechanism [10]. However,
despite the fact that homogeneous catalysts have been widely studied with rather

good performance [11], as it is known that the use of basic heterogeneous catalysts
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is more desirable from a sustainable point of view. In this sense, the solid basic
catalysts such as the non-expensive alkaline earth metal oxides and hydroxides are
receiving more attention in last years as promising alternatives in base-catalyzed

reactions [12].

/\/\OH
DHG

- H
o c OH o DH o H/f 2 butenoj \
2 N, —— 2 > - /\)‘\ ©) o /\/\QH
oOH (1 H @ H " \ i “putano
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H

putana]

Figure 1. Ethanol condensation mechanism based on the Guerbet reaction. DHG:
dehydrogenation, C: aldol-condensation, DH: dehydration, H: hydrogenation.

Quite a few recent reviews can be found in literature offering a detailed
discussion on heterogeneous catalysts employed in this reaction [13-15]. From
these reviews, it is generally drawn that, due to the plurality of reactions involved,
the use of catalytic systems simultaneously displaying basic, acidic and
dehydrogenating/hydrogenating properties is required. Even so, alternatively to the
two aldehyde self-aldolization mechanism, a few works employing hydroxyapatite
catalysts [16,17] or MgO [18] addresses the mechanism as a direct bimolecular
condensation of ethanol (proton abstraction mechanism). Note that this reaction
mechanism could only be expected in the case of not transition metal-promoted
catalysts.

Despite the generally accepted fact that the coupling reaction of alcohols
requires a base as a critical component, it is often claimed that appropriate strength
of acid-base pairs is also essential. For this reason, many heterogeneous catalytic
systems described in the literature and patents for the condensation of ethanol to
1-butanol are mixed oxides, where Lewis acidic metals (such as Al) are incorporated
in the MgO structure, often prepared from thermal treatment of hydrotalcites
[19,21] as well as mixed oxides modified with transition metals [22-25].
Nevertheless, there are other materials free of magnesia that have proven to be
active for ethanol Guerbet condensation reaction such as zeolites modified with
alkali metals [26], transition metals supported on slightly basic alumina [27,28], Cu

on high surface area Ce,0 [29] and modified zirconia with Na [30].
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Most of these works employing metal oxides describe a two-phase process
where ethanol is previously evaporated and passed with a carrier gas through a
solid fixed bed catalytic system, where high reaction temperatures are required
(usually from starting from 573 K) [18,21,22]. However, performing the reaction in
the liquid phase allows the one-pot ethanol conversion without solvents, which has
been claimed to be more interesting [27,31]. The dehydrogenation is generally
considered the rate determining step explaining the high reaction temperatures of
the above mentioned references, and for this reason, most of the of the reported
catalytic systems involved in this liquid phase reaction combine an alkali metal
compound with a reduced transition metal as a hydrogenating/dehydrogenation
agent. Some reported examples have been previously mentioned for Cu [23], Ni

[27,28] or Pd [24,25].

Carbon materials, such as high surface area graphites (HSAG) and graphene
derived materials [32], are widely used as catalyst supports with the aim of
improving dispersion of the active phase. Moreover, it has been interestingly
reported in literature that the strength of basic sites necessary for aldol
condensation reactions can be improved by dispersing the metal oxides onto them
[33, 34]. In this sense, carbon materials represent ideal supports for this goal thanks
to their inert nature contrary to other inorganic supports that normally have
acid/basic sites that can interfere with the catalytic performance giving rise to
undesired side reactions. Furthermore, the hydrophobic nature of carbon materials
could result advantageous taking into account that water is a byproduct in this

condensation reaction.

Although the Guerbet reaction with longer-chain alcohols has been broadly
studied, the ethanol coupling reaction is still a challenging task owing to the
uncontrolled formation of side-products due to the high reactivity of the
intermediate product acetaldehyde [35]. Furthermore, finding a selective and stable
catalyst in condensation reactions, which are quite significant in the preparation of
fuels and chemicals from biomass derivatives, emerges as a great task in
heterogeneous catalysis. Magnesium oxides have been extensively explored as

reference material for processes involving aldol-condensation reactions [36,37],
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however, although there are a few papers describing the use of MgO-based
materials in the condensation of ethanol, they usually refer to processes at
atmospheric pressure and high temperatures [18,19,]. Besides, to our knowledge,
very little has been published regarding the effect of addition of transition metals to
MgO as well as employing carbon supports in the Guerbet reaction of ethanol in
batch reactors. In this work, we have prepared Pd or Cu catalysts supported on Mg-
based materials. Pd was chosen because of its high selectivities reported for this
reaction [24,25] and the selection of Cu was based on its excellent ethanol
dehydrogenation properties reported in our previous work [38]. Thereafter, the
influence in the catalytic activity and selectivity towards 1-butanol has been studied
using Pd over composites of Mg-carbon materials (HSAG or graphene oxide) and
comparatively studied with the Pd/Mg. Also, the stability during three consecutive

runs and the effect of water in the reactant feed has been analyzed.

5.2.2. Experimental

5.2.2.1. Synthesis of the bifunctional catalysts
5.2.2.1.1. Preparation of the supports

The support, MgO, was obtained by calcination at 723 K of a commercial
Mg(OH), (Fluka, Sger=17 mz/g). Two different carbon supports were employed to
increase the dispersion of the active phases: a high surface area graphite, HSAG
(Timcal, Sger = 490 mz/g) and graphite oxide (GO) obtained by oxidation of natural
graphite of 325 mesh (Alfa Aesar) employing a modification of the Brodie’s method,
a detailed description of this procedure can be found elsewhere [38]. The Mg-
carbon materials were prepared by a deposition-precipitation method. The carbon
support (HSAG or GO) was suspended by constant stirring in a solution containing
the necessary quantity of nitrate magnesium precursor (Mg(NOs),-6H,0, Sigma
Aldrich) to incorporate a 50 wt% of final MgO loading to the support. The pH was
adjusted to 11 with NaOH and the final solution was kept stirring for 1 h.
Thereafter, the resulting material was centrifuged several times, and dried at 343 K.

Once dried, it was treated in a horizontal furnace using a N, flow with a heating rate
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of 5 K/min until 873 K, giving rise to the corresponding support; Mg-HSAG or Mg-
GOE, respectively.

5.2.2.1.2. Deposition of Cu or Pd metal nanoparticles on the supports

The incorporation of metal nanoparticles (NPs) was done by the wetness
impregnation technique using an agueous solution of the metal precursors with the
adequate concentration to incorporate a 5 wt% metal loading on the support (Mg,
Mg-HSAG or Mg-GOE). All the metal precursors were purchased by Sigma Aldrich.
For copper catalysts, two different metal precursors were used: Cu(NOs),:3H,0 and
CuCl,. In the case of palladium catalysts three different precursors were employed:
Pd(NOs),:2H,0, PdCl, and Pd(NH3)4Cl,-H,0. The resulting materials were dried in air
at 383 K overnight.

In the next step, the catalysts were activated as follows: 2 g of the
impregnated catalysts were reduced employing 500 mL of a 0.15 M NaBHj, solution
under stirring for 20 min at room temperature. Thereafter, they were filtered,
washed with water and finally dried at 383 K overnight. The obtained catalyst was
then transferred directly to the autoclave without any further treatment. The
nomenclature used is summarized in Table 1. The catalysts were labelled as
M(X)/Mg were M is the metal (Cu or Pd) and X denotes the metal precursor: N for

nitrate salts, Cl for chloride salts and NCI for tetraamine chloride precursor.

5.2.2.2. Catalysts characterization

Structural properties of the supports and the catalysts were determined by
X-ray diffraction (XRD), using a Polycristal X’Pert Pro PANalytical diffractometer with
Ni-filtered Cu/K radiation (A = 1.54 A) operating at 45 kV and 40 mA. For each
sample, Bragg’s angles between 4° and 90° were scanned at a rate of 0.04°/s.
Values of specific surface area (Sger) and average pore volume of the supports as
well as those of the catalysts were determined by N, adsorption-desorption
isotherms at 77K in an automatic volumetric adsorption apparatus (Micromeritics
ASAP 2020). Prior to nitrogen adsorption, the samples were outgassed for 5 h at

423 K.
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To obtain information on the average size and distribution of metal NPs on
the different supports, the catalysts were subjected to a detailed transmission
electron microscopy (TEM) study. TEM micrographs were obtained on a JEOL JEM-
2100F microscope operating at 200 kV. The samples were ground and ultrasonically
suspended in ethanol before deposition over a copper grid with carbon coated
layers. The mean diameter (d) of Pd particles was calculated based on a minimum of
300 particles, using the following equation where n; is the number of particles with

diameter d;:

g yn;d;
n;d?

The amount and strength of the basic sites were determined by CO,
adsorption using a volumetric equipment described in detail in a previous work
[39]. Successive doses of CO, were introduced into the system at 323 K to titrate
the surface of the catalysts until a final pressure of 7 Torr was reached. Prior to the
measurements, aliquots (200 mg) of the materials were pretreated for 2 hours
under vacuum at 623 K and outgassed overnight. The differential heats of
adsorption (Qgiff) were obtained as the ratio between the exothermic integrated

values of each pulse and the adsorbed amount of CO,.

5.2.2.3. Catalytic reaction

The reactions were performed in a 300 mL high pressure Parr autoclave
equipped with a mechanical turbine stirrer. The reactor was loaded with 100 mL of
ethanol reactant (79 g) and 0.5 g of activated catalyst (0.0063 g catalyst/g ethanol).
The reactor was purged three times with inert gas (He) and later sealed with 8 bars
of He overpressure. Thereafter the reactor was rapidly heated up to 503 K and
stirred at 600 rpm. The autogeneous pressure achieved in the system at that
temperature resulted to be 52 bar. The liquid phase composition was analyzed after
5 hours of reaction time after cooling down the reactor back to room temperature.
The analysis of the reaction products was carried out with a gas cromatograph
(Bruker Scion 436) equipped with a FID detector and configured with a capilar

column BR-Swax. The temperature program for GC separation was hold at 50°C for
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1 minute, ramp to 150°C at 15°C/min and hold at 150°C for 3.61 min (total=12 min).
Calibration of the possible reaction products was done with commercial standards.
After 5 hours into the reaction, the activity (mmol of converted ethanol) per gram
(g) of catalyst and per hour (h) of reaction was calculated using the following

equation:

X %
mmol conv EtOH) _ %éo) - molgoy (mmol)

g- h mcat(g) 5 (h)

Activity (

Where molg;on is the number of moles of ethanol fed into the reactor and Xgion is

the ethanol conversion calculated using the expression:

Zinimoli

Xeton (%) = 100

2molg. oy + Zinymol; '

Where n; is the number of carbon atoms of the product i, mol; is the number of
moles of the product j, and mol'EtOH is the number of moles of unreacted ethanol.
Under our experimental conditions the conversion was maintained in all the cases
below 10%.

The selectivity to a specific product was defined as follows:

n;mol;

S; (%) = 100

Zinimoli

The carbon balance (C%), which resulted higher than 90%, was defined as:

E;nymol; + 2molgion

C (%) = 100

2molgion

5.2.3. Results and discussion

5.2.3.1. Structural and textural features

The X-ray diffraction patterns of the commercial Mg(OH),, the support MgO
and the resulting M(X)/Mg catalysts are represented in Figure 2. The Mg(OH),
difractogram can be indexed as the hexagonal brucite phase (JCPDS card 084-2164)
while the thermal dehydration process at 723 K gave rise to the characteristic
periclase structure of MgO (JCPDS card 45-946). The crystallite size of MgO was

estimated from line broadening of (200) diffraction peak (26=42.9°) using Scherrer
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formula, while for Mg(OH), the peak at 26=58.8° corresponding to reflection plane
(110) was used to determine the mean size of crystallites. The values are included in
Table 1, together with some other parameters related to textural and structural
properties. As it was expected, the thermal decomposition of Mg(OH), resulted in
the formation of MgO particles of a much smaller size which is in good agreement
with other reported observations [40,41]. This was also reflected in the increase in
the measured surface area (from 17 mz/g to 105 mz/g, Table 1). The subsequent
incorporation of metal NPs to the MgO support caused, furthermore, some evident
changes in the structure and texture of the material (Figure 2, Table 1). The
bifunctional metal/Mg catalysts showed the characteristic peaks of brucite
structure of Mg(OH),, which confirmed that agueous impregnation transformed
MgO back to Mg(OH), as a consequence of its interaction with water [42], although
it can be observed that the main peak at ~43° corresponding to residual MgO was
also present in some of the samples. These features can be appreciated in both
metal catalysts, Pd(X)/Mg (Fig.2a) and Cu(X)/Mg (Fig. 2b). It should be noted that
the conversion of MgO into Mg(OH),, during the impregnation procedure to
incorporate the metal, caused a decrease in the surface area as well as in the pore
volume with respect to the starting MgO and this is in agreement with other
authors’ findings [41, 42] (Table 1). No diffraction peaks corresponding to metallic
phases (Pd or Cu) could be detected in any catalyst due to fact that, in the cases
where they were present, they would be overhead by the Mg(OH), or MgO

difractograms.
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Figure 2. XRD patterns of a) Pd(X)/Mg catalysts and b) Cu(X)/Mg catalysts. For
comparison purposes the patterns of the starting Mg(OH), and MgO are also
represented.

Table 1. Textural and structural parameters of supports and catalysts.

SUPPORTS CATALYSTS
Pore MgO Crystal Pore Mg(OH),
Sger a Sger i
Sample ) volume Ioadingb size sample . volume Crystallite
(m*/g) 3 (m“/g) 3 ize®
(em*/g) (Wt %) (nm) (cm®/g) size
(nm)
Pd(N)/Mg 41 0.23 17
Mg(OH), 17¢ 0.11 - 44° Pd(Cl)/Mg 54 0.37 28
Pd(NCI)/Mg 57 0.36 26
Cu(N)/Mg 42 0.21 22
MgO 105 0.39 - 9.9°
Cu(Cl)/Mmg 33 0.23 33
Mg-GO 109 0.67 52 7.9° Pd(N)/Mg-GOE 76 0.42 15
Mg-HSAG 234 0.56 45 20° Pd(N)/Mg-HSAG 224 0.54 22

? BJH desorption pore volume. ° Determined from thermogravimetric analysis in air. © This
value was obtained after outgassing at 423 K. If this sample is pretreated at 623 K the
determined Sger is 207 m?/g. Crystallite size was determined applying Scherrer formula to °
peak at 26=58.82 corresponding to Mg(OH),, € peak at 26=42.92 corresponding to MgO.
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In Figure 3 the XRD patterns of the Pd/Mg-carbon catalysts are represented.
As can be observed, graphite oxide (GO) (Fig. 3a) exhibited its characteristic peak at
about 16° due to the oxidation of the starting graphite [43]. As can be detected in
the Mg-GOE difractogram, the thermal treatment at 873 K after deposition of
Mg(OH), particles on GO layers, simultaneously decomposed Mg(OH), to MgO and
caused the correct reduction of the graphene layers which was confirmed by the
absence of the peak at 16°. Note a small and broad peak at 26° characteristic of
graphite structures is now present in Mg-GOE, which indicated some restacking of
the graphene layers had occurred. Interestingly, comparison between Mg-GOE and
Mg-HSAG patterns indicates that graphene support favored the formation of much
smaller MgO particles as revealed by the broad peaks of low intensity and
corroborated by the calculation of crystallite mean size applying Scherrer estimation
(Table 1). Finally, once again, the XRD pattern of Pd/Mg-carbon confirmed that
incorporation of Pd NPs during the synthesis procedure converted the MgO into

Mg(OH), as was previously observed with the massive M(X)/Mg catalysts.
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Figure 3. XRD patterns corresponding to different preparation stages of the
catalysts a) Pd/Mg-GOE and Pd/Mg-HSAG.
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5.2.3.2. Initial catalyst screening

First of all a blank experiment without catalyst gave conversion value of
about 0.3% after 5h at 503 K which indicates that the reaction can barely take place
in absence of a catalyst, being acetaldehyde (51%) and 1,1-diethoxy ethane (42%)
the main products detected. Table 2 summarizes the catalytic parameters obtained
with the studied bifunctional M(X)/Mg catalysts as well as the supports. In general,
the main products detected were 1-butanol, acetaldehyde, 1,1-diethoxy ethane,
ethyl acetate and other higher alcohols (>C4), in agreement with other authors
reports for the liquid phase condensation of ethanol in autoclave batch reactors

[23-27,31].

Table 2. Catalytic activity and product selectivities obtained at 503 K and
autogeneous pressure (5 h reaction time).

Selectivity (%)

Activity
1,1-
Sample (mmol 1- Acetalde- Ethyl 1-
Diethoxy Others®
conv-g-h™) Butanol hyde acetate Hexanol
ethane

Mg(OH), 5.5 33 37 10 11 3 6
MgO 9.6 51 18 7 2 1 21
Pd(N)/Mg 39 54 17 5 9 9 6
Pd(Cl)/Mg 27 50 20 8 8 7 7
Pd(NCI)/M 23 41 27 16 8 3 5
Cu(N)/Mg 41 32 13 40 - 1 14
Cu(Cl)/Mg 8.2 38 29 20 - 1 12

® Others products also detected in low quantities: 2-butanona, diethoxy butane, diethyl
ether, butanal, 2-butenal, 2-butenol, 2-butanol, 2-ethyl-1-butanol, 1-octanol, 2-ethyl-1-
hexanol.

The presence of the main reaction products can be explained by the
different reaction pathways represented in Figure 4. Briefly, acetaldehyde is the
primary dehydrogenation product which can undergo subsequent condensation
reactions: reacting with another two ethanol molecules giving rise to 1,1-diethoxy

ethane or with another acetaldehyde molecule yielding 3-hydroxybutanal, which
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readily dehydrates to 2-butenal. According to literature, the first condensation is
the acid-catalyzed acetylation reaction [44] while the second one is the base-
catalyzed aldol condensation [23]. Subsequent hydrogenation reactions of 2-

butenal would yield the desired product 1-butanol.
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Figure 4. Reaction scheme proposed for ethanol condensation reaction in the liquid
phase.

As can be seen in Table 2, the commercial Mg(OH), catalyzes the
condensation of ethanol to 1-butanol at very low rates, being the dehydrogenation
product acetaldehyde and 1-butanol the main products detected after 5 h of
reaction. However, MgO obtained by calcination of Mg(OH), showed higher activity
as well as improved selectivity to 1-butanol. The differences in the catalytic
performance between both supports can be ascribed to different basicity properties
determined by CO, chemisorption. Figure 5a) represents the evolution of the
differential heat of CO, adsorption with the surface coverage for Mg(OH), and MgO.
The increase in the CO, uptake is accompanied by a decrease in the differential heat

which ranges from initial values around 125 kJ/mol to ~25 klJ/mol, this last value is
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attributed to the limit between chemical and physical for CO, adsorption [45]. The
differential heats of adsorption indicate the basic strength of the adsorption sites,
thus this figure points out a heterogeneous basic site strength distribution.
Attending to the differences in the strength of the adsorption sites of CO,, two
types of basic sites have been established: medium-strength basic sites (Qgi>100
KJ/mol) and weak-strength basic sites (Qqgi<100 KJ/mol). Corresponding quantities
of each one for every sample are summarized in Table 3. No strong basic sites
(Qqif>150 KJ/mol) were detected in any sample. As reported in table 3, Mg(OH), has
a total quantity of basic sites superior to those of MgO, while on the other side the
heats of adsorption are clearly higher in the latter. It is well known that in Mg-based
materials, medium-strength basic sites correspond to Mg**-0% pairs while weak
basic sites are represented by OH™ groups [12,19]. On the basis of our calorimetric
study (see Fig.4a) and Table 3) it can be confirmed that the commercial Mg(OH),
has mainly OH™ groups (¥90%) while the decomposition of Mg(OH), into MgO
releases OH™ groups and increases the concentration of medium-strength Mg**-0%
basic pair sites at the expense of OH™ groups, in agreement with other authors’

conclusions [46].

140 140
a) Mg(OH), b) + PANY/Mg
y e MO y +  Pd(N)/Mg-GOE
120 120 *  Pd(N)/Mg-HSAG
1001 100
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£
g 80 80
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40 40
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04+———F—7—+—7——7"704+—"TFT—"—TF"—T7"—7—
00 02 04 06 08 10 00 02 04 06 08 10
CO, coverage CO, coverage

Figure 5. Differential heats of CO, adsorption vs. coverage at 323 K. a) Mg(OH), and
MgO b) Pd bifunctional catalysts.
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Table 3. CO, chemisorption capacities at 323 K and type of basic sites.

Total CO, uptake (umol CO,/g)
Sample umol CO,/g Medium-strength  Weak-strength
(Quifr> 25 (Qqir>100 (100>Qgi>25
kJ/mol) kJ/mol) kJ/mol)
Mg(OH). 513 61 452
MgO 158 98 60
Pd(N)/Mg 407 130 277
Pd(N)/Mg-GOE 305 93 212
Pd(N)/Mg-HSAG 311 36 275

The presence of trace amounts of crotonaldehyde, crotyl alcohol and

butanal among the reaction products suggests that with our catalysts the reaction

pathway follows the Guerbet route. The first step in this reaction mechanism is

dehydrogenation. According to literature [19], dehydrogenation of ethanol to

acetaldehyde over metal oxides takes place over basic medium-strength Mg**-0*

pairs, which are predominant in MgO with respect to Mg(OH),. Aldol condensation

of adsorbed acetaldehyde is faster than dehydrogenation [14] and it also implies

acid-base pairs as well as high quantity of basic sites [19]. Normally, hydrogenation

reactions take place in presence of transition metal catalysts, but in the case of

metal oxides, it is generally accepted that the reduction of saturated or a,B-

unsaturated aldehydes takes place through the Meerwein-Ponndorf-Verley (MPV)

mechanism [47]. The higher activity exhibited by MgO in comparison with that of

Mg(OH), is basically explained in terms of higher quantity of acid-base pairs which

are essential to activate ethanol molecule to yield acetaldehyde. This last undergoes

subsequent aldol condensation, also catalyzed by these medium-strength basic

sites, which would explain the higher selectivity to 1-butanol obtained with MgO

compared with Mg(OH),.
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As expected, with the exception of Cu(Cl)/Mg, the tendency observed in
Table 2 was that the incorporation of a transition metal (Cu, Pd) to the MgO highly
improved the catalytic activities in the condensation of ethanol as transition metals
have better dehydrogenation properties than metal oxides [48]. However,
significant differences have been found in the catalytic performance between both
metals, Cu or Pd. As far as Pd catalysts are concerned, noteworthy changes have
been originated in the catalytic activity as well as in the product distribution among

the Pd(X)/Mg catalysts prepared from different precursors.

Figure 6 offers the TEM images of catalysts while their corresponding
histograms representing the particle size distribution are depicted in Figure 7. TEM
micrographs confirmed the formation of metal NPs during the activation process
with NaBHj. It is interesting to note that palladium nitrate gave rise to smaller
particle sizes (average values of d=3.5 nm, Fig.6a) as well as narrower particle size
distribution (Fig.7) than the Pd/Mg catalysts prepared from chloride (d=7.1 nm,
Fig.6b) or tetraamine chloride precursors (6.8 nm, Fig. 6¢c). We can observe that
when these last metal precursors were employed for the generation of Pd metal
NPs a very wide particle size distribution was obtained in both cases (Fig. 7). These
results indicate that the metal precursor has a notable impact on the particle size

and distribution.

As has already been mentioned, it is often claimed that dehydrogenation is
the limiting step in Guerbet reactions and so, this would explain the differences
between the Pd catalysts. Since higher and more homogeneous dispersion has been
achieved with Pd(N)/Mg, higher catalytic activities have been found in the Guerbet
condensation of ethanol to 1-butanol compared with Pd(Cl)/Mg and Pd(NCl)/Mg
(Table 2). Nonetheless, changes in the nature of the active sites (acidic/basic sites)
of the support due to the presence of residual species originated from the metal

precursor, which can alter the product distribution, cannot be discarded.
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Figure 6. TEM images of a) Pd(N)/Mg, b) Pd(Cl)/Mg, c) Pd(NCI)/Mg, d) Pd(N)/Mg-
GOE, e) Pd(N)/Mg-HSAG.
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Figure 7. Particle size distribution of Pd catalysts determined from TEM
micrographs.
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Addition of copper to MgO had a substantial influence on the catalytic
performance in this series of catalysts (Table 2). Using both Cu precursors the
selectivity to 1,1-diethoxy ethane highly increased at the expense of 1-butanol
respect to MgO, particularly with Cu(N)/Mg. It draws to our attention that this
tendency is not supported by the results described by A.D. Patel and co-workers
[49], who reported that ethanol conversions and selectivity to 1-butanol were not
affected by addition of Cu (by impregnation of copper nitrate) to MgO/CNF in the
gas phase reaction. Nevertheless, the conditions used in their work (atmospheric
pressure, 573 K, etc) are very different from ours. However, Marcu et al. [74],
pointed out high selectivities to 1,1-diethoxy ethane with when Cu is incorporated
in the mixed oxide MgAIO structure in batch experiments and reaction conditions
similar to those employed here. In a following work they found a correlation
between acidic sites and selectivity to 1,1-diethoxy ethane in MgAl oxides promoted
with different transition metals [24], confirming that the formation of 1,1-diethoxy
ethane is favored by the presence of acidic sites as previously mentioned. It should
be taken into account that in the conditions here reported, copper can be easily
oxidized (CuO) since after its reduction with NaBH,, contact with air cannot be
avoided and it is a well known fact that copper is highly prone to oxidation. The
presence of cu® species are expected to contribute to the acidic properties and it is
speculated that they are responsible for the high selectivities towards the acid-
catalyzed product. Unfortunately, TEM images of copper catalysts could not be
obtained because of the low contrast achieved with the support, caused probably
by the oxidation of copper and the poor degree of crystallization of metallic
particles induced by the reduction process at room temperature. Thus, at the
moment we are not able to explain the noteworthy differences in catalytic activity
exhibited between both catalysts, Cu(N)/Mg and Cu(Cl)/Mg. The poor activity
displayed by the catalyst prepared from the chloride precursor makes us believe
particle size in this catalyst could follow the same tendency as found with palladium

catalysts, presenting larger Cu particles.

Bearing in mind that the best catalytic performance among our catalysts was

achieved with the catalyst prepared from palladium nitrate precursor, the following
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catalysts were synthesized by the impregnation of Mg-carbon with palladium

nitrate solutions.

5.2.3.3. Effect of the support modification with carbon materials in the

catalytic performance

In Figure 8, the catalytic activity and the selectivities of the main reaction
products obtained with Pd(N)/Mg-carbon catalysts together with those found with
the Pd(N)/Mg are represented. As it can be observed, the main reaction products
were 1-butanol, acetaldehyde and 1,1-diethoxy ethane for all three catalysts. Other
reaction products detected (<15%) were ethyl acetate, 1-hexanol, and trace
amounts of the products previously mentioned with the M(X)/Mg catalysts.
Significant differences in the catalytic performance, particularly concerning product
distribution, were found among these Pd catalysts. The comparison of the behavior
between both catalysts supported on Mg-carbon composites reveals that the type
of graphitic carbon material employed for supporting MgO had a substantial impact
in this reaction. Surprisingly, a marked decrease for 1-butanol selectivity to the
benefit of 1,1-diethoxy ethane was observed with Pd(N)/Mg-HSAG compared with
Pd(N)/Mg. In order to rationalize these findings, the type and quantity of active
sites involved in the reaction must be analyzed. TEM images (Fig.6) show quite
comparable average particle size in both catalysts as well as fairly similar particle
size distributions (Fig.7). So, this suggests that the differences must be attributed to
another type of active sites: the basic properties generated on the support. As can
be seen in Fig. 5b), comparison of Qgy profiles indicates that Pd(N)/Mg-HSAG
exhibits weaker surface adsorption sites for CO, than Pd(N)/Mg. Indeed, the initial
heats of CO, chemisorption in Pd(N)/Mg-HSAG rapidly decreased from the
maximum value at 102 KJ/mol, resulting in a final low concentration of medium-
strength basic sites (Table 2), which are necessary for the aldol condensation step.
Although  Pd(N)/Mg-HSAG preserves their dehydrogenation/hydrogenation
properties provided by Pd NPs, the low selectivity to 1-butanol (36 %) and the
scarce concentration of medium-strength basic sites, suggests that after ethanol

dehydrogenation step (see Fig. 4), acetaldehyde undergoes subsequent dehydration
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reaction towards 1,1-diethoxy ethane, instead of following the aldol-condensation

route.
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[ 1,1-Diethoxy ethane
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Figure 8. Comparison of catalytic performance among Pd(N)/Mg, Pd(N)/Mg-GOE
and Pd(N)/Mg-HSAG. (T= 503 k, autogeneous pressure, 5 h reaction time).

On the contrary, the selectivity towards 1-butanol increased from 54% with
Pd(N)/Mg up to 69% over Pd(N)/Mg-GOE (Fig.8). Concerning the basic sites, it is
worth mentioning that basic strength distribution was found to be quite similar in
both catalysts as revealed by the Qi profiles (Fig.5b), suggesting that Pd(N)/Mg-
GOE preserve the nature of active sites (same strength of basic sites) for the aldol-
condensation step. However, the total quantity of basic sites measured in terms of
chemisorbed CO, was slightly lower in Pd(N)/Mg-GOE than in Pd(N)/Mg (Table 3).
Nevertheless, Pd(N)/Mg-GOE was more active and significantly more selective to 1-
butanol than Pd(N)/Mg. Hence, these differences necessarily have to be addressed
to the hydrogenating/dehydrogenating properties, which are determined by Pd
dispersion degree (or particle size). In fact, a statistical count of particle sizes for
Pd(N)/Mg-GOE vyielded an average diameter of 2.6 nm, quite lower than that of
Pd(N)/Mg (d=3.5 nm). Furthermore, Pd(N)/Mg-GOE exhibited the narrowest particle
size distribution, with most of the particles (60%) between 2-3 nm (Fig.7). This hints
that the dehydrogenation/hydrogenation steps can be preferably carried out with
Pd(N)/Mg-GOE than with Pd(N)/Mg, favoring higher reaction rates in the Guerbet

condensation of ethanol to 1-butanol in the former. The reaction was extended up
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to 20 h with Pd(N)/Mg-GOE. The conversion amounted from 6.6% to 10.8% and

selectivity to butanol reached 72% after 20 hours.

Leaching of active compounds was discarded by ICP-MS analysis of the
metallic constituents in the reaction media, with null presence of Pd and less than

0.1% of the Mg dissolved into the liquid media.

5.2.3.4. Recyclability and effect of water addition

In order to evaluate the recyclability of the catalysts, three successive
reactions were carried out with the same catalyst recovered between each run by
filtration, washed with distilled water and dried overnight at 383 K. The results are

represented in Figure 9.
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Figure 9. a) Activity of Pd(N)/Mg and Pd(N)/Mg-GO and b) selectivity to 1-butanol
after three consecutive runs (T= 503 k, autogeneous pressure, 5 h reaction time in
each cycle).

It is interesting to note that the catalytic activity of Pd(N)/Mg fell 31% after
three consecutive runs, while with Pd(N)/Mg-GOE it was only reduced by 15%.
Selectivity towards 1-butanol decreased by 13% after 3 cycles with Pd(N)/Mg and
only 5% with Pd(N)/Mg-GOE. Consequently, Pd(N)/Mg-GOE exhibited improved

stability upon reuse.

As it is known, water is a component present in bioethanol, as well as a

byproduct of the reaction (overall reaction is 2EtOH - ButOH + H,0). So we
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analyzed the influence of its presence in the reactant fed. As reported in Table 4,
the addition of water (4% vol.) to reactant ethanol (Table 4) had a detrimental
effect on the catalytic activity of both catalysts. This was expected taking into
account the reversibility of the process involved. Regarding selectivity, as can be
seen 1-butanol selectivity highly decreased to the benefit of acetaldehyde, which
becomes now the main product. Nonetheless, it should be noted that the decrease
percentage in 1-butanol selectivity was slightly lower with Pd(N)/Mg-GOE (60%)
than with Pd(N)/Mg (77%).

Table 4. Effect of water addition (4% vol.) to reactant on the catalytic properties (T=
503 k, autogeneous pressure, 5 h reaction time)

Selectivity (%)

Activity
1,1-
Sample (mmol 1- Acetalde- Ethyl
11 Diethoxy Others
conv-g -h™) Butanol hyde acetate
ethane
Pd(N)/Mg
38 54 17 5 9 15
pure ethanol
Pd(N)/Mg
11 12 51 13 19 5
ethanol+water
Pd(N)/Mg-GOE
43 69 11 4 2 14
pure ethanol
Pd(N)/Me-GOE 13 27 39 12 14 8

ethanol+water

5.2.4. Conclusions

The synthesis of 1-butanol from ethanol through the Guerbet condensation
has been studied in an autoclave batch reactor using bifunctional heterogeneous
systems based on a metal (Cu, Pd) obtained from different precursors and
magnesium hydroxide as a base component. Palladium catalysts were the most
selective to 1-butanol while copper catalysts were quite selective to 1,1-diethoxy

ethane. The use of different metal precursors played an important role on the
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activity of the catalysts for the Guerbet condensation reaction of ethanol. Palladium
nitrate resulted to be the most suitable precursor in terms of activity and selectivity
towards 1-butanol, so it was subsequently employed in the synthesis of Pd catalysts
supported on Mg-carbon composites. It was found that the carbon support had a
significant impact on the catalytic performance. Characterization of the active sites
by microcalotrimetry of CO, chemisorption (basic sites provided by supported
Mg(OH),) and TEM analysis (dehydrogenating/hydrogenating properties related to
Pd particle size) aided in explaining the differences displayed in the catalytic
performance. Pd(N)/Mg-HSAG exhibited lower heats of CO, adsorption and no
improvement in Pd dispersion was achieved in comparison with Pd(N)/Mg. On the
other hand, Pd(N)/Mg-GOE preserved the strength of basic sites and showed
smaller particle sizes of palladium NPs. The compromise between both parameters
in Pd(N)/Mg-GOE resulted in higher selectivity to the desired product 1-butanol.
Also, Pd(N)/Mg-GOE exhibited improved stability in terms of selectivity and activity
maintenances in comparison with Pd(N)/Mg. Even though studies reported in
literature focus so much attention on the importance of the basic sites for the
Guerbet reaction, our results indicate that metal dispersion is also a critical aspect
to be taken into account in the transition metal-promoted catalysts design for their

application in this reaction.

Further experiments with a continuous operating fixed bed reactor are being
carried out with the aim to optimize the reaction conditions and to further

investigate on deactivation processes.
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Resumen del articulo correspondiente a la reduccién catalitica de 4-nitrofenol

6.1. Resumen del capitulo correspondiente a la reduccion
catalitica de 4-nitrofenol

Finalmente, siguiendo la linea fundamental en la que se engloba la presente
Tesis Doctoral, consistente en el desarrollo de catalizadores heterogéneos para ser
integrados en procesos que impliquen mejoras medioambientales, algunos de los
catalizadores disefiados se aplicaron también en otra reaccidn relevante desde el

punto de vista medioambiental.

Esta consistid en la reduccién del 4-nitrofenol, un contaminante presente
principalmente en residuos agricolas (pesticidas), para la obtencién de 4-
aminofenol, el cual presenta importantes aplicaciones en la industria farmacéutica.
La reaccidon se ensay6 a temperatura ambiente, en medio acuoso y en presencia de
NaBH4; como agente reductor. En concreto, se evaluaron las propiedades cataliticas
de nanoparticulas de Cu y Pd soportados sobre materiales grafiticos: dxidos de
grafeno reducidos y la muestra comercial HSAG. Ambos soportes carbonosos
podrian ofrecer un efecto sinérgico con las nanoparticulas metalicas, relacionado
con su caracter hidrofébico teniendo en cuenta que la reaccién transcurre en medio

acCuoso.

El comportamiento catalitico excepcional exhibido por estos catalizadores en
la reaccién de reduccion de 4-nitrofenol se explicd en términos de un efecto
cooperativo por parte del soporte grafitico en la actividad catalitica. Este se
relacion6 con la habilidad del soporte, especialmente en el caso de los materiales
de grafeno, para producir interacciones m-mt entre el sustrato a hidrogenar y la
superficie del sélido soporte, asi como facilitando la transferencia de electrones
entre NaBH, y el 4-nitrofenol. Ademas, se relaciond la alta estabilidad, mostrada
por el catalizador de Cu soportado sobre el grafito comercial de alta superficie, con
la estabilizacion de las nanoparticulas metdlicas ancladas en los bordes de los
planos grafiticos. Un estudio comparativo con los resultados previamente
publicados y obtenidos en condiciones similares, reveld que este catalizador

sintetizado era superior, en términos de actividad y estabilidad, a la mayoria de
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catalizadores reportados hasta la fecha, incluso los basados en metales nobles
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6.2.0. Abstract

In this work we report a simple procedure for synthesis of Cu and Pd
catalysts supported on high surface area graphite (HSAG) by wetness impregnation
technique, and further generation of metal nanoparticles using NaBH; as reducing
agent. The catalysts have been tested in the reduction of 4-nitrophenol to 4-
aminophenol, at room temperature, in presence of NaBH,4 as hydrogen source. Both
Cu and Pd catalysts exhibited exceptionally high catalytic activity with the total
degradation of 4-nitrophenol in less than 45 s. Taking into account that Cu is
cheaper than Pd, we focused our investigation on studying the catalytic properties
of Cu nanoparticles supported over two lab prepared graphene-materials (one N-
doped and other undoped) and the commercial HSAG. The maximum catalytic
activity was obtained with Cu supported on undoped graphene due to the
combination of two parameters: small metal particle size and the unique properties
of graphene generated by its electron transference ability. However, recyclability of
both Cu/graphene-materials fell after 5 consecutive runs, while Cu/HSAG displayed
high stability even after 10 cycles. In order to rationalize these findings, it is
postulated that copper nanoparticles in Cu/HSAG are located at the edges of the

graphite layers, where a stronger metal-support interaction takes place.

6.2.1. Introduction

Among their many applications, carbon nanomaterials have received
considerable attention over the last decades in several processes involving
heterogeneous catalysis [1]. Their stability in different environments, inertness of
the carbon surface, relatively large surface areas and the tunable porosity and
surface chemistry are characteristics which make them very suitable for their use as
catalyst support in many catalytic reactions [2,3]. Recently high surface area
graphites (HSAG) and graphene-based materials are examples of carbon supports
widely used for the dispersion of metal nanoparticles. HSAG are mechanically
modified graphites, leading to disordered graphite layers of small particles sizes,

resulting in a marked mesoporous character [4]. Furthermore, they have
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unsaturated valences at the edges of the graphite layers leading to the formation of
additional anchoring sites for the active phase. Graphene is another carbon based
nanomaterial that has been contemplated as a promising catalyst and catalyst
support in recent years due to its exceptional properties [5]. Compared to other
carbon materials, graphene is regarded as a more advantageous support substrate
for attaching and growing metal nanoparticles due to its large surface area,
excellent conductivity, mechanical strength, chemical stability and light weight. All
these characteristics together with its possibility to interact with organic molecules
through m-stacking interactions have originated graphene as the recent support

main material in developing superior heterogeneous catalytic systems [5].

The reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) is perhaps
the most frequently used reaction to test the catalytic activity of metal
nanoparticles in aqueous solution as it is considered a “model catalytic reaction”
[6]. The chemical mechanism of such a reaction is well established yielding a single
product from a single reactant at mild temperatures, and it should not proceed in
the absence of the catalyst. There are no side reactions, and the progress of the
reaction can be easily followed by UV-Vis spectroscopy. The reduction of 4-NP to 4-
AP is appropriately carried out in an aqueous media mainly with a metal catalyst in
presence of a reducing agent such as sodium borohydride (NaBH;). Moreover, this
reaction is relevant from the point of view of both synthesis and environment. On
one hand, 4-NP is one of the most commonly used organic pollutants in the
production of pesticides and dyes and its efficient degradation at room temperature
is a desirable process for the treatment of the resulting wastewaters. Furthermore,
4-NP is carcinogenic and genotoxic to human and wildlife [7]. On the other hand, its
reduction product, 4-AP, is an important industrial intermediate that finds
application in many fields: corrosion inhibitor, precursor for the manufacture of
various analgesic and antipyretic drugs, and drying agent [8]. For these reasons,
designing an efficient and recoverable catalyst of low cost to produce 4-AP from 4-

NP is a challenging research task in catalysis.

Since the reduction of 4-NP to 4-AP was first reported in 2002 by T. Pal et al.

[9] and K. Esumi et al. [10], a large number of researchers have employed this
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reaction as a benchmark to evaluate the catalytic properties of metal nanoparticles
[11,12]. Gold is by far the most extensively studied catalyst for this reaction [13-15]
followed by other noble metals such as Ag [16], Pd [17] and Pt [18]. However, from
a catalyst perspective, noble metals are costly and scarce. Compared to noble
metals, Cu is an economical alternative. However, less attention has been focused
on it in comparison to noble metals in spite of the fact that some studies have
already shown that copper could represent a potential alternative in this reduction

reaction since great conversions and stability can be reached with it [19,20].

So far, to our knowledge, HSAG has never been previously tested as support
of metal nanoparticles applied in the reduction of 4-NP to 4-AP, and up to now, very
little research has been done with respect to Cu supported on graphene materials.
Both these carbon materials can additionally offer a synergetic effect with the
metallic nanoparticles, which would be related with the hydrophobic character of
the supports taking into account that the reactions are performed in aqueous
media. Furthermore, a simple method as that of wetness impregnation has never
been applied, to our knowledge, for the synthesis of catalysts applied for this
reaction. Hence, different metal (Cu, Pd) nanoparticles were generated in three
types of carbon materials: one commercially available graphite (HSAG) and two lab
prepared reduced graphene oxides. Their catalytic properties were comparatively

evaluated in the reduction of 4-NP as a model reaction using NaBH,4 as reductant.

6.2.2. Experimental

6.2.2.1. Catalysts preparation
6.2.2.1.1. Carbon supports

The commercial High Surface Area Graphite (HSAG) was supplied by Timcal
(Sger = 490 m?/g). To produce the graphene materials, natural graphite of 200 mesh
of particle size supplied by Alfa Aesar was used as starting material. This was first
oxidized to obtain the corresponding graphite oxide (GO) employing a modification

of the Brodie’s method [21]. This procedure has been detailed in a previous work
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[22]. For the undoped graphene, exfoliation of the synthesized GO was carried out
in a vertical furnace under inert atmosphere heating until 773 K (yielding GOE). For
the doped graphene, nitrogen was introduced by solid-state reaction between GO
and urea at 773 K [22,23], yielding GOE-u. For the terminology employed in this
work for carbon materials referenced recommendations [24] have been taken into

account.

6.2.2.1.2. Deposition of Cu and/or Pd metal nanoparticles on the carbon

supports

All catalysts were prepared by the wetness impregnation technique using an
aqueous solution of the metal precursors with the adequate concentration to
incorporate a metal loading of 5 wt% to the supports. The metal precursors were
Cu(NO3),:3H,0 (Sigma Aldrich) for copper catalysts and Pd(NOs),:2H,0 (Sigma
Aldrich) for the palladium catalyst. A bimetallic catalyst, Cu-Pd/HSAG, was prepared
by successive impregnation with the same Cu and Pd precursors as those employed
in the synthesis of the monometallic catalysts, respectively, but the weight metal
loading in this case was 5% for Cu and 1% for Pd. After impregnation, the samples

were dried in air at 383 K overnight.

In the next step the catalysts were activated as follows. 100 mg of the
impregnated catalysts were reduced employing 100 mL of a 50 mM NaBHj, solution
under stirring for 15 min at room temperature. Thereafter, they were filtered,
washed with distilled water and finally dried in a vaccum oven at 323 K for 12 h. The

nomenclature used is summarized in Table 1.

6.2.2.2. Catalysts characterization

Values of specific surface area (Sger) of the supports were determined by N,
adsorption-desorption isotherms at 77 K in an automatic volumetric adsorption

apparatus (Micromeritics ASAP 2020). Prior to nitrogen adsorption, the samples
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were outgassed for 5 h a 423 K. The nitrogen adsorption-desorption isotherms are

available in the supplementary information (Figure S1).

Structural properties of the supports and the catalysts were determined by
X-ray diffraction (XRD) at room temperature over the range 26=10-902 with a PW
3040/60 X'Pert Pro Rontgen diffractometer using CuKa radiation (A=1.5406 °A) and
the Bragg—Brentano 6/20 configuration. The system includes the ultrafast

PW3015/20 X'Celerator detector and a secondary monochromator.

In order to obtain information on the morphological characteristics such as
shape and size of metal crystallites on the different supports, the reduced catalysts
were subjected to a detailed Transmission Electron Microscopy (TEM) study. TEM
micrographs were obtained on a JEOL 2100F electron microscope operated at
200 kV and equipped with an Energy-Dispersive X-Ray detector (EDX). The samples
were milled and suspended in ethanol by ultrasonic treatment and a drop of the
fine suspension was placed on a carbon-coated nickel grid to be loaded into the
microscope. When it was possible, the mean diameter (d) of metal particles was
calculated based on a minimum of 150 particles. The Scanning Transmission

Electron Microscopy (STEM) was done using a spot size of 1 nm.

X-ray photoelectron spectroscopy (XPS) was performed at Centro de
Materiais da Universidade do Porto (CEMUP, Porto, Portugal) in a Kratos AXIS Ultra
HSA spectrometer with VISION software for data acquisition using
monochromatized Al Ka radiation (1486.6 eV) operating at 15 kV (90 W) in FAT
(Fixed Analyser Transmission) mode. The powdered samples were pressed into
pellets prior to the XPS studies. All binding energies (BE) were referenced to the C
1s line at 284.6 eV. XPS technique was also used to study the chemical states of Cu
and Pd in the catalysts. Spectra were analyzed with Casa XPS software by fitting
after Shirley background correction. The relative concentrations and atomic ratios
were determined from the integrated intensities of photoelectron lines corrected

with the corresponding atomic sensitivity factor.
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6.2.2.3. Catalytic reduction of 4-NP

The catalytic reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) was
carried out at room temperature, directly on a 3 mL quartz optical cell and
monitorized by UV-Vis. UV-Vis spectra were performed on an Agilent 8453 UV-Vis
spectrometer with diode array detector in the range of 250-550 nm. The
degradation of 4-NP was monitored by the decrease of the absorbance at A=400 nm
for nitrophenolate ion in basic media and development of a new band at A=300 nm
corresponding to the formation of 4-AP. A stock solution of the 4-nitrophenol was
prepared (0.05 mM, 50 mL); 3 mL of this solution was transferred to the UV-Vis cell
and the NaBH4; was added (5.4 mg). Upon NaBH, addition, the band at A=400 nm
remained unaltered during 15 min and the reaction only started after the addition
of the catalyst. The solid catalyst (1.5 mg for catalysts supported on HSAG and 0.5
mg for catalysts supported on the reduced graphene oxides) was added to the

cuvette and the degradation reaction was controlled at 5 second intervals.

To test the reusability of all the catalysts, a scale up experiment with 50 mg
of catalyst was carried out in a round bottom flask under stirring and maintaining
the same ratio catalyst/4-NP as those in the cuvette experiments. In this case, the
electronic spectra of the reaction mixtures were performed at different time
intervals by withdrawing 3 mL aliquots from the reaction. After each catalytic cycle
the reaction mixture was filtered and the catalyst was reused, without any further
treatment, in a new cycle. This procedure was repeated up to ten times and at the
end, the material was washed with deionized water and dried for further
characterization. Furthermore, for those catalysts that showed high stability even
beyond 10 cycles, some aging tests were performed after being used once and

stored for 2 to 3 months.

Control experiments were performed with the carbon supports (HSAG, GOE
and GOE-u) using the same catalytic reaction conditions. To ascertain the extension
of adsorption capacity with the substrate on the carbon surfaces a test without
NaBH; using the same catalytic reaction conditions was also performed. Some

experiments to ensure there was no leaching with our catalysts were also carried
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out. For this, after the reaction performed in the cuvette, the catalyst was

separated from the solution by filtration and then a known quantity of substrate 4-

NP was added again into that solution containing the NaBH,. The band at A=400 nm

corresponding to 4-NP remained unaltered during 30 min, indicating the absence or

negligible content of leached metal in the solution after the first catalytic cycle.

6.2.3. Results and discussion

6.2.3.1. Catalysts characterization

6.2.3.1.1. Cu, Pd and Cu-Pd catalysts supported on HSAG

XRD technique was used to confirm the presence and structure of the metal

nanoparticles on the HSAG support after the activation with NaBHj,. In Figure 1 the

XRD patterns of catalysts supported on HSAG are represented, together with the

pattern of the support HSAG for comparative purposes.
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In the XRD diffraction pattern of Cu/HSAG (Fig.1a), peaks associated to Cu®
monoclinic phase are detected (JCPDS card 04-0836). The primary characteristic
peak of Cu® at 26 = 43.3° is underhand by the graphitic peak at 20 = 43°, so the
secondary peak at 20 = 50.4° was used to estimate Cu® particle sizes applying
Scherrer equation [25] (Table 1). For Pd/HSAG catalyst (Fig.1b), the characteristic
peak at 26 = 39.6° assigned as diffraction from (111) planes of face-centered cubic
crystal lattice structure of Pd [26] appeared. In the XRD pattern of the bimetallic
catalyst, Cu-Pd/HSAG (Fig.1c), no peaks associated to metal phases could be
detected, which means that metal nanoparticles are highly dispersed on the

surface, in the amorphous phase or below the detection limit of the XRD technique.

Table 1. Textural and structural properties of supports and catalysts.

SUPPORTS CATALYSTS
Average Cu or CuO
Peak Pd average
BET Average number average
position crystallite size
surface pore of crystallite
of (002) Sample (nm)
Sample area diameter graphene size (nm)
) reflection b
(m®/g) (nm)? layers
(20) XRD TEM XRD TEM
(XRD)

Cu/HSAG 9.8° n.d. - -
HSAG 490 6.9 26.5 41 Pd/HSAG - - 5.2° 2.6

Cu-Pd/HSAG n.d. n.d. n.d. n.d.

d

GOE 353 8.1 24.8 11 Cu/GOE 8.9 2-5 - -

d

GOE-u 14.1 11.9 25.6 18 Cu/GOE-u 10.5 3-10 - -

? BJH desorption average pore diameter. ° Calculated from the width at half maximum of
peak corresponding to graphite [32]. Crystallite size was calculated applying Scherrer
formula to © Peak at 26=50.42 corresponding to Cu’, ¢ Peak at 26=35.6° corresponding to
CuO and © Peak at 26=39.62 corresponding to Pd’. n.d. denotes not detected or poorly
defined particles so mean particle size could not be estimated.

TEM images of the cataysts supported on HSAG are shown in Figure 2. In the

case of Pd/HSAG (Fig. 2a) very small particles are homogenously dispersed on the
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support, with an average particle size of 2.6 nm (Table 1), mainly located at the
edges of the graphite layers in HSAG. However, in Cu/HSAG (Fig. 2b) Cu
nanoparticles are poorly defined, with practically no contrast with the support,
caused probably by the oxidation of copper and the poor degree of crystallization of
metallic particles induced by the reduction process at room temperature. This
makes estimation of average particle size basically impossible and for this reason it
has not been included in Table 1. Nevertheless, the EDX analysis (Figure S2a)
confirmed the presence of Cu in this sample. A careful inspection of the TEM and
STEM images (displayed in S| as Figure S3) reveals that the majority of the Cu
aggregates are aligned, so their location on the graphite edges appear as favored.
Regarding bimetallic catalyst (Fig. 2c), TEM images showed two types of species.
The most defined and smallest particles correspond to Cu-Pd bimetallic, which was
confirmed by EDX (Fig. S2b) analysis, while other barely defined particles
corresponding to Cu nanoparticles are also present. This indicates that some Pd and
Cu atoms are in close proximity in the smaller particles, though no formation of
alloy can be confirmed as it was not detected by XRD. Indeed, the formation of alloy
should not be expected considering the fact that the applied reduction treatment
with NaBH,; is performed at room temperature. On the other hand, larger Cu
particles are revealed as segregated entities, as evidenced in other region of the

EDX analysis (Fig. S2c).
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Figure 2. TEM images of a) Pd/HSAG, b) Cu/HSAG c) Cu-Pd/HSAG, d) Cu/GOE and e)
Cu/GOE-u.

The catalyst surface composition and oxidation state of the copper and
palladium catalysts were investigated by XPS and are represented in Figure 3.

Related data is collected in Table 2.
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Figure 3. XPS spectra of Cu 2p and Pd 3d of the carbon supported catalysts.
Table 2. XPS results of the supports and the catalysts.
SUPPORTS CATALYSTS
Cu 2p3/2 Pd 3d5/2
o/c
Sample N (%) Sample (eV) (eVv)
ratio
Cu (1) Cu(0)/Cu(l) Pd(Il) Pd(0)
Cu/HSAG 934.5 932.5 - -
HSAG 0.070 - Pd/HSAG - - 337.9 335.9
Cu-Pd/HSAG 935.1 933.0 337.7 335.5
GOE 0.082 - Cu/GOE 934.1 - - -
GOE-u 0.052 13.7 Cu/GOE-u 934.3 932.6 - -
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The XPS spectrum of Cu/HSAG showed the 2p;;, and 2p;;, doublets
characteristic of copper. Also the shakeup satellite peaks of 2p;/, and 2ps/, appeared
at 963.6 and 943.5 eV, respectively, which confirmed the existence of Cu(ll) species
[27]. The 2ps3;, peak was deconvoluted into two different contributions (Fig. 3)
which can be attributed to Cu(ll) species at 934.5 eV and Cu(0)/Cu(l) species at
932.5 eV. Taking into account that the XRD pattern of this catalyst indicated the
presence of crystalline phase of cu® in the bulk material, the existence of Cu(ll)
species observed by XPS analysis could be due to partial re-oxidation on the surface

of Cu during air contact.

The XPS spectrum of Pd 3d corresponding to Pd/HSAG is also shown in Fig. 3.
The Pd 3d peak is resolved into 3ds/; and 3ds/, doublets due to spin-orbital coupling.
Each doublet is deconvoluted in two peaks associated to two different oxidation
states of Pd. The Pd3ds/; doublet exhibited two contributions at BE = 335.9 and
337.9 eV (Table 2), assigned to Pd(0) and Pd(ll), respectively [28]. It is interesting to
note that for bimetallic catalyst, compared to the respective monometallic
catalysts, Pd3ds;, binding energy shifted to lower values, while Cu2ps/, shifted to
higher binding energy, which is related to the electronic interaction between Cu and
Pd atomic orbitals. These results indicated that in the CuPd bimetallic catalyst both
metals are in close proximity, which is in good agreement with other authors’
observations [29] as well as with our EDX analysis. Also the relative percentage of
Pd(0) to Pd(ll) increased from 54 % in Pd/HSAG to 78% in Cu-Pd/HSAG. Concerning
the metallic surface composition, it is interesting to note that Pd/Cu atomic ratio
(0.22) at the surface is almost twice the estimated nominal values (0.12) hinting

that some Pd nanoparticles could be deposited surrounding Cu nanoparticles.

6.2.3.1.2. Cu supported on graphene materials

The XRD patterns of graphene material supports together with the
corresponding Cu catalysts are represented in Fig.1 (Fig. 1d and Fig. 1e). The
position and width of the diffraction peaks of the graphene supports give insights
on the crystallinity and exfoliation extent of these laminar materials. The XRD

difractogram of GOE displayed a low intensity characteristic peak at 26 =24.8°
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indexed to the (002) crystal face of graphite [30,31], while the intensity of this same
peak is clearly higher in GOE-u. This indicates that the exfoliation of the
corresponding starting GO by thermal treatment has been more effective in the
case of GOE than that of GOE-u. This observation is in good agreement with the
number of stacked graphene sheets estimated from the width at half-maximum of
the (002) graphite diffraction peak [32] for these reduced graphene oxides (Table
1). This is also reflected in the BET surface areas measured for these supports as
reported in Table 1 (353 m?/g for GOE vs. 14.1 m?/g for GOE-u). The decrease of Sger
in N-doped graphenes with respect to undoped graphene caused by the larger
aggregation of the graphene sheets have been previously reported by our group
[22] and other authors [33] when N-precursors are used in the synthesis of
functionalized graphenes. Concerning the corresponding Cu catalysts, two peaks
associated to the monoclinic structure of CuO at 35.6° and 38.8° were present in
both activated catalysts, Cu/GOE and Cu/GOE-u. The line broadening of peak at
35.6° was used to estimate average CuO particle size applying Scherrer formula and

the results are reported in Table 1.

The TEM micrographs (Fig. 2d and 2e) show that in these Cu/graphene
catalysts, most CuO nanoparticles are unevenly dispersed in the support, mainly
constituted by clusters of small and amorphous particles. Analogously to the
previous case of Cu/HSAG, the low contrast and poor definition of nanoparticles
make the particles count for average size calculation an uphill task of very low
stringency. Consequently, for these samples only a range of particles size has been
estimated (Table 1). Bearing in mind the high measured error for the cited reasons,
these mean particle sizes should be taken as semiquantitative values. Nevertheless,
these images obtained by TEM analysis allowed us to visualize that CuO
nanoparticles are slightly smaller in Cu/GOE than in Cu/GOE-u. This tendency is in
agreement with the average crystallite size obtained applying Scherrer formula
from the corresponding XRD patterns (Table 1), although the average crystallite
sizes seem to be overestimated when applying Scherrer equation probably due to
the presence of some CuO large crystallites. On the other side, it has been

interestingly reported in literature that N-doped materials are excellent supports to
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fix metallic nanoparticles with high dispersion because N atoms could act as
anchoring sites [34]. However, it is worth noting that the sample Cu/GOE-u does
not follow this tendency. Probably, the low surface area achieved by the synthesis
procedure (14.1 m?/g) hinders the possible influence of N in this sample, and so
slightly larger CuO particles are formed over this N-doped graphene material.
Nevertheless, it should be noted that the specific surface of GOE-u is 25 times lower

than GOE, and the mean particle size is not so different.

Table 2 collects the XPS data for the catalysts and reduced graphene oxide
support. Concerning the supports, the oxygen/carbon ratio due to functional groups
(carbonyl, carboxyl and hydroxide groups) of the starting GO (not shown) resulted
to be 0.37. On viewing Table 2, one can observe that this ratio greatly decreased for
the thermal treated samples and that this oxygen reduction was more effective for
the urea treated sample (GOE-u). The surface atomic composition and oxidation
state of copper were also investigated for Cu/graphene catalysts by XPS and
represented in Fig. 3. The XPS spectrum of Cu/graphene showed the 2p;/, and 2ps/,
doublets of copper as well as the characteristic shakeup satellite peak of Cu(ll)
species. In fact, in the case of Cu/GOE the only specie detected was Cu(ll) at 934.1
eV while for Cu/GOE-u a small contribution of Cu(0)/Cu(l) was also detected apart
from Cu(ll). The presence of Cu(ll) species determined by XPS is in good agreement
with the XRD measurements which indicated the formation of CuO nanoparticles on
these supports. Nonetheless, bearing in mind the high propensity of Cu to oxidation
in contact with air, the precise copper oxidation state is quite difficult to determine

under the actual reducing (NaBH,) reaction conditions.

6.2.3.2. Catalytic degradation of 4-NP
6.2.3.2.1. Comparison among Cu, Pd and Cu-Pd catalysts supported on HSAG

The catalytic behavior of these samples was studied in the reduction of 4-NP
to 4-AP in aqueous medium using NaBH,; as a hydrogen generator. The 4-NP in
water exhibits an electronic band at A= 313 nm, but after adding NaBH,; the

electronic band is shifted to A= 400 nm (from light yellow to dark yellow) due to the
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formation of the corresponding nitrophenolate anion. As shown in Figure 4, in the
presence of the catalyst, upon the increase of the reaction time, the intensity of
electronic band at A= 400 nm owing to 4-nitrophenolate ion decreases and, at the
same time, a new electronic band around A=300 nm appears due to the formation
of 4-aminophenolate ion. The 4-NP reduction could also be confirmed by visual
inspection since the intensity of the characteristic yellow color of 4-NP in the
presence of NaBH, gradually decreases after the addition of the catalyst to the
solution, indicating the reduction of 4-NP to 4-AP. Adsorption experiments of the
substrate on the carbon surface of HSAG lead to a small decrease in the absorbance
intensity of the nitrocompound (less than 15% in 60 s), but without the appearance
of the electronic band assigned to 4-AP at around A=300 nm, indicating that the

catalytic reduction of 4-NP did not occur in the absence of metal nanoparticles.
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Figure 4. Time-dependent UV-Vis spectra of the reduction of 4-NP to 4-AP.
Experimental conditions: agueous solution of [4-NP]=0.05 mM, [NaBH4]=50 mM,
[catalyst]=0.5 mg/mL in the case of Cu/HSAG, Pd/HSAG and Cu-Pd/HSAG and
[catalyst]=0.17 mg/mL for Cu/GOE and Cu/GOE-u.
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Cu, Pd and Cu-Pd catalysts supported on HSAG showed excellent catalytic
activity in the 4-NP reduction (Fig.4). The reaction was catalyzed by Cu/HSAG and
Pd/HSAG reaching almost 100% of conversion within 40 and 30 seconds,
respectively. For the reaction catalyzed by bimetallic Cu-Pd/HSAG, a conversion of

98% was achieved after only 20 seconds of reaction time.

The mechanism of the catalytic reaction can be explained in terms of the
Langmuir-Hinshelwood model. NaBH, is ionized in water to offer BH,, providing
hydride anions that adsorb at the catalyst surface. These adsorbed hydride anions
are transferred to the metal nanoparticles, and then react with 4-NP to yield 4-AP
[13]. As NaBH4 was in large excess compared to 4-NP, it is reasonable to assume
that its concentration remains constant all through the reaction. In this context, the
catalytic reduction process could be assumed to be a pseudo-first-order reaction
[13], and therefore, the correlation between In(C/Co) and reaction time is linear
(Figure 5). The absorbance at time t (A;) and time t =0 (Ao) are equivalent to the
concentration at time t (C;) and time t = 0 (Cp). The apparent rate constant, k,pp, Was
calculated from the slope in Fig. 5 and the values are summarized in Table 3,

together with the rate constant normalized per mmol of nominal metal content (K).
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Figure 5. Pseudo-first order plots of 4-NP reduction. a) Cu, Pd and Cu-Pd catalysts
supported on HSAG and b) Cu catalysts supported on graphene materials. For
comparison reasons the plots corresponding to supports are also presented.
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Table 3. Catalytic parameters for the 4-NP reduction catalyzed by Cu and Pd
catalysts supported on carbon materials®.

d e

CATALYST t° (s) te 'zs?{’)” (61 n:(mol'l)
Cu/HSAG 40 15 0.139 (R*=0.955) 118
Pd/HSAG 30 0 0.111 (R%=0.960) 150

2_

Cu-Pa/HSAG 000 s 2
Cu/GOE 20 5 0.273 (R*=0.992) 690
Cu/GOE-u 120 20 0.032 (R*=0.990) 81.4

a

Reactions performed with aqueous solution of [4-NP]=0.05 mM, [NaBH,]=50 mM,
[catalyst]=0.5 mg/mL for catalysts supported on HSAG and 0.17 mg/mL for catalysts
supported on graphene. ® Reaction time to achieve maximum 4-NP conversion to 4-AP. ©
Induction period. d kapp determined from the slope of In(A,/Ao)= -kt plots. K was calculated
as K= kapp(s'l)/nmeta| (mmol).

From this figure, it can be observed that upon the addition of the Cu/HSAG
catalyst, a certain period of time, known as induction period, t;, of 15 seconds, is
required for the reduction reaction to start. Then the reaction becomes stationary,
and it follows a first-order rate law. From the later linear part, the reaction rate
constant k., Was taken. Similar plots have been found by a great number of other
authors [35-39]. Some researchers have studied the nature of this induction period
for Au faceted metal particles and concluded that any limitation by diffusion can be
ruled out (the diffusion and adsorption of the reactants, the desorption are fast
compared to the reaction rate) [13,11]. The authors explained that t; is a
consequence of processes related to a dynamic restructuring (caused partially by
the adsorbed substrate) of the surface necessary to render the metallic particles as
an active catalyst. Although in other works this period is ascribed to the time
needed for the NaBH, to eliminate surface oxides on the metal nanoparticles [40].
Interestingly, no induction period was observed for Pd/HSAG, while as far as the
bimetallic catalyst Cu-Pd/HSAG is concerned, two reaction rates profiles were
observed, with the reaction rate in the first 10 seconds being slower than that

exhibited thereafter. It is worth mentioning this catalyst exhibited in the second
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rate profile a K normalized per mmol of metal two times higher than that of Cu and
1.5 times superior to that of Pd/HSAG (Table 3). This fact indicates that the

presence of the bimetallic catalyst results in a superior catalytic system, compared

with both monometallic samples separately.

Recyclability

As heterogeneous catalysts, one important factor is their reusability. To
evaluate this, catalysts were reused in 10 consecutive reaction cycles. As shown in
Figure 6, Cu/HSAG, Pd/HSAG and Cu-Pd/HSAG preserved their catalytic
performance without any loss of efficiency maintaining conversions of 100% within

the same reaction time, indicating their high stability upon reuse.

120 120
a) — SIS b) I CU/GOE-U
[ Cu-PU/HSAG I Cu/GOE
100+

8
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g

>
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12345678 910 12345678 910
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Figure 6. Recycling tests performed with a) Cu, Pd and Cu-Pd catalysts supported on
HSAG and b) Cu catalysts supported on graphene materials.

After these consecutive catalytic cycles, the catalysts were characterized by
XRD (Fig.1, the pattern corresponding to reused catalyst is labeled with the same
name of the catalyst followed by “10C”). In the cases of Pd/HSAG and bimetallic Cu-

Pd/HSAG the structural characteristics of both catalysts remained unaltered,
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indicating their structure is preserved upon recycling and reuse. Concerning
Cu/HSAG, after 10 reaction cycles, the peak associated to Cu® is now absent while a
small peak associated to monoclinic phase of CuO at 35.5° is present, indicating the
oxidation of copper nanoparticles after several reaction cycles. In order to discard
leaching phenomenon due to oxidation of Cu, the precise metal content of the fresh
catalyst, as well as after 10 cycles, was determined by thermogravimetric analysis,
burning the carbon in flowing pure air (100 mL/min) at 1073 K and weighing then
the residual product as CuO (Figure S4). It is worth highlighting that the metal
loading remained practically constant upon reuse, with values very similar to the
nominal one (in Cu/HSAG %Cu=4.93, and after cycles %Cu=4.83). The stability of
these HSAG based catalysts was studied after being used and also after being stored
for 1 or 2 months. No loss in activity was detected in any case; confirming the
robustness of the HSAG supported catalysts after these aging studies. This
extraordinary stability is related to the high metal-support interaction that stabilizes
the particles at the edges of the graphite layers exposed in HSAG, as showed by

STEM and previously observed with similar samples [22].

6.2.3.2.2. Cu supported on graphene materials

First of all, blank experiments using the supports GOE and GOE-u proved
that they had no catalytic activity and the reduction only takes place in the presence
of CuO nanoparticles. In Fig. 4 the time-dependent UV-Vis spectra of the reduction
of 4-NP in presence of Cu/GOE and Cu/GOE-u are depicted. Both graphene
supported catalysts were highly active in the 4-NP reduction, reaching the
maximum substrate conversion (100%) after 20 seconds with Cu/GOE and 120
seconds in the case of Cu/GOE-u. Once more, an induction period in both
Cu/graphene catalysts was observed previous to the reaction. Analogously to
catalysts supported on HSAG, the apparent rate constant, kg, was calculated from
the slope in Fig.5 and the values are summarized in Table 3 together with the rate
constant normalized per mmol of nominal metal content (K). It is worth mentioning
that Cu/GOE is visibly a superior catalyst when compared to Cu/GOE-u, as well as to

all other catalysts supported on HSAG studied in this work. This excellent efficiency
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of Cu/GOE on this reduction reaction can be attributed to the special characteristics
of the graphene as support. Results from literature recognize that graphene support
contributes to the acceleration of the reaction via m-mt interactions with 4-NP
molecule, facilitating the transfer of electrons from BH, to sp’ hybridized nitro
group of 4-NP [41-43]. It is interesting to note that the particle sizes estimated by
Schrerrer formula for Cu/HSAG (d=9.8 nm) and Cu/GOE (d=8.9 nm) are rather
similar, whereas the normalized rate constant K of Cu/GOE is almost 6 times higher
than that of Cu/HSAG (Table 3). From this observation, it can be assumed that the
excellent catalytic activity of Cu/GOE is not only a result of the chemical properties
of the active phase (copper species). In this catalyst graphene support not only acts
as a metal nanoparticles carrier, but also it provides a unique support facilitating
the interaction between the substrate and the support as well as easing the
transference of electrons. Although this electron transfer ability is expected to be
acting as well in HSAG due to its graphitic nature, it should be taken into account
that HSAG is constituted by smaller crystallites which expose more edges;
consequently the role of basal planes and n-it interactions would be less important
than in large crystals [1]. Concerning comparison between both graphene material
catalysts, the lower efficiency displayed by Cu/GOE-u compared to Cu/GOE-u makes
us believe that nitrogen doping could have a negative influence on this catalytic
reaction. It should be taken into account that the CuO average particle size in
Cu/GOE-u it is not that different from that of Cu/GOE, whereas rate constant differs
significantly. This negative effect in the catalytic activity caused by nitrogen doping
in graphene materials has previously been observed with other reactions involving

aromatic compounds [44].
Recyclability

Cu/GOE and Cu/GOE-u displayed high stability during the first five cycles and
then a loss in activity occurred in both cases (Fig. 6). With the aim to identify the
causes of this deactivation, possible structural changes of the catalysts after the
cycles were analyzed by XRD and represented in Fig. 1. It should be noted that no
reflection peaks associated to copper were detected in the XRD difractograms in

both cases, which indicated that copper is now in amorphous phase or its content
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has decreased to an extent below the detection limit of the apparatus.
Consequently the metal surface content was determined by XPS and the results
indicated a decrease in the Cu surface atomic content from 1.03% to 0.13% after 10
cycles in the case of Cu/GOE and from 2.03 to 0.75% in Cu/GOE-u. These results
point out to Cu leaching after several uses, in spite of the leaching studies described
in the experimental section indicating null or negligible release of metal content to
the solution after the first use of the catalyst. One possible reason for copper
leaching is the oxidation of the metallic active sites. It should be taken into account
that the small particle size of Cu supported on graphene materials facilitates the
higher degree of oxidation in contact with air, as revealed by XRD pattern and XPS
studies, which confirmed that in these catalysts copper was present mainly as CuO.
Another cause which could explain the leaching of copper is its poor interaction
with the support for these graphene materials, as shown in TEM images, where
although very small CuO nanoparticles are present in these samples, they are

forming agglomerations and heterogeneously distributed on the graphene layers.

In Table S1 the comparative O/C ratios obtained from the XPS spectra
corresponding to the support materials and the catalysts after reduction treatment
and after reaction utilization are summarized. In general, it is observed that the
oxygen content is slightly modified during different processes. We can interpret
that this oxygen content is mainly due to residual surface groups, located away
from the metallic surface active sites. Apart from this, the possible formation of
CuO species, after exposition to air, in the Cu samples could also affect the overall

O/C ratio.

6.2.3.2.3. Comparison of present catalytic performance with reported results

Since the rate constant of the reaction (or time employed to get reduced 4-
NP) is correlated to the concentration of 4-NP and NaBH; and obviously to the
amount of catalyst employed, the comparison of the results obtained in the present
work with those reported in the literature is not straightforward. Nevertheless, the
results obtained in this work are benchmarked with reported works employing the

most similar conditions (Table 4). For more details on conditions see Table S2,
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where more parameters detailed in the papers are included while others have been

calculated.

Table 4. Catalytic parameters in the reduction of 4-NP for different catalysts

reported in literature.

. . a Recyclability
Metal nanoparticle Support Time® (s) Ref.
(number of cycles)
Cu NPs - 2700 Not stable 45
CuO nanoleaves - 900 Not studied 46
Cu Porous silicon 60 Not studied 47
Cu Perlite 150 3 48
Cu Cellulose nanofiber film 120 10 49
Cu N-doped carbon nanofilm 120 5 50
Carbon composite microspheres
Cu 540 5 51
(CCMs)
Cu RGO 360 Not studied 52
CuO RGO 20 5 53
Cu-Ni RGO 90 5 52
Pd Graphene 720 5 54
Pd Co-Fe,0,4-Graphene 420 5 55
Pd-Ni B-SiO,/RGO 120 5 56
Mn@SiO, NH 720
Au @ 2 T 5 15
Mn@SiO,_SH 960
600 6
MWCNT_SH
600 Not stable
Au MWCNT_B 57
3600 Not stable
MWCNT
420 -
Au NPs
Au Graphene hydrogel 720 Not studied 43
Ag-Co RGO 45 5 42
Cu HSAG 40 10 This work
Pd HSAG 30 10 This work
Cu-Pd HSAG 20 10 This work
CuO GOE 20 5 This work

? Reaction time to achieve maximum 4-NP conversion to 4-AP
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The results from Table 4 clearly prove that the Cu-carbon nanocomposites
prepared in this work are obviously superior catalytic systems in comparison with
unsupported Cu particles [45,46] as well as Cu supported on porous silicon [47] and
perlite [48]. Concerning other carbon supports reported in literature, it is
interesting to note that with our copper catalysts the reaction time to reach 100%
4-NP conversion to 4-AP is lower than those described for Cu on cellulose nanofiber
film [49], N-doped carbon nanofilm [50], carbon composite microspheres [51] and
reduced graphene oxide [52]. The nanocomposite CuO/graphene reported by C.
Sarkar and co-workers [53] exhibits a comparable catalytic performance to our
catalysts Cu/HSAG and Cu/GOE. However, considering the high nominal metal
loading employed in their work (calculated from the data given in the experimental
section), the estimated normalized rate constant per mmol of metal obtained with
their catalyst is still much lower than in our case (see Table S2). We believe that this
improvement in the value of K obtained in the reduction of 4-NP with our catalysts
is mainly thanks to the lower particle size achieved in our catalytic systems.
Furthermore, the great stability displayed by Cu/HSAG even after 10 consecutive
runs in comparison with CuO/graphene [53] which was reported to be stable up to
five runs should be highlighted. As far as Pd/HSAG catalyst is concerned, the results
found show the same tendency, as collected in Table 4 and Table S2: the rate
constant obtained with this nanocomposite was much higher than those obtained
in earlier reports for Pd supported on graphene based materials [54,55]. In general,
with the synthesized catalysts the catalytic performance has noticeably been
improved in comparison with previous results obtained with several noble metal as
well as bimetallic catalysts supported on graphene materials or carbon nanotubes:

Pd-Ni [56], Ag-Co [42], Cu-Ni [52], Au [43,57] as well as Au supported on silica [15].

We assign the exceptional catalytic behavior of the metal-graphitic materials
reported in this work, on one hand, to the high surface area of the supports that
leads to the high dispersion of metal nanoparticles. On the other hand, this great
effectiveness is also related to the cooperation of the graphitic material to the
catalytic activity by rapidly adsorbing NaBH4 and 4-NP on the graphene layer near to

the metal nanoparticles as well as facilitating the uptake of electrons by 4-NP.
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Comparison with the literature data highlights that employing Cu and a high surface
area graphite as support gives rise to a superior and stable catalytic system even
surpassing the performance of Pd and other noble metals supported on traditional

carbon materials.

6.2.4. Conclusions

In this work it has been evidently demonstrated that graphitic carbon
supports are very suitable for the deposition of metals, exhibiting the resulting
catalysts very small particle sizes. This can be achieved with the simple procedure of
wetness impregnation and further activation using NaBH; as reducing agent at
room temperature. Cu, Pd and Cu-Pd catalysts supported on HSAG displayed
excellent catalytic activity for the reduction of 4-NP with remarkable high stability
after several uses and aging. The catalytic response of Cu/HSAG in the reduction of
4-NP was similar to that exhibited by noble metal Pd. Moreover, Cu supported on
undoped graphene material displayed even superior catalytic performance, favored
by the larger availability of graphene to produce n-nt interaction between 4-NP and
GOE, in comparison with Cu/HSAG. However, Cu/GOE suffered deactivation, on the
contrary to Cu/HSAG which was stable for up to 10 runs. The superior stability
exhibited by HSAG supported materials is presumably due to higher stabilization of
the metal nanoparticles strongly anchored on the edges of the small crystallites in

HSAG, which prevents metal from leaching.

Summarizing, copper supported on the commercial HSAG has proven to be a
highly active and recoverable catalyst for the reduction of 4-nitrophenol to 4-
aminophenol using NaBH, at very soft conditions. In general, the large surface area,
the adsorption capacity and the electron transfer ability of the graphitic support in
HSAG are the main reasons for the excellent performance here reported.
Comparison of its catalytic behavior with the literature findings reveals that
Cu/HSAG is perhaps the most active and stable copper based catalyst reported to
date. All this findings suggest that the support represents a key aspect in designing

superior and recoverable catalytic systems. The use of a high surface area graphite
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as support enables the development of a catalyst as efficient and as stable as noble

metal catalysts such as Pd.
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Figure S1. Nitrogen adsorption-desorption isotherms of the graphitic carbon
supports.
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Figure S2. STEM images and corresponding EDX spectra of a) Cu/HSAG, b) Cu-
Pd/HSAG (region where Cu and Pd are detected simultaneously) c) Cu-Pd/HSAG
(region where only Cu is detected) d) Cu/GOE and e) Cu-GOE-u.
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Figure S3. STEM images of Cu/HSAG.
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Figure S4. Thermogravimetric analysis of Cu/HSAG before and after being used for
10 consecutive catalytic cycles.

Table S1. O/C ratios obtained from XPS measurements.

SUPPORTS CATALYSTS
0/C ratio
Sample O/C ratio Sample .
Before reaction After 10 catalytic
cycles
Cu/HSAG 0.065 0.053
HSAG 0.070 Pd/HSAG 0.061 0.053
Cu-Pd/HSAG 0.100 0.088
GOE 0.082 Cu/GOE 0.141 0.159

GOE-u 0.052 Cu/GOE-u 0.059 0.073
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Table S2. Detailed catalytic parameters in the reduction of 4-NP for different
catalysts reported in literature.

Catalyst K -
Metal 4-NP | NaBH, (me/ Kapp Stability
nano- uppor -1 number o ef.
Support (mM) | (mM) 8 4 (s (number of | Ref
particle ml) (s7) mmol™) cycles)
Cu NPs - 0.06 10 0.26 1.54x10° - Not stable 45
Cu nano- - 0.11 10 0.31 3.7%10™ - Not studied 46
leaves '
Cu Porous silicon 0.045 23.1 0.25 - - Not studied 47
(KBH,)
Cu Perlite 1.25 125 0.2 0.027 - 3 48
Cu Cellulose nanofiber film | 0.036 13.2 - 0.024 - 10 49
Cu N-doped carbon film 0.12 24 0.008 0.03 372 5 50
Cu Carbon composite 0.16 6.7 0.5 5.8x10° - 5 51
microspheres (CCMs)
Cu RGO 0.05 175 2.5 0.05 - Not studied 52
CuO RGO 0.1 300 0.1 0.233 19.3 5 53
Cu-Ni RGO 0.05 175 2.5 0.023 - 5 52
Pd Graphene 0.10 10 0.5 2.35x10° 50 5 54
Pd Co-Fe,04-Graphene 0.10 11 0.019 0.011 - 5 55
Pd-Ni B-Si02/RGO 0.05 150 2.5 0.017 4.53 5 56
Mn@SiO2_NH, 6.1-10° 102
Au 0.05 50 1 5 15
Mn@Si02_SH 6.6-10° 13.8
MWCNT_SH 7.2:10° | 4.3810° 6
MWCNT_B 6.88-10° | 2.4-10° | Not stable
Au
MWCNT 0.05 50 1 1.0-10° | 8.35:10° | Not stable 57
Au NPs 9.38-10° | 8.01-10° -
Au Graphene hydrogel 0.1 100 0.033 3.17-10° 0.141 Not studied 43
Ag-Co RGO 0.06 175 2.5 - - 5 42
Cu HSAG 0.05 50 0.5 0.139 118 10 This
work
Pd HSAG 0.05 50 0.5 0111 150 10 This
work
Cu-Pd HSAG 0.05 50 0.5 0.299 230 10 This
work
CuO GOE 0.05 50 0.17 0.273 690 5 This

work
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Conclusiones generales

7.1. Conclusiones generales

La presente Tesis Doctoral se ha centrado en el disefio, sintesis y
caracterizacion de nuevos nanomateriales para su aplicacion en la transformacion
selectiva de bioetanol, un derivado de la biomasa, en productos de interés aplicado:
acetaldehido y 1-butanol. Asimismo, se ha encontrado una exitosa aplicacion
adicional para algunos de estos catalizadores en la reaccién de reduccién de 4-

nitrofenol, un contaminante presente en aguas residuales.

El detallado analisis del comportamiento catalitico de los diferentes
nanomateriales en sus respectivas reacciones, junto con la exhaustiva
caracterizacion aplicada a los mismos, asi como la comparativa con los resultados
encontrados en bibliografia, nos ha permitido llegar a las siguientes conclusiones

generales.

Conclusiones derivadas del estudio de la deshidrogenacion catalitica de bioetanol:

e Los diferentes métodos empleados en la preparacion de nanoestructuras de
ZnO dieron lugar a distintas morfologias, con diferentes relaciones de caras
expuestas, que a su vez presentaban una quimica superficial diferente con
respecto al tipo de grupos hidroxilo, como indicaron los resultados de
caracterizacion obtenidos por XRD, SEM y DRIFTS.

e Se encontré que la reaccién de descomposicidon de etanol era sensible a la
estructura superficial: las superficies polares resultaron ser mas selectivas que
las no polares hacia los productos minoritarios, etileno y productos de
condensacion. Esto se explica por la presencia de un tipo particular de hidroxilo
de caracter acido localizado en los planos basales de la estructura wurtzita del
oxido de zinc.

e Minimizar la superficie basal expuesta asi como controlar las propiedades
acido-base en materiales de ZnO son aspectos clave para la optimizacion de la

deshidrogenacion de etanol a acetaldehido.
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La cantidad y tipo de N introducido en la estructura grafitica depende del
procedimiento de sintesis empleado (fuente de nitrégeno; amoniaco o urea), la
temperatura de tratamiento y el tamano de particula del grafito de partida.

La caracterizacion aplicada a los oxidos de grafeno reducidos mediante
espectroscopia Raman, XRD vy adsorcion fisica de N, reveld que Ia
incorporacion de dtomos de N en las laminas de grafeno causa un mayor grado
de desorden, asi como cambios estructurales y texturales —menor grado de
exfoliacion y por tanto, menor Sger— con respecto a los no dopados.

Las mayores actividades hacia acetaldehido obtenidas con los grafenos
dopados con N con respecto a los no dopados indican que la incorporacién de
estas funcionalidades les confieren propiedades basicas. De todas las muestras
dopadas, con 100GORE-a se obtuvieron los mejores resultados debido a la
combinacion de dos parametros: el grado de exfoliacion y la cantidad de
nitrégeno incorporada.

La aplicacion de materiales de grafeno dopados con N como catalizadores en la
deshidrogenacién de etanol estd limitada por las altas temperaturas requeridas
por las funcionalidades de N para activar la molécula de etanol (>673 K).

Se ha comprobado que el cobre soportado en materiales grafiticos representa
un catalizador muy activo en la transformacion selectiva de bioetanol en
acetaldehido a temperaturas inusualmente bajas (a partir de 423 K).

El tipo de soporte grafitico —grafito u 6xido de grafeno reducido— juega un
papel crucial durante la preparacion de los catalizadores de cobre en relacion al
tamafio y morfologia de las NPs de Cu. Con la excepcion de Cu/GOE-u, el
estudio llevado a cabo mediante TEM mostrd que la mayoria de las NPs de Cu,
principalmente localizadas en los bordes de los planos grafiticos, presentaban
una estructura aparentemente delgada y plana, indicativo de una elevada
interaccion metal-soporte.

Esta alta interaccion metal-soporte permitié explicar la elevada estabilidad
exhibida por Cu/HSAG y Cu/grafeno en los test de estabilidad en condiciones
isotermas, asi como la mayor actividad catalitica presentada en la reaccion de

deshidrogenacion en comparacion con Cu/SiO,.
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La presencia de N en las laminas de grafeno promovié una mayor dispersién del
Cu en Cu/GORE-a, lo que sugiere que los dtomos de N podrian actuar como
puntos de anclaje para el crecimiento de las NPs. Esto explicaria la mayor
actividad mostrada por este catalizador cuando se compara con Cu/GOE. Sin
embargo, las bajas conversiones obtenidas con Cu/GOE-u sélo se pueden
interpretar en términos de diferencias estructurales debido a la ausencia de
interaccion Cu-soporte en este material.

El caracter hidrofébico de HSAG vy de los 6xidos de grafeno reducidos evitaron
la inhibicion de la actividad catalitica asi como la desactivacion de estos
catalizadores en los tests de estabilidad cuando el agua es co-alimentada con el
etanol. Por el contrario, el agua causé una notada disminucién en la actividad
catalitica de Cu/SiO, asi como su desactivacidon con el tiempo, lo que sugiere

que el agua compite con el etanol por los centros activos en este catalizador.

Conclusiones derivadas del estudio de la condensacion catalitica de bioetanol:

El tipo de metal de transicion (Pd o Cu) empleado como componente
deshidrogenante/hidrogenante en los catalizadores bifuncionales, tuvo un
impacto sustancial en la reaccién de condensacion de etanol a 1-butanol. Los
catalizadores de Pd fueron mas selectivos hacia 1-butanol mientras que los de
Cu fueron bastante selectivos a 1,1-dietoxi etano.

El precursor metalico utilizado también jugd un papel importante en la
actividad de los catalizadores. El nitrato de Pd fue resulté ser el precursor mas
adecuado en términos de actividad y selectividad hacia 1-butanol, debido a la
mayor dispersion metalica lograda empleando este precursor, como se observé
por TEM.

Asimismo, el tipo de soporte carbonoso tuvo una notable influencia en el
comportamiento catalitico. El catalizador Pd Pd(N)/Mg-GOE mantuvo la
fortaleza adecuada de centros basicos, medidos por quimisorcion de CO,, y
presentd particulas de Pd mas pequefias en comparacion con Pd(N)/Mg. La
combinacidon de ambas variables dio como resultado una mayor selectividad al

producto deseado 1-butanol.
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Por tanto, la dispersién metalica es un aspecto critico a considerar en el disefio
de catalizadores promovidos con metales de transicidén para su aplicacién en la

reaccion de condensacion de etanol a 1-butanol.

Conclusiones derivadas del estudio de la reduccion de 4-nitrofenol:

Los catalizadores de Cu y Pd soportados en HSAG exhibieron un
comportamiento catalitico excelente en términos de actividad y estabilidad en
la reaccién de reduccién de 4-NP. La respuesta catalitica de Cu/HSAG fue
similar a la mostrada por el metal noble Pd.

Esto indica que el tipo de soporte es un factor clave en el disefio de
catalizadores heterogéneos superiores y reciclables. En general, la elevada
superficie especifica, la capacidad de adsorcion y la habilidad para la
transferencia de electrones del soporte grafitico son las principales razones que
nos permiten explicar estos resultados.

El Cu soportado en oxido de grafeno reducido exhibid incluso una actividad
catalitica superior, favorecido por la mayor habilidad del grafeno para producir
interacciones -t entre 4-NP y el soporte, en comparacion con Cu/HSAG.

Sin embargo, Cu/HSAG mostrd6 mayor estabilidad que Cu/GOE debido
probablemente a la mayor estabilizacion de las NPs metdlicas fuertemente
ancladas en los bordes de los cristalitos de HSAG, lo que impide el lixiviado del
metal tras los ciclos de reaccidn consecutivos.

El estudio comparativo de los resultados obtenidos con aquellos recogidos en
la bibliografia, en condiciones de reaccidn similares, revelé que Cu/HSAG es

probablemente el catalizador mas activo y estable reportado hasta la fecha.

Estas dltimas conclusiones expuestas, asi como aquellas derivadas de las
reacciones de valoracién catalitica de bioetanol, prueban que los nuevos
nanomateriales mesoporosos de carbén, como el 6xido de grafeno reducido y
el grafito de alta superficie, representan prometedores soportes de
catalizadores con aplicacién en reacciones de diversa indole: desde las de
valorizacién de derivados de la biomasa asi como aquellas que implican

compuestos aromaticos.
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7.2. General Conclusions

The present Doctoral Thesis has focused on the design, synthesis and
characterization of new nanomaterials for the selective transformation of
bioethanol, a biomass derivative, into added value chemicals: acetaldehyde and 1-
butanol. Furthermore, an additional and successful application has been found for
some of the designed catalysts in the reduction of 4-nitrophenol, a pollutant

present in waste water.

The exhaustive analysis of the catalytic behavior of the different
nanomaterials in their respective reactions, together with the extensive
characterization of the materials as well as comparison with the literature findings,

allowed us to arrive at the following general conclusions:

Conclusions concerning the bioethanol dehydrogenation reaction:

e The different methods employed for preparing ZnO nanostructures resulted in
different morphologies, with distinct relation of exposed surfaces that at the
same time presented a different surface chemistry concerning hydroxyl groups,
as revealed by the characterization results derived from XRD, SEM and DRIFTS.

e A surface-structure-sensitivity phenomenon was found in the ethanol
decomposition reaction: polar surfaces resulted to be more selective, than the
nonpolar ones towards the minority products; ethylene and condensation
products. This is explained due to the presence of a particular acidic hydroxyl
group related to basal planes of the wurtzite structure of ZnO.

e Minimizing the polar surface extension as well as controlling the acid-basic
properties in ZnO materials are key aspects for the optimization of the
dehydrogenation performance leading to acetaldehyde.

e The quantity and the type of N introduced in the graphite structure was
dependent on the synthesis procedure (nitrogen source: ammonia or urea),

treatment temperature and original graphite particle size.
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Applied characterization by Raman spectroscopy, XRD and N, fisisorption on
the synthetized reduced graphene oxides, revealed that the incorporation of N
atoms into the graphene layers caused a higher degree of disorder, as well as
structural and textural changes —lower degree of exfoliation and hence, lower
Sger— With respect to the undoped ones.

The higher activities towards acetaldehyde obtained with the N-doped
graphenes in comparison with the undoped ones indicates that the
incorporation of these functionalities provides basic properties. Of all the
doped samples, 100GORE-a gave best results owing to the combination of two
parameters: degree of graphene exfoliation and amount of N incorporated.

The application of N-doped graphene materials as catalysts in the ethanol
dehydrogenation is limited by the high temperatures required for nitrogen
functionalities to activate the ethanol molecule (>673 K).

Copper supported on graphitic carbon materials have proven to be highly active
catalysts in the selective transformation of bioethanol into acetaldehyde at
very low temperatures (starting from 423 K).

The type of graphitic support —graphite or reduced graphene oxide— supports
play a crucial role during the preparation of supported copper catalysts as
refers to the size and morphology of Cu NPs. With the exception of Cu/GOE-u,
the TEM study revealed that the majority of Cu NPs, mainly located at the
edges of the graphene layers, apparently presented a thin flat structure,
pointing out a high metal-carbon surface interaction.

This high metal-support interaction also aided in explaining the high stability
exhibited by Cu/HSAG and Cu/graphene under isothermal stability tests as well
as their higher dehydrogenation catalytic activity in comparison with Cu/SiO,.
The presence of N in the graphene layers induced a higher Cu dispersion in
Cu/GORE-a suggesting that N atoms act as anchoring sites for metallic NPs
growth. This could explain the higher activity displayed by this catalyst when
compared with Cu/GOE. However, the low conversions achieved with Cu/GOE-
u can only be interpreted in terms of structural differences due to the absence

of Cu-support interactions in this material.
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e The hydrophobic character of HSAG and reduced GO prevented inhibition of
activity and deactivation during isothermal reaction conditions when water is
co-fed with ethanol. On the contrary, the presence of water caused a
remarkable decrease in the catalytic activity of Cu/SiO, as well as in its
deactivation with time, suggesting water competes with ethanol for the active

sites.

Conclusions concerning the bioethanol condensation reaction:

e The type of transition metal (Pd or Cu) employed as
dehydrogenating/hydrogenating component in the bifunctional catalysts, had a
substantial impact on the condensation reaction of ethanol to 1-butanol.
Palladium catalysts were the most selective towards 1-butanol while copper
catalysts were quite selective to 1,1-diethoxy ethane.

e The use of different metal precursors played an important role on the activity
of the catalysts. Palladium nitrate resulted to be the most suitable precursor in
terms of activity and selectivity towards 1-butanol, likely due to the higher
metal dispersion achieved using this metallic precursor as revealed by TEM.

e The type of carbon support also had a noteworthy influence on the catalytic
performance. Catalyst Pd(N)/Mg-GOE preserved the strength of basic sites,
measured by CO, chemisorption, and presented smaller particle sizes of
palladium NPs in comparison with Pd(N)/Mg. The compromise between both
parameters resulted in higher selectivity to the desired product 1-butanol.

e Metal dispersion has proven to be critical feature to be considered in the
transition metal-promoted catalysts design for their application in the

condensation reaction of ethanol to 1-butanol.

Conclusions concerning the catalytic reduction of 4-nitrophenol:

e Cu and Pd catalysts supported on HSAG displayed excellent catalytic

performance in terms of activity and stability for the reduction of 4-NP. The
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catalytic response of Cu/HSAG in the reduction of 4-NP was similar to that
exhibited by the Pd noble metal.

e All this findings suggest that the support represents a key aspect in designing
superior and recoverable catalytic systems. In general, the large surface area,
the adsorption capacity and the electron transfer ability of the graphitic
support are the main reasons for its excellent performance found for this
reaction.

e Cu supported on reduced graphene oxide exhibited even superior catalytic
performance, favored by the higher availability of graphene to produce m-mn
interaction between 4-NP and the support, in comparison with Cu/HSAG.

e However, Cu/HSAG showed higher stability than Cu/GOE, presumably due to
higher stabilization of the metal nanoparticles strongly anchored on the edges
of the crystallites in HSAG, which prevents metal from leaching.

e Comparison of its catalytic behavior with the literature findings, in similar
reaction conditions, reveals that Cu/HSAG is perhaps the most active and stable
copper based catalyst reported to date.

e These last exposed conclusions together with those attained in the catalytic
bioethanol valorization reactions proves that new mesoporous carbon
nanomaterials as reduced graphene oxide and high surface area graphite are
promising heterogeneous catalytic supports that can find application in a wide
range of reactions: from biomass derivatives valorization reactions to those

involving aromatic compounds.
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Role of Exposed Surfaces on Zinc Oxide Nanostructures in
the Catalytic Ethanol Transformation

Maria V. Morales,” Esther Asedegbega-Nieto,” Ana Iglesias-Juez,® Inmaculada Rodriguez-

Ramos,™ and Antonio Guerrero-Ruiz*®!

For a series of nanometric ZnO materials, the relationship be-
tween their morphological and surface functionalities and their
catalytic properties in the selective decomposition of ethanol
to yield acetaldehyde was explored. Six ZnO solids were pre-
pared by a microemulsion-precipitation method and the ther-
mal decomposition of different precursors and compared with
a commercial sample. All these materials were characterized in-
tensively by XRD and SEM to obtain their morphological spe-
cificities. Additionally, surface area determinations and IR spec-

Introduction

Chemical conversions over solids with acidic properties have
received much attention compared to the small amount of
data collected for basic catalysts. However, in recent years,
there has been a renewed interest in heterogeneous catalysts
that have exposed surfaces with basic properties because of
their good performance in some reactions of biomass transfor-
mation,”’ among others. Biomass and its derivatives provide
some viable routes to alleviate the strong worldwide depend-
ence on fossil fuels.”’ One of the major products from biomass
conversion is ethanol, a commodity chemical derived from the
fermentation of sugarcane or energy-rich crops such as corn.”’
Bioethanol can be the raw material to manufacture a number
of chemical products? An important pathway for ethanol con-
version is its dehydration over acid catalysts to yield ethylene,
which has received much attention in the literature.” However,
less attention has been focused on ethanol dehydrogenation
to acetaldehyde, which is favored on basic catalysts.”” Recently,
acetaldehyde has been categorized as a promising ethanol de-
rivative from a sustainable perspective!” This chemical is an
important intermediate in organic synthesis and is used as raw
material for the production of acetic acid, acetic anhydride,
ethyl acetate, butraldehyde, crotonaldehyde, pyridine, perace-
tic acid, vinyl acetate, and many other products.”’ Besides,
acetaldehyde obtained from ethanol can be a basic reactant

[a] M. V. Morales, Dr. E. Asedegbega-Nieto, Prof. A. Guerrero-Ruiz
Department Inorganic and Technical Chemistry
UNED, Facultad de Ciencias
Paseo Senda del Rey 9, 28040 Madrid (Spain)
E-mail: aguerrero@ccia.uned.es
[b] Dr. A. Iglesias-Juez, Prof. | Rodriguez-Ramos
Instituto de Catdlisis y Petroleoquimica
asic
C/Marie Curie 2, Cantoblanco, 28049 Madrid (Spain)

ChemSusChem 2015, 8, 2223-2230

Wiley Online Library 2223

troscopy were used to detect differences in the surface proper-
ties. The density of acid surface sites was determined quantita-
tively using an isopropanol dehydration test. Based on these
characterization studies and on the results of the catalytic
tests, it has been established that ZnO basal surfaces seem to
be responsible for the production of ethylene as a minor prod-
uct as well as for secondary reactions that yield acetyl acetate.
Furthermore, one specific type of exposed hydroxyl groups ap-
pears to govern the surface catalytic properties.

for subsequent condensation reactions to yield larger mole-
cules such as 1-butanol™ or 1,3-butadiene.” Industrially, acetal-
dehyde is mainly obtained by the direct catalytic oxidation of
ethylene by the Wacker process, which produces chlorinated
wastes and is energetically costly."” Therefore, there is a need
to develop new synthetic routes and improved heterogeneous
catalysts for this process.

An alternative for solid catalysts that exhibit basic properties
are those derived from ZnO, which is a promising candidate
for ethanol catalytic valorization."” ZnO materials have recently
become the focus of many studies that address their use as
heterogeneous catalysts for a variety of reactions. ZnQ is an es-
sential component of methanol synthesis catalysts'? and has
been suggested as a suitable catalyst for water"”
hydride'™ dissociations, for desulfurization processes,” for the
water gas shift reaction,"® for CO, activation processes,”"” and
for the conversion of maleic anhydride into 1,4-butanediol.™
However, ZnO, as a metal oxide semiconductor, has also re-
ceived much attention because of its photocatalytic properties.
For instance, some studies of its application as a photocatalyst
in the degradation or in complete mineralization of environ-
mental pollutants have been presented."

Pure ZnO materials crystallize in a wurtzite-type structure.
Microcrystalline powder of ZnQ is usually made up of hexago-
nal prisms, in which the (0001) and (0001) polar faces are locat-
ed perpendicular to the ¢ axis, and the nonpolar ones, (1010)
and (1120), are parallel to the [0001] axis. These surfaces are
created simultaneously if the crystal is cut along a basal plane
(Scheme 1) Nonpolar surfaces, of which the (1070) surface is
the most studied, exhibit almost equivalent amounts of Zn
and O atoms and do not need to compensate any surface
dipole moment. In contrast, the polar Zn-terminated (0001)
surface and the O-terminated (000) surface can possess large

and sulfur

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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ARTICLE INFO ABSTRACT

Available online 8 February 2014

Keywaords:

N-doped graphene
Ethanol dehydrogenation
Graphite partide size
Degree of exfoliation

N-doped and un-doped graphene samples were synthesized starting from natural graphite of different particle
sizes (10, 100 and 200 mesh) by oxidation and further thermal treatment under ammonia and inert atmo-
spheres, respectively. Samples were thoroughly characterized by TEM, XRD, Raman and XPS. The nature
and quantity of nitrogen species introduced were dependent on starting materials, reduction atmosphere
(NHj3 or inert) and temperature. All samples were employed as basic catalysts in the dehydrogenation reac-
tion of ethanol. Acetaldehyde was the main product obtained owing to the basicity induced by the presence
of N atoms in the graphene layers. Conversion increased with higher N at.% and lower number of stacked

graphene sheets. Catalysts with highest ratio between both factors gave highest conversion values.

© 2014 Elsevier BV. All rights reserved.

1. Introduction

Graphene, the single atomic layer of graphites consisting of a mono-
layer of carbon atoms arranged in a hexagonal honeycomb structure,
has opened up a new era in various fields of application since its suc-
cessful preparation [1] owing to its unique properties, Nevertheless,
the modification of some properties can be advantageous. Various
methods have been proposed to engineer the electronic structure of
graphene. These which include preparing carbon sheets with different
layers and graphene with and without defects by new and improved
synthesis methods, chemical functionalization of graphene, and chemi-
cal doping [2]. This last involves the introduction of a heteroatom
substituting a carbon atom in the graphitic structure. The presence of
this foreign atom confers it, compared to pristine graphene, even supe-
rior qualities in several applications. Various examples can be found in
the literature. For instance, hydrogen adsorption was enhanced by Si
doping (10%) where its storage capacity was doubled with respect to
the undoped samples [3]. Boron doped graphene has been used as elec-
trode material for supercapacitors and these have proven superior re-
sults with respect to pristine graphene [4]. Other heteroatoms such as
S and P have also been used in order to open the zero band gap of pris-
tine graphene [5]. Chirality and thermal conductivity can be modified by
low nitrogen doping [6]. N-graphene has also shown better perfor-
mance in Li ion battery applications [7].

* Presented at the International Conference on Diamond and Carbon Materials (DCM
2013), September 2-5, 2013, Riva del Garda, Italy.
* Corresponding author. Tel: +34 913 98 9546; fax: 4 34 913 98 6697.

E-mail address: cciauned.es (E. Asedegbega-Nieto).

0925-9635/% - see front matter © 2014 Elsevier B.V. All rights reserved.
http://dx.doiorg/10.1016/jdiamond.2014.01.019

For the chemical doping of carbon based materials, nitrogen (N)
substitution atoms are considered excellent candidates because of
their comparable atomic size and strong valence bonds with carbon
atoms. Various methods have been proposed depending on its use,
amount and type of N groups required. These include: arc discharge
(~1% N) [8], chemical vapor deposition (~2% N) [9], solvothermal
reaction using various nitrogen precursors (8-10% N) [10,11], ther-
mal annealing of GO with urea (~10% N) [12], and thermal anneal-
ing of GO with NH3 (~7% N) [13].

Nitrogen doped carbon materials are suitable as basic catalysts or as
catalysts support, owing to increase in electronic density derived from
the electron pair of the nitrogen atoms. Various reactions have been
studied in the literature where selectivity towards certain products
was increased thanks to the presence of suitable nitrogen surface basic
sites [14-17].

In our work we study the catalytic dehydrogenation of ethanol
(reaction pathways shown in Fig. 1) which requires basic sites. Oth-
erwise, the use of a catalyst with acidic character would yield ethyl-
ene. Ethylene serves as a monomer in the production of polyethylene
[18,19] while acetaldehyde, produced by the basic catalysis, is a valu-
able raw material suitable for condensation reactions to give C4
products such as 1-butanol and 1,3-butadiene [20,21]. So far, most
of the materials studied for this dehydrogenation reaction are based
on alkaline-earth metal oxides [22], mixed oxides (Mg-Al, Mg-Fe)
[23,24] and hydroxyapatites [25]. Very little has been published
employing carbon based catalysts and it could be advantageous to use
these hydrophobic materials favoring the interaction with the organic
reactants and products and avoiding the participation of water (present
in bioethanol or as by-product from ethanol dehydration) which could
be a drawback in these reactions.
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A high surface area graphite and three functionalized graphene materials (one undoped and two N-
doped prepared by different methods) synthesized by thermal treatment of a graphitic oxide were used
to support copper catalysts, which were comparatively evaluated in the bioethanol dehydrogenation
reaction. The characterization of the carbon supports by nitrogen physisorption isotherms, X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) allowed us to stablish differences in the
structure and chemical nature of the surface properties generated by the different synthesis procedures.
Furthermore, reduced copper catalysts were characterized by XRD, transmission electron microscopy to
determine the Cu nanoparticle sizes and their morphologies and XPS to obtain information on the Cu
surface species. It was found that catalytic properties depended on the nature of each support, because it
induced significant differences on metal nanoparticles, i.e. modifications of structural properties, as
consequence of specific metal-graphite or metal-graphene interactions. Comparative studies with copper
supported on a commercial silica gel highlighted the application of these carbon supported Cu catalysts
as a promising alternative in terms of activity, selectivity and stability for the dehydrogenation of bio-
ethanol into acetaldehyde. Also these Cu/graphite or Cu/graphene materials displayed high stability even
when water is co-fed with ethanol.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction used as a raw material for the production of acetic acid, acetic an-

hydride, ethyl acetate, butyl aldehyde, crotonaldehyde, pyridine,

Biomass derivative compounds, often called molecular plat-
forms, provide some viable routes to produce intermediated ma-
terials for the industry, alleviating the strong dependence of these
chemicals on the depleting fossil fuels [1-3]. One of the major
products of biomass conversion is bioethanol, a commodity
chemical derived from the fermentation of grain/sugar crops (first
generation) and from lignocellulosic residues (second generation)
|4]. Bioethanol can be one of the future feedstock to manufacture a
number of chemical products [5,6], as it has already been demon-
strated by the start-up of a 200,000 metric ton ethylene from
ethanol plant in Brazil [7]. Another pathway to convert bioethanol
into valuable chemicals is dehydrogenation yielding acetaldehyde
[8,9], which has recently been categorized as one of the promising
ethanol derivatives from a sustainable perspective [5]. This chem-
ical is an important intermediate in organic syntheses, which is

* Corresponding author.
E-mail address: aguerrero@ccia.uned.es (A. Guerrero-Ruiz).

http://dx.doi.org/10.1016(j.carbon.2016.02.089
0008-6223/© 2016 Elsevier Ltd. All rights reserved.

peracetic acid, vinylacetate and many other products [10]. Besides,
acetaldehyde obtained from ethanol can be an intermediate for
subsequent condensation reactions yielding larger molecules such
as 1-butanol [11,12] or 1,3-butadiene [13]. Industrially, acetalde-
hyde is mainly obtained by the direct catalytic oxidation of ethylene
via the Wacker process, which produces chlorinated wastes and is
energetically costly [14]. Therefore, there is a need to develop new
routes of synthesis and improved heterogeneous catalysts for this
process of direct transformation of bioethanol into acetaldehyde.
The dehydrogenation of alcohols to aldehydes or ketones is a
well-known industrial process, and these reactions are primarily
carried out on copper catalysts because of their high selectivity to
the dehydrogenation product [15]. Specifically, ethanol dehydro-
genation has widely been studied over copper catalysts [10,16—21]
because it takes place in relatively mild conditions when compared
to other catalysts used for this dehydrogenation reaction. However,
the application of copper catalysts is usually limited by their rapid
deactivation caused mainly from sintering due to the relatively low
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In this work we report a simple procedure for synthesis of Cu and Pd catalysts supported on high surface
area graphite (HSAG) by wetness impregnation technique, and further generation of metal nanoparticles
using NaBH, as reducing agent. The catalysts have been tested in the reduction of 4-nitrophenol to 4-
aminophenol, at room temperature, in presence of NaBH4 as hydrogen source. Both Cu and Pd cata-
lysts exhibited exceptionally high catalytic activity with the total degradation of 4-nitrophenol in less
than 45 s. Taking into account that Cu is cheaper than Pd, we focused our investigation on studying the
catalytic properties of Cu nanoparticles supported over two lab prepared graphene-materials (one N-
doped and other undoped) and the commercial HSAG. The maximum catalytic activity was obtained with
Cu supported on undoped graphene due to the combination of two parameters: small metal particle size
and the unique properties of graphene generated by its electron transference ability. However, recy-
clability of both Cu/graphene-materials fell after 5 consecutive runs, while Cu/HSAG displayed high
stability even after 10 cycles. In order to rationalize these findings, it is postulated that copper nano-
particles in Cu/HSAG are located at the edges of the graphite layers, where a stronger metal-support
interaction takes place.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction have unsaturated valences at the edges of the graphite layers

leading to the formation of additional anchoring sites for the active

Among their many applications, carbon nanomaterials have
received considerable attention over the last decades in several
processes involving heterogeneous catalysis [1]. Their stability in
different environments, inertness of the carbon surface, relatively
large surface areas and the tunable porosity and surface chemistry
are characteristics which make them very suitable for their use as
catalyst support in many catalytic reactions [2,3]. Recently high
surface area graphites (HSAG) and graphene-based materials are
examples of carbon supports widely used for the dispersion of
metal nanoparticles. HSAG are mechanically modified graphites,
leading to disordered graphite layers of small particles sizes,
resulting in a marked mesoporous character [4]. Furthermore, they

* Corresponding author.
E-mail address: aguerrero@ccia.uned.es (A. Guerrero-Ruiz).

http://dx.doi.org/10.1016/j.carbon.2016.09.079
0008-6223/© 2016 Elsevier Ltd. All rights reserved.

phase [1]. Graphene is another carbon based nanomaterial that has
been contemplated as a promising catalyst and catalyst support in
recent years due to its exceptional properties [5]. Compared to
other carbon materials, graphene is regarded as a more advanta-
geous support substrate for attaching and growing metal nano-
particles due to its large surface area, excellent conductivity,
mechanical strength, chemical stability and light weight. All these
characteristics together with its possibility to interact with organic
molecules through m-stacking interactions have originated gra-
phene as the recent support main material in developing superior
heterogeneous catalytic systems [5].

The reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP)
is perhaps the most frequently used reaction to test the catalytic
activity of metal nanoparticles in aqueous solution as it is consid-
ered a “model catalytic reaction” [6]. The chemical mechanism of
such a reaction is well established yielding a single product from a
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