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[ Overview _]

Activated carbons materials have attracted considerable attention because their
interesting applications in many fields, such as catalysis, gas and liquid phase
adsorption and gas and energy storage. The carbon materials present an additional
advantage since they can be prepared from different carbonaceous precursors, as
agricultural wastes or by-products, that are abundant, environmentally friendly disposal
and cost decrease associated with activated carbon production. Consequently, there is a
great research effort in this direction. However, the use of carbon materials in catalysis
is limited since they would gasify to CO, (or CO) in the presence of oxygen at relatively
low temperatures. Nevertheless, it has been shown that it is possible to prepare carbon
materials with a relatively large amount of phosphorus on the carbon surface by
chemical activation of lignocellulosic materials with phosphoric acid. This activation
procedure leads to phosphorus surface complexes, in form of COPOs;, CPO;3 and CsP
groups, which remain very stable on the carbon surface, at relatively high temperatures,
and confer to the carbon a high oxidation resistance and high acidity, increasing the

catalytic applications in which these catalysts can be used.

The main purpose of the present thesis is to provide some insights into the role
of the different phosphorus species on the oxidation resistance of activated carbons,
prepared by activation of biomass with phosphoric acid. In addition to this, it is shown
some of their potential applications in catalytic processes, as catalytic supports or as
catalysts by themselves, for reactions that take place at relatively high temperatures and
under oxidizing conditions. Two types of reacctions have been studied in gas phase; 1)
the catalytic decomposition (dehydration/dehydrogenation) of bioalcohols and ii) the

selective oxidation of light hydrocarbons.

This P. h. D. thesis is divided into 7 chapters. The first one, introduction, and a
final summary are writing in Spanish, whereas the rest of the thesis is presented in

English.

Chapters 2 and 3 present an extensive study of the oxidation state evolution of
the activated carbons surface groups, after subjecting them to thermal treatments in
oxidizing and inert conditions. In these chapters, we will discuss the role of the

phosphorus surface groups on the high oxygen content and oxidation resistance of this



Overview

type of porous carbons. The catalytic conversion of methanol and ethanol over an acid
carbon-based catalyst obtained by chemical activation of olive stone with H;PO, has
also been analyzed and the results are presented in Chapters 4 and 5, respectively.
Specifically, we have examined the effect of oxygen concentration in the carrier gas,
reaction temperature, alcohol inlet partial pressure and space time in the conversion and
product selectivity of the alcohols decomposition reactions. A kinetic study of the
methanol and ethanol decomposition on the acid carbon is also presented in which the
presence and absence of water vapor in the reactor feed, in concentrations similar to that
of the biomethanol and bioethanol, has been also analyzed. The corresponding kinetics

and thermodynamics parameters were obtained.

The data provided in Chapters 6 and 7 are adapted from already published
papers. These chapters are devoted to the use of phosphoric acid activated carbons as
catalyst supports of vanadium oxide species, thus VPO (Vanadium and Phosphorus
mixed oxides) catalysts are obtained. These VPO materials are commercially used as
catalysts for the transformation of n-butane into maleic anhydride and we have
investigated the corresponding carbon supported vanadium oxide catalysts in the
propylene partial oxidation reaction. These activated carbons can be also prepared with
controlled morphology, by this manner VPO supported catalysts with spherical
morphology and high surface areas have been described in Chapter 7. The preparation
and characterization of bulk oxide VPO materials, with high surface areas, are also
analyzed in this chapter. These materials have been tested during the propane oxidative

dehydrogenation (ODH) reaction.

Each chapter has their own abstract and conclusions. A final chapter will provide
general conclusions and give a small insight in the remaining and future work coming

as a result of this thesis.
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Chapter 1

Abstract Biorefineries use biomass as an abundant and renewable resource
for the production of energy, biofuels and valuable chemicals though different processes
that requires the use of a catalyst. Thus, the use of biomass waste for the preparation of
the catalytic materials required by the biorefineries could be interesting. Nowadays, a
general tendency in the design of catalytic materials is based on nanostructured
catalysts, since they present valuable advantages from both industrial and academic
points of view. In this sense, activated carbons are very attractive as catalytic supports
and/or as catalysts by themselves since they satisfy the majority of the properties that
requires a suitable support: high surface area, chemical stability in both highly acid and
basic media; in addition, the chemistry of the carbon surface can be modulated.
However, carbon materials would gasify to CO, (or CO) at relatively low temperatures
under an oxidant atmosphere. Phosphorus has been noted in many studies to be
effective at moderate temperatures, acting as a physical barrier and/or blocking the
active carbon sites for the oxidation reaction. Thus, phosphorus-containing activated
carbons exhibit high oxidation resistance and open new possibilities for the use of
carbon-based materials as catalyst supports for reactions that take place under oxidizing

conditions at high temperatures, such as the selective oxidation of light hydrocarbons.

Keywords: Activated carbons, phosphoric acid, alcohol decomposition reactions, VPO

catalyst, selective oxidation reactions, nanocasting
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Introduccion

1. El carbon activo

1.1. Métodos de preparacion de carbdn activo

Préacticamente cualquier material organico con proporciones relativamente altas
de carbono es susceptible de ser transformado en carbon activado. Ademas, si los
materiales se preparan a partir de residuos biomadsicos o lignoceluldsicos se obtiene un
doble beneficio, econdmico y medioambiental ya que se realiza una gestion eficaz de un
residuo incrementando su valor afiadido. Por otro lado, como el carbon activo producido
proviene de materias primas lignocelulosicas no contribuye al aumento de las emisiones

de COZ

Los carbones activados obtenidos industrialmente pueden provenir de madera y
residuos forestales u otros tipos de biomasa, turba, lignito y otros carbones minerales,
asi como de diferentes polimeros y fibras naturales o sintéticas. Existen, no obstante,
algunas limitaciones a la hora de elegir el material precursor. Desde un punto de vista
estructural los carbones activados son carbones muy desordenados e isotropos y, por
tanto, no seran adecuados para su preparacion aquellos materiales carbonosos que pasen
por un estado fluido o pseudofluido durante su carbonizacién, dado que durante la
resolidificacion de esta fase suelen formarse estructuras ordenadas en los carbones
resultantes; carbones coquizables, salvo que se eliminen sus propiedades coquizantes

mediante una oxidacion previa, por ejemplo; y residuos termoplésticos.

En la eleccion del precursor adecuado hay que tener en cuenta factores como una
buena disponibilidad y bajo coste, bajo contenido en materia mineral, que el carbon
resultante posea unas buenas propiedades mecanicas y capacidad de adsorcion,
constancia de sus caracteristicas fisico-quimicas durante el almacenaje, proximidad a

planta y /o facilidad de transporte y facilidad de activacion.

Como la demanda mundial de carbon activado esta creciendo sin parar debido al
conocimiento de las buenas propiedades adsorbentes de éste, se estan estudiando gran
multitud de precursores renovables de bajo coste para la produccion de carbones
activados [1-16]. Entre los precursores renovables para carbon activo, podemos destacar
el uso de varios subproductos agricolas como cascaras de nueces, huesos de frutas,

desechos procedentes de la cafia de azlcar, hueso de aceituna y serrin.

13



Chapter 1

En la presente tesis doctoral el precursor utilizado para la preparacion del carbon

activo fue el hueso de aceituna.

La extraccion de aceite de oliva y las aceitunas de mesa constituyen dos
actividades industriales de gran importancia en los paises mediterraneos. El proceso de
extraccion produce impacto medioambiental como consecuencia de la generacion de
aguas contaminadas y/o un residuo solido dependiendo del método de extraccion del
aceite de oliva o del proceso de preparacion de las aceitunas. En la industria de
extraccion del aceite de oliva el hueso triturado se puede recuperar mediante filtracion
del residuo solido resultante, alpeorujo en el caso del procedimiento de extraccion en
dos fases y orujo para el de tres fases. En el caso de la industria de la aceituna de mesa,
se obtiene el hueso entero por separacion de la pulpa. Los principales productores son
Espafia, Italia y Grecia, que por si solos representan el 75 % de la producciéon mundial.
Espana es el primer productor de aceite de oliva, con una produccion promedio
aproximada de 670.000 toneladas, seguido por Italia, con una producciéon media
estimada de 540.000 ton y, en tercer lugar, Grecia con 350.000 ton [17]. Estas
cantidades dan idea de la importancia que tiene el aprovechamiento de los residuos

generados y, en concreto, del hueso de aceituna.

Actualmente se utilizan dos métodos para la preparacion de carbones activos: la
activacion fisica y la activacion quimica. La Figura 1 presenta un esquema simplificado
de estas dos vias de produccion de carbon activo. La utilizacion de un método de
activacion u otro dependerda de la naturaleza de la materia prima, asi como de las

propiedades que se deseen para el carbon activo obtenido.

1.1.1. Activacion fisica

La activacion fisica consta de dos etapas: carbonizacion y activacion
propiamente dicha. La carbonizacion se realiza en una atmosfera inerte y con ella se
eliminan los heterodtomos unidos al carbono, tales como hidrogeno, oxigeno y trazas de
azufre y nitrégeno, en forma gaseosa por descomposicion pirolitica. Con la
carbonizacion se produce un reordenamiento de los atomos de carbono, pero no se
produce un desarrollo muy significativo de la estructura porosa, para lo cual es

necesaria una segunda etapa de gasificacion parcial o activacion.
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Introduccion

La gasificacion es una reaccidon heterogénea de tipo gas-solido donde estan
presentes como agentes gasificantes, oxigeno, CO,, vapor de agua o una mezcla de ellos
en funcion de la finalidad del proceso. La gasificacion parcial es un caso particular de
gasificacion en el que la conversion del carbon no es total y resulta un solido poroso
(carbon activo) como consecuencia de una gasificacion controlada; esto es lo que se

conoce como activacion fisica del carbon.

1.1.2. Activacion quimica

La segunda via comercial para producir carbon activo es la activacion quimica,
en la que se produce la desvolatilizacion del precursor carbonoso con la intervencion de
alglin agente activante que orienta la descomposicion térmica. La activacion quimica se
realiza en una sola etapa, desarrollandose la porosidad durante el tratamiento térmico a
temperaturas comprendidas, en general, entre 400 y 700 °C. El material de partida se
impregna con una disolucion concentrada del agente activante (deshidratante),
formando una pasta que luego se seca y carboniza/activa en un horno, produciendo una
fuerte deshidratacion que provoca el desarrollo de la estructura porosa. El producto se
lava para eliminar el agente activante, que se recupera. La viabilidad de los procesos de
activacion quimica depende, en gran medida, de la eficacia en la recuperacion del

agente quimico.

Los parametros fundamentales que controlan el proceso de activacion quimica
son la relacion de impregnacion, la temperatura de activacion y el tiempo de residencia.
Los valores que tomen estos parametros van a tener una influencia notable en la

estructura final del carbon.

Los agentes activantes mas usados industrialmente son el ZnCl, y el H3PO,.
También se han usado otros acidos de Lewis, como por ejemplo AICl; o FeCls y bases

como KOH o NaOH.

Aunque el mecanismo de activacion difiere para cada agente activante, la
caracteristica comin de estas sustancias es su accion deshidratante que orienta la
descomposicion pirolitica hacia una menor formacion de alquitranes y aumenta el
rendimiento en solido. En general, la accion de estos reactivos promueve el

entrecruzamiento, lo que favorece la formacion de una estructura tridimensional rigida.

15
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Al ser menor la produccion de volatiles y, particularmente, de compuestos de carbono,
el rendimiento en solido es mayor y la contraccion de la matriz solida resultante, menos

significativa.

Los catalizadores utilizados en el presente trabajo fueron preparados mediante

activacion quimica con H3;POs.

Figura 1: Etapas en la activacion fisica y quimica para la produccion de carbon activo

1.2. Activacion quimica con H3;POy4

El proceso de activacion de materiales de origen biomasico, con acido fosforico,
ha sido estudiado en detalle por Jagtoyen y Derbyshiren [18], los cuales analizaron la

evolucion de la reaccion con la temperatura.

Los compuestos biomasicos estan formados por tres componentes mayoritarios,
celulosa, hemicelulosa y lignina. Las proporciones tipicas de estos tres biopolimeros en

la biomasa son: 40-60% de celulosa, 20-40% de hemicelulosa y 10-25% de lignina.

16
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La reaccion de la biomasa con el acido fosforico comienza en el proceso de
impregnacion, cuando se mezclan los componentes. Ya cuando se calienta la mezcla
hasta 50 °C existen evidencias de cambios fisicos y quimicos en la biomasa. Se cree que
el 4cido ataca, inicialmente, a la hemicelulosa y a la lignina, posiblemente, debido a que
el acceso a estos polimeros amorfos es mas sencillo que a la estructura cristalina de la
celulosa. La celulosa parece ser mas resistente a la hidrolisis acida que otros
polisacaridos, como demuestra el hecho de que la estructura celular permanece
practicamente inalterada después de la reaccion con H3PO,, incluso a elevadas
temperaturas. Uno de los efectos iniciales del ataque acido es la hidrolisis de los enlaces
glucosidicos de la celulosa y la hemicelulosa y la ruptura de los enlaces ariloéter de la
lignina. Estas reacciones se acompaian, ademds, de deshidratacion, degradacion y
condensacion. Las reacciones primarias conllevan una reduccion del peso molecular,

principalmente de la hemicelulosa y la lignina.

Al aumentar la temperatura (150 < T < 450 °C) predominan las reacciones de
entrecruzamiento sobre las reacciones de despolimerizacion y de ruptura de enlaces. El
elevado rendimiento en carbono obtenido por el tratamiento acido a temperaturas
superiores a 300 °C se debe, precisamente, a este entrecruzamiento que retiene las
especies de peso molecular relativamente bajo en el seno de la fase solida.
Evidentemente, existe una relacion directa entre el desarrollo de porosidad y el proceso
de dilatacion de la estructura. La formacion de ésteres fosfato por reaccion de la
celulosa con el 4cido fosforico se muestra en la Figura 2, que ilustra como el acido
fosforico se puede insertar entre las cadenas de celulosa, sustituyendo los puentes de
hidrégeno y, al mismo tiempo, separando las cadenas y produciendo la dilatacion de la

estructura por la adicion o insercion de grupos fosfato.

A 280 °C, las estructuras son pequefias unidades poliaromaticas conectadas entre
si por enlaces de tipo fosfato o polifosfato, incluidas conexiones del tipo polimetileno
[(CH2)n]. Al aumentar la temperatura se producen reacciones de ciclacion y
condensacion, que aumentan la aromaticidad y el tamafio de las unidades
poliaromaticas, como consecuencia de la escision de los enlaces del tipo C-O-P. Entre
350 y 500 °C, el carbonizado es estable, pero a partir de 430 °C, la ruptura continua de

entrecruzamientos produce un crecimiento del tamafo de las unidades aromaticas.
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T<450 °C: Formacion de ésteres fosfato entre cadenas de celulosa y entrecruzamiento

CH,OH
CH,OH O
0 0}“ OH + Hy0
OH
OH O+ OH—P = g === o
OH CDIH OH IL—O
OH N
OH ?
OH
H,OH
Los ésteres pueden provenir de acido orto-, piro, y metafosforico
?H CH,OH
OH—P=
r_o - L OH
oy Acido ortofosforico
OH
7
A OH—P=0
o L
I
;3 o
OH—IF—O“P—OH +Hy0 0
|

OH |
OH OH OH
Acido pirofésforico
2OH

T>450 °C: Eliminacién del H3PO4

CH,OH CH,0H

0 ? ©
OH — H,PO Of OH—P=0
OH 34T o * |

© >
H2PO4/\“ ?) o
OH"‘*}’:O
OH
Figura 2. Mecanismo de formacion de ésteres fosfato entre las cadenas de celulosa [18]
Asi, el acido fosforico parece actuar de dos formas, (i) como catalizador acido

promoviendo las reacciones de ruptura de enlaces y la formacion de entrecruzamientos

via procesos de ciclacion y condensacion y (i1) combindndose con las especies orgdnicas
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Introduccion

para formar enlaces de tipo fosfato, ésteres polifosfatos, que sirven para conectar y

entrecruzar los fragmentos de biopolimeros.

A temperaturas superiores a 450 °C, la estructura comienza a contraerse. El
volumen de microporo decrece de forma progresiva a partir de temperaturas intermedias
(aproximadamente 350 °C), no observandose variacion en el volumen de mesoporo
hasta unos 550 °C, temperatura a partir de la cual comienza a disminuir rapidamente.
Entre 450 y 550 °C, la contraccion estructural es absorbida por el estrechamiento del
diametro de poro sin causar un cambio significativo del tamafio de poro. Esta
contraccion se asocia a la ruptura de los enlaces de tipo fosfato, térmicamente inestables
a temperaturas superiores a unos 450 °C. La reduccion en la cantidad de los
entrecruzamientos resulta en una estructura mdas densamente empaquetada con la

consecuente reduccion en el desarrollo de la porosidad.

1.3. Resistencia a la oxidacion

La importancia de mejorar la resistencia a la oxidacion de los materiales de
carbono mediante la introduccion de distintos grupos superficiales, silicio [19-21], boro
[22-25] o compuestos de fosforo [25-28], se pone de manifiesto al comprobar la gran
cantidad de publicaciones que se encuentran en la bibliografia sobre este tema. Esto se
debe a la baja resistencia a la oxidacidén que presentan los materiales de carbono [29] y

que limitan su uso en aplicaciones cataliticas en atmdsfera oxidante.

La inhibicion de la oxidacion por formacion de complejos quimicos estables en
los sitios activos, parece ser la alternativa mas prometedora para evitar la gasificacion
del soporte de carbono. En la bibliografia se recoge un numero limitado de compuestos
inhibidores de la oxidacidon, ademas de los ya mencionados, destacar los compuestos
organo-halogenados, fosfatos, 6xido de boro, compuestos o6rgano-boro y compuestos
organo-fosforado. En la actualidad la mayoria de las investigaciones en este tema se

centran en el dopado con compuestos de fosforo.

Se ha observado un efecto de inhibicion a la oxidacidon por impregnacion de
carbon con compuestos organo-fosforados [25,30], H3PO4 [26], POCI; [31], fosfatos

acidos [28] y fosfatos metalicos [32-37]. También, se ha observado un efecto inhibidor
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de la reaccion de oxidacion mediante la incorporacion de pentdxido de fosforo en
carbones [38,39], o por lavado de materiales compuestos C/C con &cido fosforico,

seguido de un tratamiento térmico hasta su temperatura de descomposicion [40].

En términos generales, se plantean dos explicaciones para el efecto inhibidor de
los compuestos de fosforo. La primera se basa en un mecanismo de bloqueo fisico y la
segunda se basa en el envenenamiento de los centros activos del carbon. El
recubrimiento con fosfatos de la superficie exterior es muy efectivo para la proteccion
de los carbones frente a la oxidacion [41]. Este tipo de recubrimiento reduce el contacto
carbon/catalizador y carbon/oxigeno aumentando, de esta forma, la resistencia a la
oxidacién catalitica de compuestos carbonosos [35-36]. Un requisito fundamental para
la eficacia de este tipo de recubrimientos es una distribucion uniforme de los depositos
de fosfatos [36]. El mecanismo de envenenamiento de los sitios activos fue propuesta
por McKee et al [22-23] y, posteriormente apoyado por otros autores [25,26,30].
McKee et al propuso que los compuestos de fosforo forman compuestos menos
reactivos sobre los centros activos en la superficie del carbon, tales como grupos fosfato
o fosfito. Se ha propuesto que los complejos formados son C-O-POCl,, para el caso de
impregnacion con POCIl; como precursor y grupos C-O-PO; y C-POs, en el caso de
emplear compuestos organo-fosforados como precursores. En este sentido, Radovic et
al [27] describe el efecto inhibidor a la oxidaciéon de carbones activos dopados con
POCl; y CH30P(OH),. Los autores describen la presencia de grupos C-O-PO3 y C-POs
en la superficie de los carbones. Ademas, sugieren que el bloqueo de los centros activos
del carbon es debido, principalmente, a la presencia de grupos de P enlazados al carbon,
mientras que los grupos metafosfato funcionan como una barrera fisica entre el
catalizador y la superficie del carbon. La presencia de los grupos C-O-POs, en los que el
fosforo esta enlazado al carbon mediante un 4tomo de oxigeno, son primordiales para
mantener el efecto inhibidor de los depositos de fosforo. Por lo tanto, la pérdida de ese
oxigeno o la rotura del enlace C-O resultarian en la pérdida de la inhibicion a la
oxidacion. En este trabajo, ademads, los autores calcularon las energias de los enlaces de
los grupos C-O-P y C-P-O, y concluyeron que el enlace O-P en los grupos C-O-P es el
mas débil. Por tanto, a elevadas temperaturas los grupos C-O-PO; descomponen a CO,

mientras que el fosforo se reduce a C-POs.

Rosas el at [42] describe la resistencia a la oxidacion de carbones obtenidos

mediante activacion quimica de residuos lignocelulosicos con H3PO,4. A diferencia de
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los trabajos descritos anteriormente, la activacion con H3;PO,4 genera carbones activos
con distintos grupos superficiales de fosforo (C-O-PO; y C-P-O3) durante la etapa de
activacion, no siendo necesario el dopado a posteriori de los carbones. Ademas, estos
grupos superficiales permanecen estables en la superficie de los carbones ya que no se
eliminan tras la etapa de lavado. Los autores observaron que la presencia de estos
grupos superficiales de fosforo producen un cambio en el mecanismo de gasificacion de
los carbones activos cuando se comparan con carbonizados del mismo precursor. La
oxidacion de los carbonizados tiene lugar en toda la superficie disponible de las
particulas de carbon, mientras que la gasificacion de los carbones activados con acido
fosforico se produce, principalmente, en el exterior de las particulas (shrinking
unreacted core model). El los capitulos 2 y 3 de la presente tesis se estudia la evolucion
de la oxidacion de este tipo de carbones activos a distintas temperaturas de oxidacion y
el papel de los distintos grupos superficiales de foésforo en la mejora de la resistencia a

la oxidacion de los mismos.

1.4. Carbon activo en la catalisis heterogénea

El carbon activo presenta numerosas aplicaciones que afectan a industrias tan
diversas como la alimentaria, farmacéutica, quimica, nuclear, petrolifera, de tratamiento
de aguas de consumo y depuracion de efluentes industriales y domésticos, tratamiento
de aire y de gases, etc. La multitud de aplicaciones del carbon activo resultan del hecho
de que es el adsorbente muy versatil debido a que posee alta superficie especifica,
distribucion polimodal de tamafios de poro, estructura porosa en forma de rendija y
capacidad de presentar diferentes tipos de naturaleza quimica en su superficie. Las

aplicaciones del carbon activo, pueden ser en fase liquida o gas.

En catélisis heterogénea el carbon activo se utiliza fundamentalmente como
soporte de fases activas para multiples reacciones, aunque también se emplea
directamente como catalizador. Hoy en dia, el carbdn activo es un soporte de
catalizadores plenamente consolidado en el mercado mundial utilizdndose por ejemplo
en la hidrogenacién de benceno y de compuestos nitrados tanto alifaticos como
aromaticos [41]. Sin embargo, a pesar de que existe un creciente interés, sigue siendo

bajo el nimero de procesos cataliticos que utilizan el carbon activo como catalizador a
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nivel industrial. De hecho, se estima que las aplicaciones cataliticas que emplean carbon
activo representan menos del 5% del volumen total. Entre estas reacciones, la mas
importante es la produccion de fosgeno o cloruro de carbonilo, COCl,, que se usa en la

sintesis de diferentes productos quimicos y polimeros.

La presencia de grupos superficiales de oxigeno e hidrégeno tiene una gran
influencia en las propiedades adsorbentes y, por tanto, en las propiedades cataliticas del

carbon activo, por lo que su estudio ha atraido mucha atencion en los ultimos afios.

Las principales ventajas de la utilizacion del carbon activo en reacciones de

catalisis heterogénea son:

e La estructura del carbon es resistente a medios tanto acidos como

basicos.

e La estructura es estable a elevadas temperaturas (incluso por encima de

700 °C), en ausencia de aire.

e La estructura porosa se puede controlar en el proceso de obtencion,
produciendo catalizadores con una distribucion de tamaino de poro

adecuada para una determinada reaccion.

e Los carbones activos se pueden preparar con muy diferentes formas y

tamanos (granular, polvo, pellets, fibras, telas, aereogeles...).

e Aunque la superficie de los carbones es esencialmente hidrofobica, la
quimica de la superficie se puede modificar para aumentar su caracter
hidrofilico e, incluso, se pueden obtener carbones con propiedades de

intercambio 10nico.

e En los catalizadores soportados sobre carbon, la fase activa se puede
recuperar facilmente de los catalizadores agotados mediante combustion
del soporte carbonoso, lo cual es una gran ventaja cuando la fase activa

es un metal precioso.

e El coste de los carbones activos es generalmente menor que el de otros

soportes tradicionales como la alimina o la silice.
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Una desventaja tradicional de los carbones activos, ha sido la presencia de
materia inorganica procedente bien del precursor, o bien introducida durante el proceso
de preparacion. Aunque es cierto que muchos carbones activos tienen contenidos altos
en cenizas (de hasta 10-15%), especialmente si se han obtenido a partir de carbones
minerales, actualmente es posible preparar carbones porosos con contenidos muy bajos
en materia mineral, mediante la eleccion de un precursor adecuado, tales como los
precursores de origen biomasico. Superado este problema, el principal inconveniente
para la utilizacion del carbon activo en algunas reacciones cataliticas puede considerarse

que es su baja resistencia a la oxidacion.

Como se ha mencionado en apartado 1.3, la activacion de residuos
lignoceluldsicos con H3;PO4 genera carbones activos con grupos superficiales de fosforo
que presentan una elevada estabilidad térmica y quimica y les confiere a los carbones
una elevada resistencia a la oxidacién y acidez superficial. Ademas, la activacion con
H3;PO4 genera carbones con un elevado desarrollo de su estructura mesoporosa a
elevadas relaciones de impregnacion (H3;POus/precursor) lo que los hace muy
interesantes para ser utilizados como soportes cataliticos, o bien, como catalizadores
acidos por si mismos en reacciones que se lleven a cabo en atmdsfera oxidante a
temperaturas relativamente elevadas. No obstante, en la bibliografia no existen muchos
trabajos en los que se utilicen estos carbones con elevada resistencia a la oxidacién

como catalizadores o soportes cataliticos, por lo que su estudio resulta muy interesante.

2. Los alcoholes

La descomposicion catalitica de diferentes tipos de alcoholes, por
deshidrogenacion o deshidratacion, ha sido ampliamente analizada en la bibliografia
[43-47]. La actividad y la selectividad de este tipo de reacciones estd gobernada por las

caracteristicas texturales y las propiedades acido-bésicas y electronicas del catalizador.

Estas reacciones se utiliza para obtener productos a escala industrial y como
reaccion tipo test para caracterizar las propiedades acido-basicas de las superficies de
catalizadores, ya que estd ampliamente aceptado que los productos de deshidrogenacion,
es decir, aldehidos y cetonas, se producen preferentemente sobre catalizadores basicos,

mientras que los productos de deshidratacion, olefinas y éteres se generan
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fundamentalmente sobre catalizadores acidos [48-50]. Los alquenos u olefinas se
producen por reaccion de deshidratacion catalizada por un tnico proton (deshidratacion
intramolecular), mientras que la formacion de éteres supone una reaccion de
acoplamiento intermolecular (deshidratacion intermolecular). La relacion entre la
cantidad de productos de deshidrogenacion y de deshidratacion no depende tinicamente
de la naturaleza del catalizador, sino que también es funcion de la temperatura de
reaccion. En general, la reaccion de deshidrogenacion se produce a mayores
temperaturas de reaccion que la de deshidrataciéon como consecuencia de su mayor

energia de activacion [51].

Entre los catalizadores empleados para la descomposicion de alcoholes se
encuentran 6xidos metalicos simples y compuestos [52-56], silicoaluminatos o aliminas
[57-60] y zeolitas [61-63]. Sin embargo son pocos los trabajos en los que se ha
empleado como catalizador para la descomposicion de alcoholes el carbon activo, ya

sea como soporte de fase activa o como catalizador.

A continuacidon se analizan la descomposicion catalitica de los alcoholes

utilizados en esta tesis, etanol y metanol, sobre materiales de carbono.
Etanol

Szymanski et al. [64] llevo a cabo la descomposicion de etanol sobre distintos
carbones obtenidos a partir de polifulfuril alcohol por activacion fisica con CO,, sin
oxidar y oxidados con 4cido nitrico, y con Ni depositado. El carbon activo inicial
mostraba una actividad muy baja en la descomposicion de etanol. Se producia
deshidrogenacion y deshidratacion, generandose como productos principales
acetaldehido (mayoritario), etileno y dietil éter junto con pequefias cantidades de
dietilacetal. La oxidacién con &cido nitrico produce un carbon con una superficie mas
acida lo que se traduce en un aumento muy significativo en la actividad del carbon hacia
la reaccion de deshidratacion. La introduccion del Ni produce un aumento de la reaccion
de deshidrogenacion, como consecuencia de la presencia de cationes Ni*" sobre la
superficie del carbon. La actividad catalitica aumenta con la temperatura del proceso,
pero a temperaturas superiores a 120 °C, se producia una caida de la actividad debida a
la descomposicion térmica de los grupos superficiales oxigenados. Grunewald y Drago

[65], analizaron la conversion de diferentes alcoholes sobre un tamiz molecular
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carbonoso. Cuando el etanol se diluia en n; y reaccionaba sobre el tamiz molecular
carbonoso a 230 °C, el catalizador mostraba una baja actividad con una alta selectividad
hacia etileno. Sin embargo, si el gas se cambiaba de N, a aire la actividad del
catalizador aumentaba, alcanzandose conversiones cercanas al 70%. En este caso, los
productos dominantes eran acetato de etilo y acetaldehido. La descomposicion de etanol
también ha sido estudiada por el grupo de Carrasco-Marin [66]. Ellos analizaron el
efecto de la oxidacion del carbon activo con (NH4),S;Og en la reaccion de
descomposicion de etanol. De acuerdo con sus resultados, el carbon activo si oxidar tan
solo era capaz de catalizar la reaccion de deshidrogenacion, siendo el principal producto
el acetaldehido. Por otro lado, los carbones oxidados mostraban una actividad moderada
y se obtuvieron principalmente productos de deshidratacion, siendo el dietil éter el
mayoritario y una pequefia cantidad de productos de deshidrogenacién cuando el gas de
reaccion es He. Los autores confirmaron que la actividad es consecuencia de la

introduccion de grupos carboxilos durante el tratamiento de oxidacion.
Metanol

No existen muchos trabajos publicados sobre la descomposiciéon de metanol
sobre materiales de carbono. Zawadzki et al. mostraron que el carbon sin una etapa
previa de oxidacion no reaccionaba en la descomposicion de metanol [67]. Los carbones
eran activos solo cuando se oxidaban en atmosfera de oxigeno. Estos resultados
evidenciaron, ademas, la participacion de intermediarios metdxido y formaldehido en la
descomposicion de metanol. Moreno-Castilla et al. [68] estudiaron la reaccion de
descomposicion de metanol catalizada por carbones activos oxidados con diferentes
agentes oxidantes, H,O,, (NH4),S,03 y HNO; para introducir grupos oxigenados
superficiales y aumentar su acidez superficial. Los carbones oxidados con (NH4),S,0s
desarrollaron los grupos acidos mas fuertes y demostraron ser los mas activos en la
deshidratacion de metanol a dimetil éter. Un aumento en la temperatura de reaccion
producia una rapida disminucién de su actividad en la deshidratacién de metanol. La
razon es una descomposicion gradual de los grupos carboxilos presentes en la superficie

del carbon a temperaturas superiores a 180°C.

Por tanto, resulta de gran interés la preparacion de carbones activos con grupos
superficiales 4cidos de elevada estabilidad térmica y quimica y sin la necesidad de una

etapa adicional de oxidacion. En este sentido, Jorge Bedia et al [69,70], ha estudiado la
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descomposicion de 2-butanol e isopropanol sobre carbones activos preparados mediante
activacion quimica de residuos lignoceluldsicos con H3;PO,. Los carbones activos
mostraron ser activos para las reacciones de deshidratacion de estos alcoholes y
mostraron tener elevada estabilidad térmica y quimica. En la presente tesis, se
analizaran las reacciones de descomposicion de metanol y etanol sobre este tipo de

carbones activos.

2.1. Descomposicion de (bio)etanol y (bio)metanol

El término biocombustible engloba a los siguientes carburantes liquidos y
gaseosos: bioetanol, biodiesel, biometanol, biobutanol, aceites vegetales, biogés, gas de
sintesis (bio-syngas), biohidrogeno y biocombustibles liquidos obtenidos por el proceso
Fischer-Tropsch. Los biocombustibles pueden generarse a partir de biomasa vegetal
facilmente disponible y abundante, son medioambientalmente sostenibles, poseen un
impacto econémico positivo debido a que reducen la dependencia en las importaciones
del petrdleo y aumento de inversiones, tienen un balance energético positivo, ya que la
cantidad de energia contenida en el producto es superior a la requerida para su
produccion y distribucion [71], y emiten menos diéxido de carbono porque estan
producidos por un ciclo de carbono a corto plazo, estimandose que en su combustion
devuelven a la atmosfera el dioxido de carbono que la planta ha fijado para su
crecimiento [72]. Debido a dichos beneficios, la produccion global de biocombustibles
ha experimentado un crecimiento sostenido en la pasada década, desde los 16 mil
millones de litros en el afio 2000 hasta mas de 100 mil millones de litros en el afio 2013.
Asi, la produccion de biocombustibles a partir de biomasa vegetal proporciona una
fuente de energia renovable y limpia, ya que no contribuyen a aumentar la cantidad de

dioxido de carbono emitido a la atmosfera.

El (Bio)metanol es una de las sustancias quimicas mas versatiles producidas
actualmente, utilizdndose en su forma pura asi como componente base para la
produccidon de otros productos como es el dimetil éter (MTD) u otros procesos
cataliticos, tales como metanol a hidrocarburos (MTH) [73-75] o metanol a olefinas
(MTO) [76,77]. E1 DME es una sustancia que se emplea como compuesto base para la

obtencion de multiples productos quimicos como el acetato de metilo, dimetil sulfato y
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olefinas ligeras/gasolinas. Ademds esta aumentando su uso como proponente en la
formulacion de aerosoles reemplazando a los clorofluorocarbonos (CFC), que se ha
demostrado que destruyen la capa de ozono [78-79]. El mayor incremento en su
demanda se debe a su empleo como combustible alternativo limpio, ya que su eficiencia
es muy similar a la de los combustibles diésel tradicionales, disminuye la formacion de

NOy, casi no producen humos y reduce el ruido que generan los motores de combustion.

Por otro lado, resulta de interés industrial la transformacion catalitica del (Bio)
etanol a etileno, denominado BTE (bio-ethanol-to-ethylene) [80-81]. El etileno es uno
de los productos principales en la industria petroquimica ya que se utiliza para la
preparacion de una gran variedad de compuestos, tales como polietileno, etilenglicol,
oxido de etileno y policloruro de vinilo [82]. La produccion de etileno mediante
deshidratacion de bioetanol, actualmente, solo se emplea a escala comercial en unos
pocos paises como India y Brasil, debido a su elevado coste de produccion y al elevado
consumo de energia. Sin embargo, la creciente escasez de recursos naturales y energia,
y el encarecimiento del crudo de petroleo hace de la deshidratacion catalitica de etanol

(especialmente de bioetanol) una alternativa cada vez mas competitiva.

3. El objetivo de la oxidacion quimica selectiva

Una de las tecnologias més destacada en la Industria Quimica actual son los
procesos de oxidacion selectiva. La produccion selectiva de un producto de reaccion, de
entre varios compuestos cuya formacion es termodinamicamente posible, es uno de los
conceptos clave en el desarrollo de procesos quimicos mas sostenibles. En este sentido,
en 2008, un informe del Subcomité Cientifico para la Energia de los Estados Unidos
destacaba la necesidad de incrementar la selectividad de las transformaciones quimicas
en los procesos de produccion de combustibles como una de las claves en el
acercamiento a un futuro energético sostenible [83]. Décadas de investigacion y
desarrollo han dado lugar a un gran namero de catalizadores heterogéneos,
principalmente so6lidos, empleados a escala industrial pero cuyas caracteristicas mas
determinantes requieren de estudios a un nivel de observacion nanométrico [84]. Por lo
tanto, la denominada nanociencia, definida como la aplicacion de herramientas de fisica,

quimica y ciencia de materiales en la preparacion y caracterizacion de materiales a

27



Chapter 1

escala nanométrica, se ha revelado como indispensable en el estudio de las propiedades
de los catalizadores heterogéneos, asi como en la sintesis de nuevos materiales

cataliticos con propiedades controladas.

Durante las ultimas décadas, una de las aplicaciones mas importantes de la
oxidacion selectiva ha sido la funcionalizacion de olefinas e hidrocarburos aromaticos
para transformarlos en monomeros de gran interés en la industria de polimeros. Estos
procesos resultan imprescindibles en la actualidad, ya que a partir de ellos se produce
alrededor del 25% de los compuestos organicos mas usados en la produccion industrial
de bienes de consumo [85-95]. Entre estos compuestos se incluyen: 6xido de etileno,
oxido de propileno, acrilonitrilo, acido acrilico, acroleina, acido metacrilico, anhidrido
maleico, anhidrido ftalico, 1,2.dicloroetano, ciclohexanol, ciclohexanona, fenol y
MTBE (metiltert-butil éter). La mayoria de estos procesos se llevan a cabo en fase
heterogénea, aunque todavia existe un numero considerable de procesos de catalisis

homogénea.

En los procesos de oxidacion catalitica heterogénea, las olefinas han sido, hasta
el momento, la materia prima mas empleada. La obtencion relativamente facil a partir
de petrdleo, junto a su alta reactividad, han hecho de las olefinas una de las materias
primas basicas en la industria petroquimica. Sin embargo, la gran demanda actual y la
dificultad de aumentar la produccion mundial con los medios existentes, junto a motivos
medioambientales (alto consumo de energia y tasas de CO, relativamente altas),
justifican el desarrollo de nuevos métodos de produccion de olefinas y/o la sustitucion
de olefinas por otras materias primas mas accesibles, baratas y menos contaminantes.
En este sentido, los alcanos ligeros (etano, propano o n-butano, ademds de metano)
parecen materias primas adecuadas. Es por estos motivos que, en los ultimos veinte
afos, se ha estudiado intensamente tanto desde un punto de vista fundamental como
aplicado, la sintesis de nuevos materiales para ser empleados como catalizadores en

procesos de oxidacion parcial de alcanos.
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4. Catalizadores VPO

Los o6xidos mixtos de vanadio-fosforo (VPO), son catalizadores para la
oxidacion y amoxidacion de hidrocarburos en fase gas. Esto es de gran importancia ya
que, hasta hace relativamente poco tiempo, la activacion directa de alcanos era
impensable debido a la gran estabilidad de los enlaces simples. Por tanto, con estos
catalizadores se podrian reemplazar procesos que actualmente usan olefinas como

materias primas por los correspondientes a partir de alcanos.

Los catalizadores VPO se usan a nivel industrial en la sintesis del anhidrido
maleico a partir de n-butano, tinico proceso comercial en la actualidad que utiliza un
hidrocarburo lineal de bajo peso molecular para producir un oxigenado. Por citar
algunos datos de produccion, la compania quimica BASF opera en Feluy (Bélgica) una
planta para la produccién de anhidrido maleico utilizando butano, con una capacidad de

115.000 toneladas por afio.

Existe una gran variedad de fases VPO que difieren unas de otras en el estado de
oxidacién del vanadio, grado de condensacion de grupos fosfatos y contenido de
moléculas de agua. Se sabe que la transformacion de una fase VPO en otra se puede
inducir por tratamientos térmicos y por la atmosfera a la que se realizan [96]. La Figura
3 resume los precursores y las distintas fases VPO obtenidas por calcinacion, en unas

condiciones determinadas [97].

Figura 3. Diferentes fases VPO a partir de sus precursores mas comunes [97]

29



Chapter 1

La estructura cristalina y la morfologia superficial va a depender del método de
preparacion, del precursor utilizado y de las condiciones de calcinacion (tiempo,
atmosfera, temperatura). Entre todos los precursores, las fases mas comunes son
aquellas con una relacion molar P/V =1, fosfato de vanadilo dihidrato (VOPO, - 2H,0)
y el hidrogenofosfato de vanadilo semihidrato (VOHPO4 - 0.5H,O). Cuando el
precursor VOHPO, © 0.5H,0 se calcina en unas condiciones adecuadas, da lugar a la
formacion del pirofosfato de vanadilo [(VO),P,07], la cual se considera la fase activa
para la produccion de anhidrido maléico a partir de n-butano [98]. En esta fase el
vanadio presenta un estado de oxidacion V*. El tratamiento térmico de VOPO, - 2H,O
da lugar a diferentes fases anhidridas, tales como, a;—VOPO,, a;j—VOPO,, f—VOPO,,
v—VOPO, y 8-VOPO, entre otros [99-103]. En todas ellas el vanadio presenta un estado

. . 5+
de oxidacion V.

Los VPO, como la mayoria de los 0xidos, presentan bajas areas superficiales y
tienden a sinterizar, lo cual limita sus propiedades cataliticas (numero de centros,
resistencia mecanica, estabilidad quimica...). Una alternativa para paliar estos

problemas es el uso de un soporte catalitico (silice, alimina, zeolitas, zirconio...) [104].

Recientemente, el grupo de investigacion de Tecnologia de residuos y medio
ambiente de la Universidad de Malaga, ha propuesto la utilizacion de carbones activos
como soportes de especies de 6xidos de vanadio ya que satisfacen la mayoria de las
propiedades que requiere un buen soporte, tales como, elevada area especifica y
estabilidad quimica en medio acido y basico [105-108]. Ademas de que la quimica de
los materiales de carbono puede ser modificada con relativa facilidad. Estos
catalizadores de oxidos de vanadio y fosforo soportados han sido utilizados como
catalizadores en la reaccion de oxidacion parcial de propano y propileno, demostrando

poseer sitios redox/acidos.

5. El carbon activo como molde (“nanocasting”)

En los ultimos afios se ha despertado un interés creciente en la sintesis de
catalizadores nanoestructurados, es decir, con nano o micro morfologia controlada.

Estos materiales presentan buenas propiedades estructurales como catalizadores debido
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a su elevada relacion superficie/volumen y su bajo peso. Sin embargo, con los métodos
habituales de preparacion de 6xidos mixtos es dificil controlar la morfologia y la
estructura porosa [109]. En la practica, hay muchos trabajos que describen la sintesis de
oxidos sencillos con estructura esférica, tal como ZnO,, SnO,, TiO,, In,O3;, WOx, CdO,
CuO, NiO, TeO, o MoOs, entre otros [110,115]. Sin embargo, apenas se encuentran
descripciones de sintesis satisfactorias de Oxidos mixtos con estructura esférica. Los
oxidos metalicos porosos son, ademas, materiales utilizados en una gran variedad de
aplicaciones, incluyendo: catalizadores propiamente dichos, soporte para catalizadores,

tamices moleculares o como componentes de sistemas host-guest [116].

Otra alternativa para aumentar la porosidad de los 6xidos es la sintesis de 6xidos
con porosidad mediante sintesis hidrotermales [117] o mediante métodos sol-gel [118].
Con estos métodos se pueden obtener 6xidos con areas superficiales BET en torno a 20-

40 m*/g, sin embargo, no se controla la morfologia del 6xido.

Por ello en la presente tesis doctoral, ademas de utilizar carbones activos como
soporte de catalizadores basados en 6xidos mixtos de vanadio y fésforo (Capitulo 6) se
propondra un método novedoso para la obtencion de 6xidos mixtos con una morfologia
y estructura porosa controlada (Capitulo 7) basado en la técnica de nanomoldeo, del

inglés “nanocasting”.

En términos generales, la técnica de nanomoldeo consiste en obtener una réplica
inversa del sistema de poros de un mole. El procedimiento consiste en impregnar los
poros de los carbones activos con soluciones que contienen el precursor inorganico
elegido seguido de su solidificacion. Durante el proceso de solidificacion/estabilizacion
se producen diferentes tipos de interacciones entre la superficie del carbon y el
precursor inorganico, desde débiles fuerzas dispersivas hasta interacciones
electrostaticas, intercambio idnico o reacciones quimicas. Tras este proceso de
impregnacion, se retira el carbon por medio de una calcinacion, resultando en 6xidos
metalicos porosos [119-121]. Uno de los principales atractivos de utilizar carbones
activos como molde de sacrificio es la posibilidad de controlar su porosidad y que se
eliminan facilmente tras una etapa de calcinacion. Si ademas, los carbones presentan
distintas morfologias sera otro factor positivo a tener en cuenta a la hora de sintetizar los

oxidos metalicos.
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Titirici y colaboradores [14,115,122] han sido los pioneros en la utilizaciéon de
esta técnica basandose en el uso de materiales carbonosos con morfologia esférica,
obtenidos por carbonizacion hidrotermal, como moldes para sintetizar esferas huecas de
oxidos metalicos. Estos materiales resultan muy interesantes por su baja densidad y
presentan numerosas aplicaciones [123]: suministro y retirada controlada de
medicamentos y drogas, tintas y colorantes, catalizadores y soportes cataliticos,
encapsulacion y proteccion de macromoléculas bioldgicas como proteinas o encimas,
encapsulacion y retirada de residuos y relleno para compuestos ligeros o de baja
densidad [124]. Sin embargo, ésta técnica no permiten un control adecuado de la

porosidad (volumen de poros y area superficial) de los 6xidos cristalinos resultantes.

Por lo tanto, investigar nuevas rutas de sintesis para la fabricacion de esferas
huecas de 6xidos mixtos, que exhiban medias o altas areas superficiales resulta muy

interesante.
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Chapter 2

Abstract Chemical activation of olive stone with phosphoric acid produces activated
carbons with a relatively high content of phosphorus groups that remain very stable on
the carbon surface at relatively high temperatures. Changes in the surface chemistry of
phosphoric acid activated carbon after subjecting it to thermal treatments in oxidizing
and inert conditions were studied by different techniques, including temperature-
programmed desorption (TPD) and X-ray photoelectron spectroscopy (XPS). TPD and
XPS results point out that P surface groups preferentially reacts with oxygen, prior to
carbon gasification, through the oxidation of C-P bond to C-O-P ones, which are
thermally stable at temperatures lower than 750 °C. At higher temperatures, these C-O-
POs type surface groups decompose under thermal treatment to less oxygenated
phosphorus groups on the carbon surface (probably C-PO; type) generating CO (and
COy;). These C-POs type surface groups seem to be very reactive and are reoxidized
upon contact with air, even at room temperature, forming again C-O-PO; type groups.
Thus, the presence of these oxygen-containing phosphorus surface groups with an
interesting redox functionality of high chemical and thermal stability seems to be
responsible of the high oxygen content and oxidation resistance of this type of porous

carbons.

Keywords: Activated carbons, temperature-programmed desorption, phosphorus-
containing carbons, phosphorus surface groups, oxidation resistance, redox

functionality, TPD, XPS.
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1. Introduction

Porous carbon materials have attracted considerable attention because of their
interesting applications in many fields, such as catalysis, gas and liquid phase
adsorption and gas and energy storage. These carbon materials can be prepared from
different low-cost and abundant carbonaceous precursors, such as agricultural wastes
and by-products. Consequently, there is a great research effort in this direction [1-3].
The possibility of tailoring both the pore structure and the surface chemistry is an
additional advantage that promotes them as suitable catalysts supports or as catalysts by

themselves [4].

The nature and concentration of functional groups on the surface of the carbon
material has a significant influence on the catalyst performance, since this groups act as
anchoring sites for the active phase in the preparation of supported catalysts or they can
even be the active sites for specific catalytic reactions. Oxygen functional groups are the
most important in this context, as they can be formed spontaneously by exposure to the
atmosphere or can be further generated or modified by oxidative and thermal
treatments. In order to fix oxygen surface groups (OSG), the activated carbons are
usually treated with oxidizing agents in liquid phase ((NH4),S,0g, HNOs, H,O;) [5-7]
and also in the gas phase (O,, O3, N,O, and HNOj; vapor) [8-11]. These methods usually
results in the fixation of a certain amount of oxygen surface complexes, such as
carboxylic and lactonic acid groups, in a relatively high concentration. However, these
surface acid groups show a low to moderate thermal stability and, in addition, such
treatments may cause the destruction of the pore structure of the carbon material or
produce high carbon burn-off under certain conditions. In fact, this is the main
limitation of the use of activated carbon as catalysts or as catalytic supports, since they
would gasify to CO, (and CO) when they are used in reactions involving oxidizing
conditions above 250 °C. Thus, the oxidation resistance enhancement of activated
carbons is critical to avoid operation limitations on some of their applications in

catalysis.

Activation of lignocellulosic materials with phosphoric acid is a well-established
method for the preparation of activated carbons with a relatively large amount of
phosphorus surface complexes of very high thermal stability that confer to the activated
carbons high surface acidity and oxidation resistance, increasing the possibilities of

these materials for applications in catalysis [2,12,13]. In previous works, we have
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shown that these acid carbons are very active for 2-propanol, 2-butanol and ethanol
decomposition reactions yielding mainly dehydration products [14-16]. The results
reported show that the presence of oxygen in the reaction atmosphere not only leads to a
significant enhancement of alcohol conversions, but also inhibits catalyst deactivation
and allows steady state conditions to be reached. In addition to its use as solid acid
catalyst, redox functionality has been incorporated by impregnation of these phosphorus
containing activated carbons with vanadium species, obtaining a bifunctional catalyst
that is active for hydrocarbon partial oxidation reactions [17-19]. The use of phosphoric
acid activated carbons as catalysts or as catalysts supports for toluene oxidation [20],
decomposition of H,O, [21] and for the catalytic oxidative desulfuration of diesel [22]
have also been reported. Oxygen plays a key role not only in all these catalytic
processes, but also in the catalyst performance, since the carbon surface chemistry is
modified during the reactions involving oxidizing conditions. Recent investigations
have also showed that the use of air instead of argon during thermal treatment enhanced
the cation exchange properties of these materials, which made them useful for the

removal of heavy metals from aqueous solutions [23].

Much information is available concerning the pore structure [2,3,24-26] and
surface chemistry [2, 27-30] of phosphoric acid activated carbons. The use of this
activation agent produces activated carbons with well-developed porous structure that
together with their high cation exchange capacity makes them useful materials for
applications as adsorbents [23,31-33]. Regarding the surface chemistry, the studies of
phosphoric acid activated carbons by FTIR, XPS and solid-state NMR methods pointed
out that the remaining phosphorus over the surface of the carbon is most likely in form
of C-O-PO;, C-PO;3 groups. These phosphorus surface groups are directly generated
during the preparation process under specific conditions and, as already mentioned,
remain very stable on the carbon surface at relatively high temperatures, which
represents an advantage over other complex surface coating/doping methods. However,
their surface chemistry evolution under inert and oxidizing conditions is less well
understood. Furthermore, some discrepancies are found in the literature associated to
the chemical state and stability of the surface P in phosphorus-containing carbons. Some
authors based on both experimental data and theoretical calculations proposed that C-O-
P bond presents a relatively high thermal stability [34,35]. Other authors argued that this

surface group would not be strong enough to survive at high temperature and proposed
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C-P-O bonding as an alternative structure [30,36]. In addition to this, enrichment of
surface oxygen groups of phosphoric acid activated carbons has been observed in most
of the above mentioned works, when the carbons were prepared at relatively high
temperatures or were treated to high temperatures under inert conditions. In this sense, it
would be of interest to study whether surface re-oxidation may take place on this type of

activated carbon during different storage conditions.

The main purpose of the present work is to study the role of the phosphorus
surface groups of activated carbons prepared by activation of biomass (olive stone) with
phosphoric acid on the carbon surface oxidation and reduction reactions. For that, an
extensive study of the oxygen and phosphorus surface complexes evolution before and
after thermal treatments in air and inert atmosphere of the activated carbons has been
carried out using temperature-programmed desorption (TPD) and X-ray photoelectron
spectroscopy (XPS). As a baseline, an activated carbon with similar textural
characteristics, but without surface phosphorus group, was also prepared by physical

activation of olive stone by CO; partial gasification at the same temperature.

2. Experimental Section

2.1. Activated carbons preparation

Two different activated carbons (with and without phosphorous) were prepared
through different pathways: chemical activation with phosphoric acid and physical
activation by partial gasification with CO,, in a conventional laboratory tubular furnace.
Olive stone waste (provided by Sca Coop. And. Olivarera y Frutera San Isidro, Periana
(Malaga)) was used, in both cases, as carbonaceous precursor. The olive stone waste
was cleaned with deionized water, dried at 100 °C, and ground with a roller mill to
obtain samples of 400-800 pum particle size. For the chemical activation process, the
raw material was impregnated with concentrated commercial H3PO4 (85 wt.%, Sigma
Aldrich) at room temperature, with a weight ratio of 2/1 (H3;PO4 /olive stone) and dried
for 24 h at 60 °C. The impregnated samples were activated at 800 °C under continuous
Ny (purity 99.999%, Air Liquide) flow (150 cm’ STP/min) in a conventional tubular
furnace. The activation temperature was reached at a heating rate of 10 °C/min and
maintained for 2 h. The activated sample was cooled inside the furnace under the same

N, flow and then washed with distilled water at 60 °C until neutral pH and negative
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phosphate analysis in the eluate [37]. The resulting activated carbon, denoted by
ACP2800, was dried at 60 °C and, then, grinded and sieved (100-300 um).

For the physical activation process, a procedure described previously by our
research group was followed [1,38], in which the gasification conditions, i.e.
gasification temperature and reaction time, as well as the particle sizes, were set in order
to warrant chemical reaction control to achieve a carbon burn-off value of around 55%.
An olive stone char was obtained by carbonization of the same carbon precursor under
N, flow at 800 °C. This char was heated under N, atmosphere to the gasification
temperature (800 °C). Then, the gas feed was switched to CO; (99.998%, Air Liquide)
with a flow rate of 150 cm® STP/min for 7 h. The resulting activated carbon was

denoted by ACGS800.
2.2. Thermogravimetric analysis

Thermogravimetric analysis (TG) were performed in a CI Electronics MK2
balance under air flow (150 ¢cm® STP/min) from room temperature to 900 °C at a

heating rate of 10 °C/min, with a sample weight of about 10 mg.
2.3. Porous texture characterization

The porous structure of the samples was characterized by N, adsorption—
desorption at -196 °C and by CO, adsorption at 0 °C, using an ASAP 2020 apparatus
(Micromeritics). Samples were previously out-gassed at 50 torr for 8 h, at 150 °C. From
the N, adsorption/desorption isotherm, the apparent surface area (Aggr) was determined
from the BET equation [39]. The micropore volume (Vpr) was obtained by the
Dubinin—Radushkevich (DR) method applied to the CO, and N, adsorption isotherms
[40]. The mesopore volume (V) was determined as the difference between the
adsorbed volume of N at a relative pressure of 0.95 and the micropore volume (Vpgr),
covering only the pore sizes between 2 and 40 nm, according to the Kelvin equation

[41].
2.4. Surface chemistry characterization and elemental composition

Ultimate analysis of the carbons was carried out in a Leco CHNS-932 system,
being the oxygen content calculated by difference. The total amount of P was analyzed

by inductively coupled plasma optical emission spectrometry (ICPOES).
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The surface chemistry of the samples was analyzed by X-ray photoelectron
spectroscopy (XPS) using a 5700C model Physical Electronics apparatus with MgKa
radiation (1253.6 eV). For the analysis of the XPS peaks, the C,s peak position was set
at 284.5 eV and used as reference to locate the other peaks position. The deconvolution
of the peaks was done using Gaussian-Lorentzian curves and a Shirley type background
line. The difference between experimental and calculated curves was minimized by

least-squares.

The surface chemistry of the samples were also analyzed by temperature-
programmed desorption (TPD) experiments. TPD profiles were obtained in a
customized quartz fixed-bed reactor placed inside an electrical furnace and coupled to a
mass spectrometer (Pfeiffer Omnistar GSD-301) and to non-dispersive infrared (NDIR)
gas analyzers (Siemens ULTRAMAT 22) in order to quantify CO, CO,, H, and H,0. In
these experiments, 100 mg of the sample was heated from room temperature to 930 °C
at a heating rate of 10 °C/min in nitrogen (purity 99.999%, Air Liquide) flow (200 cm’
STP/min). The absence of any leak was carefully checked before each experiment and
the samples submitted to this thermal treatment were denoted by -TT. Once the
maximum temperature was reached during the first TPD analysis, the samples were
cooled down to room temperature and in some experiments, without any exposure to air
during all the experiment, it was heated again up to 930 °C (-TT2). This experiment was
repeated during a third TPD (-TT3) in an attempt to determine the amounts of oxygen
surface complexes that remains on the surface of the thermal-treated samples and to

elucidate their chemical nature and thermal stability.

XPS and TPD analysis were also carried out in order to characterize the OSG of
the carbon catalyst generated after oxidations in air (purity 99.999%, Air Liquide) at
different temperatures. The samples were heated from room temperature up to 120, 180,
240, 325 and 350 °C at a heating rate of 10 °C/min in nitrogen flow (200 cm’ STP/min)
that was changed to air when the chosen temperature was reached and maintain for 2 h.
After these 2 hours of experiment, the gas inlet was again changed to nitrogen until all
the oxygen was evacuated from the reactor and lines (followed by mass spectroscopy).
Finally, the temperature was raised again up to 930 °C in N, flow. The samples
submitted to air oxidation were denoted by -OT, where T is the air oxidation

temperature.
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The total acidity and acid strength distribution of the catalysts were determined
by adsorption and temperature-programmed desorption of ammonia. The NH3;-TPD was
performed using 100 mg of catalysts saturated with NH3 (20% vol in Helium) at 100°C.
After saturation, the NH3 weakly adsorbed was desorbed in a He flow at the adsorption
temperature, until no NH; was detected in the outlet gas. The TPD was performed by
raising the temperature up to 500 °C at a heating rate of 10 °C/min. Outlet NH;
concentrations were measured by mass spectroscopy (Pfeiffer Vacuum, OmniStar

model).

3. Results and discussion

3.1. Characterization of the original activated carbons

Table 1 summarizes the yield and the porous structure parameters of the original
activated carbons. The activated carbon obtained by gasification with CO,, ACGS800,
shows very low yield (13.5 %, after carbonization and partial gasification). However,
the activated carbon prepared by chemical activation with H;PO4 at the same
temperature, ACP2800, presents a yield value of 38.7%, which is similar to those
obtained under similar conditions with other biomass residues [2,29,42]. The activation
agent restricts the formation of tars and volatiles during the carbonization process, thus

increasing the yield of the remaining solid product [43].

Both activated carbons show higher DR micropore volume values when N is
used instead of CO, as the adsorbate gas, which indicates the presence of a wide
microporous structure [44]. The phosphoric acid activated carbon, ACP2800, present
higher values of BET surface area and mesopore volume, which confirm that
phosphoric acid activation presents a significant contribution on mesoporosity. The
activated carbon ACGS800, obtained by physical activation, presents a similar surface

area, but in this case, the volume of mesopores is lower.

The elemental composition and characterization of the surface chemistry of the
activated carbons are shown in Table 2. The main elements found on the surface of the
phosphoric acid activated carbons are carbon and oxygen, with lower amounts of
phosphorus. Nitrogen was also detected, but at very low concentrations, probably being

a remnant of nitrogen originally present in the carbon precursor. Phosphoric acid
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appears to activate olive stone through the formation of phosphate and polyphosphate
bridges that crosslink biopolymer fragments, avoiding the contraction of the structure
by pyrolysis. Part of the activating agent is removed during the washing step, leading to
a carbon matrix in an expanded state with an accessible and broader porous structure
[2,12]. However, part of the P is retained in the structure during the activation procedure
and seems to be stably bonded to carbon because they do not elute after the washing
step. The maximum amount of phosphorus surface groups that are introduced into
carbon structure during the activation process is attained at 700-800 °C, according to
previous works [2,3,16,29]. Sudrez-Garcia et al. [45] reported that higher activation
temperatures results in a decrease of the phosphorus content due to volatilization of
phosphorus compounds, most probably in the form of polyphosphoric acid or
phosphorus pentoxide. The mass surface concentration of phosphorus determined by
XPS (3.5 % wt) is similar to that obtained by ICP (3.7 % wt), indicating that phosphorus
complexes are well distributed overall the carbon particles. No other inorganic elements
were detected on the surface of ACP2800, as they are removed by the phosphoric acid
activation treatment. On the other hand, the ACG800 surface is composed mostly by
carbon and oxygen. Other mineral components like sodium, calcium and potasium,
which are very effective catalysts of gasification reactions [13] and were originally
present in the carbon precursor in very low amount, were removed to a large extent after
a washing step, being present in quantity lower than 1%. In fact, the ash content
reported in Table 2 and obtained from the weight of the ultimate solid residue,
determined after exposure to air-TG at 900 °C, is very low for ACG800 sample, 0.3%.
In the case of phosphoric acid activated carbons, the main inorganic constituent of the
activated carbon ashes is phosphorus, in form of P,Os, as revealed by XPS analysis (not

shown).

Table 1. Yields and porous structural parameters values of the activated carbons.

Yield N, isotherm CO, isotherm
ABET VDR Vmes ADR VDR
Sample %
e %) mYg)  (mYg (mly  m¥p  (em'g)
ACG800 13.5 1355 0.570 0.064 870 0.349
ACP2800 38.7 1380 0.514 0.654 662 0.265
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Table 2. Ash values, elemental composition and surface chemistry characterization

(XPS) of the activated carbons.

Ash Elemental Analysis (% wt.) XPS (% wt.)
Sample (%) C (0] H N S Cis O Py
ACGS800 0.3 922 6.1 1.2 05 0.1 91.8 6.9 -
ACP2800 6.0 79.8 125 14 03 0.0 87.1 92 35

The elemental composition of activated carbons is also shown in Table 2. A very

interesting feature observed here is that ACP2800 carbon contains a considerable

amount of oxygen (12.5 %wt.), despite having been activated in an inert atmosphere

(N2). The oxygen content in phosphoric acid activated carbons has also shown to reach

a maximum for samples activated at 700-800 °C and decreases at higher temperatures,

in parallelism with the phosphorus content [2,3,16,29], which might suggest that

incorporation of oxygen to the carbon surface is related to the P surface content.
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Figure 1. Non-isothermal oxidation resistance profiles (10°C/min) of the ACG800 and

ACP2800 activated carbons.

Figure 1 shows the thermogravimetric analysis profiles in air for the different

activated carbons. ACP2800 carbon despite having similar BET surface area and higher
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mesopore volume than ACGS800 is resistant to air oxidation up to 550 °C, whereas
ACGB800 carbon starts to lose weight at about 350 °C. Therefore, chemical activation
with phosphoric acid seems to affect the oxidation behaviour of the produced carbon
(probably by modification of the carbon surface available for oxidation). Further
discussion regarding the surface oxidation evolution with temperature of the phosphoric
acid activated carbon ACP2800 and its chemical characterization are detailed in section

3.2.

Information about the chemical nature of oxygen surface groups (OSG) present
in the activated carbons is obtained by analysing XPS and TPD profiles. The Py,
spectrum for ACP2800 (Figure 2a) shows a band with a main peak at a binding energy
of about 133.7 eV, which is characteristic of pentavalent tetracoordinated phosphorus
(PO4) as in phosphates and/or polyphosphates [28,29]. This broad band can be
deconvoluted in different doublets with an area ratio of 0.5 and a distance between
peaks of 0.84 eV. Wu and Radovic assigned the peak at a binding energy about 134.0
eV to C-O-P type bonds [30], in where the P atom is bonded to four O atoms by one
double bond and three single bonds, such as in C-O-POs; groups. These authors
suggested that these groups could be in the form of numerous cross-linked structures
attached to the carbon surface. Thus, (C-O),PO, and/or (C-O);PO could also be formed
on the surface of the carbon [46]. Wu and Radovic also attribute a binding energy of
about 133.6 eV to C-P bonding as in C-PO; groups [30], where P is bonded to one C
and three O atoms (two single and one double bonds). In this case, two of these O atoms
(with single bond P-O) may also be bonding to C atoms, like in C-O-P. Lower values of
binding energy (132.0 eV) can be associated to C,PO, and/or C;PO groups [30,46,47].
Finally, a low intensity doublet peak with the main peak centered at around 131.0 eV
may be ascribed to Cs;P groups [48]. The XPS P2p results for ACP2800 seem to indicate
the presence of mainly C-PO; (46.9 %) and C-O-POs (31.7 %) type groups on the
activated carbon surface. The Ols spectrum of ACP2800 sample (Figure 2b) shows a
high contribution for oxygen at a binding energy of 532.6 eV, which is characteristic of
single bonded oxygen in C-OH, C-O-C and/or C-O-P linkages. Compared to ACGS800,
the Ols spectrum for ACP2800 shows a more pronounce shoulder at lower binding
energies, characteristic of C=0 and/or P=0O groups (BE = 530.9 eV). A binding energy
of 535.5 eV is related to chemisorbed oxygen and/or water [49].
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Figure 2. Representative XPS spectra (P2p region) of ACP2800 showing the
deconvolution (a). Ols normalized XPS spectra of ACG800 and ACP2800 showing its

deconvolution (b).

Carbon-oxygen groups of acidic character (carboxylic, lactonic) evolve as CO,
upon thermal decomposition in a typical TPD analysis, whereas non acidic (carbonyl,
ether, quinone and phenol) evolve as CO. Anydride surface groups evolve as both CO
and CO; [8,50]. According to previous studies, phenols evolve as CO between 600-700
°C [8,51,52], ether groups at around 700 °C, carbonyls between 800-900 °C and more

stable chromenes or pyrone groups have also been reported to evolve as CO at around

1000 °C [53,54].
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Figure 3. Amount of CO, CO,, H,O and H; evolved with temperature during the TPD
performed to ACP2800.
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Figure 3 shows the evolution with temperature of CO, CO, H,O and H, during
the TPD for ACP2800. Figures 4 a and b present the DTP profiles for ACG800. The
TPD profile of ACP2800 (Figure 3) shows a significant CO evolution at temperatures
higher than 750 °C that presents a maximum at 860 °C, which has been previously
assigned to the decomposition of stable C—O—P bonds of C-O-POs; surface groups,
producing C-POs groups [2,30]. On the other hand, the CO, profile shows very low
amount desorbed in comparison to that of CO, indicating a lower presence of carboxyl,
lactonic and anhydride groups on this sample. The washing step performed after the
chemical activation process could have introduced some of these OSG of low thermal
stability. The relatively higher amount of CO, that evolves at temperatures higher to
750 °C, associated to the peak of CO at those temperatures, is probably due to
decomposition of stable O=C—O-P groups [39], although secondary reactions between

the CO released at these temperatures and the OSG, cannot be disregarded [55].

The H,O profile of the TPD for ACP2800 sample shows a peak at 150 °C that
corresponds mainly to physisorbed water, while a second desorption peak at 270 °C can
be associated to dehydration of two neighboring carboxylic groups. Besides, the
absence of water desorbed at high temperatures indicates the lack of phenol groups on
the surface of this sample, suggesting a high dehydration state reached by the
phosphoric acid activation at a temperature of 800 °C. There is also some H; release
starting at 800 °C, probably as a consequence of both aromatic condensation and the
dehydrogenation of the acid phosphates C-O-POs groups (or C-PO3) that contains one
or two OH) on the carbon surface. In the last case, generation of C-O-PO,-O-C and/or
C-O-PO(OC), (or C-PO,-O-C and/or C-PO(OC),) type surface groups might occur, if
dehydrogenation of one or two OH of the phosphate group takes place, respectively,
followed by the brakeage of the C-O-P bonds at higher temperatures (from 800 to 950
°C), forming finally C5PO type surface groups. Similar results have been observed for
activated carbons obtained by chemical activation with phosphoric acid of different raw

materials [46].

The main peak on the CO profile for ACG800 carbon (Figure 4a) is located at
about 850 °C and may be associated to carbonyl/quinone or esthers groups. Besides, the
shoulder at 270 °C and the large tail of the CO, profile between 350-650 °C indicated
the presence of anhydrides and lactonic groups (Figure 4b). The small amount of CO,

53



Chapter 2

that evolves at temperatures above 800 °C is, probably, a result of secondary reactions

between the CO and the OSG, as we commented before.

The amount of oxygen evolved during the TPDs for both carbons have been
calculated from the total amounts of CO and CO; desorbed. The results are 6.0 and 7.2
wt. % of oxygen for ACG800 and ACP2800, respectively. Comparison of these results
with those for the elemental composition, showed in Table 2, indicates that most of the
oxygen on sample ACG has been desorbed as CO and CO; during the TPD up to 930
°C, whereas ACP2800 still retains a relatively high amount of oxygen groups of higher
thermal stability after the TPD experiment.

A second (-TT) and a third (-TT2) TPD experiments were performed
immediately after the first one on ACG800 and ACP2800 activated carbons, without
exposure to ambient air, in order to elucidate the thermal stability of the OSG (Figure
4). The results obtained showed a small but constant presence of CO at high
temperatures (860 °C) and almost not evolution of CO, and H, (data not shown), which
was associated to decomposition of C-O-PO; type groups. Different hypothesis must be

examined in order to explain this behaviour.

The option that residual O; in the N, flow may re-oxidate the carbon surface
could be disregarded given that subsequent TPD from ACGS800 carbon showed that
most of the oxygen complexes were desorbed as CO and CO; during the first TPD up to
930 °C (Figure 4a-b). For the second TPD run, ACG800-TT, the amount of oxygen
evolved became negligible (0.5 %wt. of O) and only residual CO-evolving groups were
detected at high temperature. These results seem to indicate that there was not a
significant re-oxidation of the carbon surface by nitrogen impurities (H,O and O,
contents below 3 ppm) or, even, by CO, evolved during the first TPD. Vivo-Vilche et
al. [56] reported that re-oxidation of the carbon surface by CO, desorbed only takes
place during thermal treatments below 700 °C, based on experimental evidences.
Theoretical studies on this question have also been made using different approaches

(density functional theories or computational chemistry calculations) [57,58].

Other possibility is that remaining CO-evolving groups of very high thermal
stability may show some degree of mobility on the carbon surface when the temperature
is going down during the TPD experiment and move to previously generated free sites

producing OSG of lower thermal stability that decompose as CO during the successive
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TPDs. Experimental evidences of mobility of CO and CO,-evolving groups has been

previously reported [51,56].

The total oxygen content evolved from the sample was calculated from the total
amounts of CO and CO, desorbed during the successive TPDs. The oxygen content for
ACP2800 is 10.4% wt., which is slightly lower than the amount obtained by the
elemental analysis (Table 2), supporting the fact that mobility of oxygen from CO-
evolving oxygen groups of higher thermal stability may produce the oxidation of C-P to

C-O-P type group, producing CO at ca. 860 °C during successive TPDs.
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Figure 4. Amount of CO and CO, evolved with temperature during consecutive TPDs

performed to ACG800 (a-b) and ACP2800 carbon (c-d), respectively.
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3.2. Oxidation of activated carbons

The interest on improving the oxidation resistance of carbon materials by
introduction of different kinds of surface groups is clear from the large number of
research papers on this subject. Nevertheless, this is a matter under continuous
discussion due to their inherent complexity. Phosphorus shows an important oxidation
inhibition effect, observed in carbon impregnated with different compounds, such as
organo-phophorus compounds [35], POCl; [59] or H3;POs [59,60]. We should
emphasize here that in our case the surface phosphorus groups are directly generated
during the preparation process under specific conditions and seem to be strongly bonded
to the carbon surface. The phosphorus complexes could be probably located at the edges
of carbon crystallites, stabilizing the carbon active sites, which become less reactive for
the oxidation reaction, as occurs when carbon materials are doped with phophorus
[30,59,61,62]. Nevertheless, they could also act as a physical barrier, blocking the

access of oxygen to the active sites.

To investigate the oxidation evolution of the carbon surface, the activated
carbons were oxidized in air at different temperatures (between 120-350 °C) for 2 h and
then characterized in situ by TPD. It is interesting to mention that ACP2800 is resistant
to gasification in air, with no significant weight loss observed during 2 h at 350 °C.
However, ACG800 produces a carbon burn-off of about 20 %wt. after air oxidation at
350 °C for 2 h. Figure 5 shows the resulting CO and CO, evolution profiles during the
TPD of the oxidized samples.

The TPD results after air oxidation at different temperatures evidence that
oxidation of the phosphoric acid-activated carbon (ACP2800) at temperatures lower
than 300 °C increases significantly only the amount of CO evolved at about 860 °C,
accompanied by a small evolution of CO, at the same temperature, suggesting that
oxidation of the carbon surface takes place through the oxidation of C-P surface bond,
generating C-O-P bond that are thermally stable up to 800 °C. At higher oxidation
temperatures (325 and 350 °C), the desorption of CO (CO,) at high temperature (860 °C)
seems to keep constant, which suggests that the surface P groups are completely
oxidized and other oxygen surface complexes, thermally less stable, are formed,
decomposing as CO and CO, at lower temperatures (~700 °C for CO and ~500 and 700
°C for CO,).
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Figure 5. Amount of CO and CO, evolved with temperature during the TPD
experiments of ACP2800 (a and b) and ACG800 (c and d) after air oxidation at different
temperatures (120, 180, 240, 300, 325 and 350 °C) for 2h.

Oxidation of ACG800 activated carbon that contains no surface P groups causes
a more pronounce increase in the evolution of CO, (and CO) at low temperatures (400-
500 °C), compared to that of ACP2800, indicating that oxidation of this sample takes
place preferentially on the carbon surface, generating OSG of lower thermal stability.
Two broad peaks are found in the CO, profiles of ACP2800 and ACG800samples
(Figures 5 b and d). The low temperature peak (c.a. 500 °C for ACP2800 and 450 °C for
ACGS800) could be attributed to decomposition of lactone groups and the higher
temperature peak (c.a. 700 °C) can be originated from the more stable anhydride groups,
which decompose to CO, and CO. Oxidation at low temperature seems to preferentially

form lactone type surface groups on the surface of ACG800 and anhydride ones on the
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surface of ACP2800, increasing the amount of both surface oxygen groups with
oxidation temperature, especially for ACG800, which is a typical behavior previously
observed for other oxidized carbon materials. Otake and Jenkings [63] showed that
oxidation temperature is a very important factor in determining the type of CO;-
evolving complex formed on a carbon surface. They found that chars air-oxidized above
325 °C presented mainly carboxyl anhydrides groups, whereas lower air-oxidized
temperatures generated mainly carboxylic acids. Gomez-Serrano et al. [64] reported that
activation temperatures as low as 250 °C favored the formation of lactonic structures to

a large extent.

The results showed above suggest that in the case of phosphoric acid activated
carbons oxygen reacts preferentially with the phosphorus surface groups through the
oxidation of C-POj3 groups to C-O-POs ones, of high thermal stability. Only when the P
surface groups seem to be completely oxidized, oxidation of the carbon surface starts to
be significant, generating OSG of less thermal stability. On the other hand, oxidation of
ACG800, with no P surfaces groups, generates OSG of lower thermal stability. This
result may be of great interest to explain the effect of P surface groups on the

enhancement of carbon oxidation resistance.

There is some controversy in the literature about the chemical nature and
stability of phosphorus-containing carbons. In a classic paper, Mckee et al. [34]
suggested that the C-P-O bonds are not very stable at high temperatures. Oh and
Rodriguez proposed an alternative configuration of the bond, C-P-O, based on the
formation of pn—dr bond by overlapping p orbitals between P and O. Simultaneously,
2p, orbital of carbon interacts with a dy, orbital of phosphorus to form a dn—pm orbital.
They suggested that this type of bonding in which P=0O groups is replacing two edge
carbon atoms would be thermally stable to high temperatures [36]. Lee and Radovic
analyzed the stability of C-O-P and C-P-O bonding in the context of oxidation
inhibition of carbon materials [35]. Using quantum mechanical modelling, they showed
that the structure with C-O-P bonding is more stable and able to survive longer than the
structure with C-P-O bonding. This was later supported by Puziy et al. [27,28] based on
IR, XPS and P-NMR methods, since high thermal treated carbons revealed a high
contribution of condensed phosphates attached by C-O-P linkage to carbon matrix.
Nevertheless, Wu and Radovic [30] observed the same release of CO at high

temperatures for P-containing carbons during a TPD as that observed in the present
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paper and associated this behavior to the presence of relatively weak C-O-POs groups
on the carbon surface at high temperatures. Based on Ab initio molecular orbital
calculations they suggested that the O-P bond in the C-O-P system is the weakest one.
Thus, when the activation temperature is increased to high temperatures, the formation
of C-POjs groups, probably, from C-O-PO; ones seems to take place [2,30]. Besides, the
ab initio results showed that the C-P bond may be more stable than the C-O-P bonds.

To elucidate the chemical nature and stability of phosphorus in phosphorus-
containing activated carbons after successive thermal treatments in inert and oxidizing
conditions, reduction and re-oxidation of the (phosphorus) surface groups have been
studied after subjecting the ACP2800 carbon to successive thermal treatments in N,
atmosphere up to 900 °C (-TT) and oxidation at 180 and at 350 °C for 2h (-O180 or —
0350), successively.

TPD profiles of ACP2800 sample subjected to these successive reduction and
oxidation treatments are shown in Figure 6. The TPD profile of the sample ACP2800
previously thermal treated in inert atmosphere up to 900 °C, followed by oxidation in air
at 180 °C for 2 h (ACP2800-TT-0O180) overlaps with that for ACP2800-O180, showing
that the same OSG (decomposing as CO and CO;) were formed (Figure 6 a and b).
Moreover, at low oxidation temperatures (180 °C in Figure 6) 2 h of exposition to air
flow resulted enough to oxidize the P complexes, given that a similar experiment, but
with oxidation at this temperature for 8 h resulted in a TPD profile that overlapped with
those of ACP2800-O180 and ACP2800-TT-O180. In a second experiment, ACP2800
was previously subjected to air oxidation, then, it was thermal treated in inert
atmosphere and, finally, it was air oxidized again. The TPD profile of this sample,
ACP2800-O180-TT-O180, also coincides with the previous ones. These results
evidenced that the P surface complexes of this carbon can be reduced and oxidized
again and that this behavior is completely reversible, despite the fact that during the
reduction/oxidation cycles slight gasification of the carbon surface takes place through
the evolution of CO/CO; during the TPD experiments (with a total carbon burn-off of
5.3 % wt.). After the thermal treatment in inert atmosphere, the new surface sites
generated by CO (and COy) release (probably of C-POj; type) seem to react with oxygen
when exposed to air to regenerate the oxygen-phosphorus (C—O-POs3) surface groups,
indicating the reversibility of these sites on the surface of the activated carbon, which

evidences a redox character.
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This redox character seems to affect also to the other oxygen surface groups, less
thermally stable, in the case that the oxidation temperature is higher than 300 °C (see
Figures 6 ¢ and d for an oxidation temperature of 350 °C). The carbon burn-off caused
during the TPD treatment for ACP2800 oxidized at 350 °C (ACP2800-O350) was of
10.5 % wt.
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Figure 6. Amount of CO and CO, evolved with temperature during the TPD
experiment for ACP2800 subjected to oxidations in air at180 °C (-O180°C) (a and b)
and 350 °C (-O350C) (c and d) and thermal treatments in inert atmosphere at 900 °C (-
TT).

It is well known that the carbon surface heat treated at high temperatures in N; is
not stable and may re-adsorb oxygen even at room temperature [65]. Re-oxidation of the
phosphoric acid activated carbons at room temperature may also take place during air

storage taking into account the high concentration of free sites, highly reactive and
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susceptible to be re-oxidized. It must be said, that after the TPD the ACP2800 carbon
showed a self-heating effect upon contact with air after cooling down to room
temperature, also observed by others authors [29]. Thus, it is suggested that new C-O-
POs groups could be generated on heat treated samples in inert atmosphere after
exposure to air and storage at room temperature. For this reason, ACP2800 subjected to
a thermal treatment in nitrogen at 900 °C was exposed to air flow at 20 °C for 2h. This
sample was denoted as ACP2800-TT-020. Figure 7 shows the CO and CO, TPD
profiles for ACP2800-TT-O20. As a baseline, the TPD for ACP2800-TT without
exposure to air flow is also presented. The TPD results for ACP2800-TT-020 evidence
desorption of CO at high temperatures in the same temperature range as that observed
for the original activated carbon and for the oxidized sample to different temperatures,
confirming the regeneration of the C-O-P type groups, even by oxidation at room
temperature. These results would explain the large amount of oxygen left in all
phosphoric acid activated carbons prepared or heated at high temperatures [2,27,29,30],
and also that the surface chemistry of these thermally treated carbons could change
during storage. In this sense, the original activated carbon, ACP2800, would correspond
to that oxidize to 60 °C (ACP2800-O60) since after the activation process it was
exposed to ambient air, followed by a washing step and dried under static air overnight

at 60 °C in a conventional oven.
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Figure 7. Amount of CO (a) and CO; (b) evolved with temperature during the TPD of
ACP2800 and ACP2800-TT without exposure to air and that of ACP2800 submitted to
a thermal treatment at 900° C, followed by oxidation in air at 20 °C for 1 h (ACP2800-
TT-020).
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In line with these observations, P2p spectra of ACP2800 and the corresponding
treated samples are presented in Figure 8. As a general observation, it can be stated that
there are not big differences among the P2p spectrum for the different samples, despite
the fact that ACP2800 has been treated in very drastic different ways, air oxidation
treatment at 350 °C for 2 hours and thermal treatment in inert atmosphere at 900 °C.
After oxidation of ACP2800 at 350 °C for 2 h (ACP2800-0350) the P2p peak shows a
slightly displacement to higher binding energies, which can be associated to the
presence of few more polyphosphates groups, of C-O-POs, (CO),PO, and (CO);PO
types, on the surface of the carbon. On the other hand, the thermally treated samples in
inert atmosphere (-TT) should present a shift of the binding energy of the maximum of
the P2p peak to lower binding energies compared to that for ACP2800, showing a
reduction of the most oxygenated phosphorus groups (C-O-POjs type) to C-PO; ,C,PO,
and/or C;PO type. However, the peaks are positioned at the same binding energies as
that of the fresh activated carbon, suggesting that re-oxidation of the C-POs type groups

takes place once the samples are exposed to ambient air, before XPS analysis.

Table 3 presents the total amounts of CO and CO, released obtained by
integration the areas under the TPD peaks and the C, O, and P surface concentrations
measured by XPS for the treated samples (see Figure 8). The results obtained for
ACP2800 and the derived carbons reveal high surface phosphorus content that is even
slightly higher after the different treatments, confirming the high stability of these
surface phosphorus complexes generated after the chemical activation of olive stone
with H3POy4 at 800 °C. This behaviour was also observed when other biomass were used
as raw material for the preparation of activated carbons by chemical activation with
phosphoric acid [2,12,32]. It has to be mentioned that the N, adsorption-desorption and
the CO, adsorption results (data not shown) do not show relevant differences in the
porous structure of the treated samples when they are compared to the fresh activated
carbon, indicating the slightly partial gasification of the ACP2800 carbon during the
different oxidation/reduction treatment did not modify the porous structure and specific

surface area of this carbon.

From the amount of CO and CO; evolved during the TPD experiments, the total
oxygen content, O(TPD), was calculated and compared to the surface oxygen content
obtained from XPS analysis, O(XPS) (Table 3). Papier et al. [66] indicated that the 80-

90% peak area of the Ols peak represents the contribution of surface atoms, or atoms of

62



Role of surface phosphorus complexes on the oxidation of porous carbons

the 3.5-4 nm thick outer shell. However, TPD results reveal also oxygen containing
groups located on the surface of meso- or/and micropores, deeper in the carbon particle.
The amount of oxygen bonded to phosphorus in the activated carbon prepared by
chemical activation and the corresponding derived carbons has also been calculated
taking into account both characterization techniques: i) from deconvolution of the TPD
profile, quantifying the peak evolved at 860 °C (O-P(TPD)) and ii) from the amount of
the different surface phosphorus species obtained from deconvolution of the P2p spectra
(O-P(XPS)). From the TPD results, only the amount of oxygen bonded to both a carbon
site and a P group (C-O-P) is quantified, since these type of groups seem to decompose

to CO (and CO») at 860 °C, as it was previously indicated.

Table 3. Amount of CO and CO, evolved from the original and treated activated
carbons and the surface chemistry characterization (XPS): total and surface oxygen

concentrations.
TPD XPS (Yowt.)
Sample CcO CO, O(TPD)* O-P(TPD)" c. P, OLXPS) O-P(XPS)!
(umol/g) (umol/g) % wt. % wt. %
ACG800 2891 427 6.0 n.a. 91.8 0.0 6.9 n.a.
ACG800-0350 4243 2114 14.2 na 89.7 0.0 9.9 n.a
ACG800-TT 270 22 0.5 n.a. 95.6 0.3 35 n.a.
ACP2800 3915 305 7.2 52 87.2 3.5 9.2 5.0
ACP2800-0350 7357 1295 15.9 8.0 82.8 3.8 12.8 5.8
ACP2800-TT 1018 112 2.0° 1.9 89.6 3.6 6.5 4.6
ACP2800-TT-020 3304 111 5.6 4.0 89.4 3.7 6.6 4.7
ACP2800-TT-0350 6893 1182 14.8 7.7 85.3 4.0 10.4 6.0

 Total oxygen from the amounts of CO and CO, evolved

® Total oxygen bonded to P (as C-O-P) from the amounts of CO and CO, evolved at 860 °C.
¢ Surface oxygen content from XPS measurements. The samples were exposed to ambient air.
4 Surface oxygen bonded to P from XPS =P-(4-COPO;+3-CPO;+C5PO)

° not exposed to ambient air

n.a.: not applicable
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Figure 8. P», normalized XPS spectra for ACP2800 before and after being subjected to
thermal treatments at 900 °C in inert atmosphere or/and in air atmosphere at 350 °C for

2 h.

The observed general trend for oxygen surface content on ACG800 and
ACP2800 and their corresponding derived carbons was predictable, being lower after
the thermal treatment and higher after the oxidation process. However, certain
differences can be appreciated between these two carbons. Similar values of O(XPS)
and O(TPD) for the fresh ACGS800 activated carbon can be observed indicating an
homogeneous distribution of oxygen surface groups on the whole particle surface. On
the other hand, the high value of O(XPS) compared to that obtained from TPD,
O(TPD), for ACP2800, could indicate that a higher proportion of oxygen groups could

be concentrated on the external surface of the carbon particles. However, it has to be
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pointed out that (and contrary to ACG800 sample) not all the oxygen surface content of
this sample is being taking into account during the first TPD experiment, as was shown
in Figures 4 ¢ and d. In this sense, the O(TPD) value observed for ACP2800 after the
thermal treatment (ACP2800-TT) of 2.0 %wt. represents about 28 % of that for the
fresh carbon and this surface oxygen seems to be attached to surface P, given that the
value of 1.9 %wt. of O-P(TPD) for this sample represent about 95 % of the O(TPD)
value. Thus, successive TPDs become necessary to quantify the total oxygen content

O(TPD) for this carbon that contains OSG of very high thermal stability (C-O-POs
type).

The relatively high values of O-P(XPS) and O-P(TPD) observed for ACP2800
and its derived carbons compared to their respective total XPS and TPD oxygen amount
indicate that most of the oxygen present in the carbon particles seems to be bonded to
surface phosphorus. It is also very interesting the fact that the values of O(XPS) and O-
P(XPS) for ACP2800 and all the samples derived from it (after thermal treatment or
oxidation process) are very similar, respectively (see Table 3). Surprisingly, the values
of O(XPS) and O-P(XPS) for ACP2800-TT and ACP2800-TT-0O20 are almost identical
and very close to those for ACP2800 and ACP2800-TT-0350. It has to be noted that all
the samples have been exposed to ambient air after the different treatments, before the
XPS analysis was carried out. Thus, as the TPD results indicated, C-POs type surface
groups, formed after the thermal treatment in inert atmosphere at 900 °C, can be
oxidized to C-O-POj; type surface groups in ambient air, before the XPS analysis. In this
sense, ACP2800-TT sample after stored to ambient air would be identical to ACP2800-
TT-020 and, as mentioned before, ACP2800 would be identical to that stored in a stove
at 60 °C.

These results also evidence the redox character of these P surface groups that can
be oxidized with molecular oxygen and reduced by thermal treatments in inert
atmosphere, restoring the original surface nature of the activated carbon. These results
also explain the unexpectedly high oxygen content of different carbons prepared by
chemical activation with phosphoric acid after being heat treated to high temperature in
inert atmosphere reported in the literature [2,27,29,30]. In those cases, the oxygen
content measurement was carried out by elemental analysis, FTIR, XPS, etc., in which

the samples were exposed to ambient air before the analysis. In this sense, it is
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important to point out that the characterization of these types of carbons should be

carried out by an “in situ” analysis, without exposing the samples to ambient air.

These carbons were further characterized by adsorption/desorption of NHj in
order to study the acid character of the carbon surface before and after the different
treatment. The NH3-TPD profiles for ACG800, ACP2800, ACP2800-TT, ACP2800-
0350 and ACP2800-TT-O350 samples, after adsorption and desorption of NHj3 at 100
°C, are compared in Figure 9. ACG800 sample presents an almost negligible desorption
of NH3.0n the other hand, the NH; desorption profile of ACP2800 shows two maxima,
at around 150 and 250 °C. The first one is known to arise from desorption of weakly
adsorbed NH3; molecules (probably by hydrogen-bonded), identified on zeolite supports
[67], although it can also be related to weak acidic groups of C-O-PO; type on these
carbon materials, since ACP2800-TT-O20, which desorbs a slightly higher amount of
NHj at this temperatures compared to that of ACP2800-TT, presented a higher amount
of oxygen-containing P groups of C-O-POj; type, as was showed in Figure 7a. On the
other hand, the shoulder at 250 °C and the large tail at higher temperatures may
originate from NH; adsorbed on strong Bronsted acid sites [46]. The acidity of this type
1s, mainly, related to the high amount of phosphorus retained on the carbon surface and
probably associated to OH in the phosphates groups. The total surface acidity for
ACP2800 increases after air oxidation at 350 °C, given that a high amount of oxygen-
containing P groups of C-O-POs type are formed, as was showed in Figures 5 a and b
and Table 3. The thermal treated sample, ACP2800-TT, was not exposed to ambient air
before the adsorption of NH3. This sample desorbed a small amount of CO (and COy) at
high temperatures in the TPDs experiments (Figures 4 c¢ and d), associated to
decomposition of C-O-PO; groups, which suggest the presence of a relatively high
amount of surface groups of C,PO; and/or C;PO type that may contribute to the low
acidity of this sample, as can be observed in Figure 9. Finally, the similar NH;-TPD
profiles obtained for ACP2800-O350 and ACP2800-TT-O350 samples also confirm the
re-generation (re-oxidation) of the carbon surface after thermal treatment in inert

atmosphere and the acid character of these oxygen-containing P groups.

The results presented in this work support the conclusions derived from the work
of Wu and Radovic [30], in the sense that C-O-PO; type surface groups and,
specifically, the bridge O atoms play a key role in the carbon oxidation inhibition

mechanism. Activated carbons prepared by chemical activation of lignocellulosic
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materials with phosphoric acid present oxygen-containing P surface groups of type C-
O-PO; (that include also CO,PO; and CO3;PO groups). These P surface groups are
thermally very stable and decompose only at temperatures higher than 750 °C,
producing CO (and CO;) in the gas phase and C-PO; type surface groups (that may
include C,PO, and C;PO, depending on the treatment temperature), very stable even at
950 °C, given that P content on the surface of these carbons remains constant or even
slightly increases after being treated at this temperature (see Table 3). Oxidation of the
carbon surface with molecular oxygen at temperatures lower than 300 °C takes place
through the C-P bond of the later P surface groups type, producing C-O-P bonds; i.e.,
regenerating the C-O-POj; type groups (that may include C,PO-O-C, C-PO(OC), and
(CO)3PO depending on the intensity of the oxidation treatment; although polyphosphate
type groups cannot be disregarded) on the surface of the carbon. Only at temperatures
higher than 300 °C, these C-O-P bonds become saturated (all of them of (CO);PO type
groups) and oxidation of the rest of the carbon surface seems to be possible, with
production of oxygen surface groups that are less stable, decomposing at lower

temperatures (<700 °C).

= ACGS800

= ACP2800

e ACP2800-TT
= ACP2800-0350
=== ACP2800-TT-O020
= = ACP2800-TT-O350

NH; desorbed (a.u.)

100 200 300 400 500
T (O

Figure 9. NH;-TPD profiles of the activated carbons ACG800, ACP2800, ACP2800-
0350 ACP2800-TT-O20 and ACP2800-TT-O350 after NH; adsorption/desorption at
100 °C.
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As Wu and Radovic [30] suggested, the presence of O bonded to both a carbon
site and a P group (C-O-P) is a critical factor for maintaining the inhibition effect of P
deposits, because these bonds can be generated at very low temperatures and are not
broken at temperatures lower than 750 °C. Thus, the inhibition effect seems to be, in this
case, the result of site blockage. McKee et al [34] indicated that the C-O-PO3; group’s
type may occupy a large proportion of the surface of the carbon. In this sense and
assuming a cross sectional area of 40 A? for these surface groups, a P surface content of
3.5 %wt. would occupy an area of approximately 87 m*/g, which represents a larch part
of the external surface area of ACP2800 ( 433 m?/g). On the other hand, TPD and XPS
results suggest that P surface groups present a uniform distribution on the carbon

surface.

On the other hand, the surface of these activated carbons, with oxygen-
containing P groups, should be a strong acceptor of spillover oxygen [68], which would
explain the formation of other oxygen groups of low thermal stability on the carbon
surface once P surface groups are saturated with oxygen at temperature higher than 300
°C (see Figure 5). This effect would also explain the role of molecular oxygen in the
reaction mechanism of ethanol decomposition on this type of acid carbon, oxidizing and
removing the carbon deposited on the surface acid sites, avoiding catalyst deactivation

[16].

4. Conclusions

Chemical activation of olive stone with phosphoric acid produces activated
carbons with a relatively high content of phosphorus surface groups that remain very
stable on the carbon surface at high temperatures. TPD and XPS results point out that P
surface groups preferentially reacts with oxygen, prior to carbon gasification, through
the oxidation of C-P bond, forming C-O-P ones, which are thermally stable at
temperatures lower than 750 °C. Thermal treatments at higher temperature (about 860
°C) decompose the C-O-PO; type surface groups to less oxygenated phosphorus groups
on the carbon surface (of C-POj type) generating CO (and CO,). These C-PO;3 groups
seem to be very reactive and are re-oxidized upon contact with air, even at room

temperature, forming again C-O-POs type groups. Thus, the presence of these oxygen-
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containing phosphorus surface groups with an interesting redox functionality of high
chemical and thermal stability seems to be responsible of the high oxygen content and

oxidation resistance of this type of porous carbons.
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Abstract  Chemical structure and thermal stability of phosphorus groups in two
activated carbons prepared by phosphoric acid activation at 500 and 800 °C were
investigated by X-ray photoelectron spectroscopy (XPS) and temperature-programmed
desorption experiments (TPD). It has been shown that the activation temperature results
in the thermal stabilization of P surface groups (C-O-P type bonds) on the carbon
surface. C-O-PO; groups (that may include polyphosphates structures) in which the
phosphorus is attached to the carbon surface through one oxygen atom and contains one
or two OH are most probable on the surface of the carbon prepared at 500 °C, as
revealed the high amount of H, desorbed above 500 °C from this sample, which are
thermally stable up to 700 °C. Treatments at higher temperature increases the less
oxygenated phosphorus groups on the carbon surface (probably C;-PO) generating CO
(and CO,), which upon contact with air re-oxidized forming C-O-P type groups, such as
C,-PO(0OC), C-PO(OC), and C-O-PO(OC),, depending on the intensity of the oxidation
treatment. These groups have been shown to be thermally more stable and more
abundant over the carbons prepared at 800 °C and those thermal treated up to 900 °C in
N, atmosphere. The presence of C-P bonds-surface complexes with redox functionality
seems to enhance the oxidation resistance of these types of porous carbons. To the best
of our knowledge, the possible phosphate structures and their thermal stability on the
surface of different carbons materials prepared by chemical activation with H;PO4 of a

lignocellulosic precursor are described for the first time.

Keywords: Activated carbons, temperature-programmed desorption, phosphorus,

oxidation, thermal stability.
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1. Introduction

Phosphoric acid activation is a widely used route for activated carbon production
due, mainly, to the possibility of tailoring both, their pore structure and their surface
chemistry [1-4]. The use of high impregnation ratios (i.e. phosphoric acid/precursor
mass ratio) results in carbons with a wide porous structure and a significant contribution
of the mesoporosity [5,6]. Furthermore, this method yields carbons with a relatively
high concentration of phosphorus on the carbon surface which confers to the activated

carbons high surface acidity and oxidation resistance [7-12].

The studies of phosphoric acid activated carbons by chemical analysis, FTIR
spectroscopy, XPS and solid-state NMR methods have shown that the remaining
phosphorus over the surface of the carbon is most likely in form of C-O-P and C-P-O
type bonds [3,7,13,14,15]. However, their surface chemistry evolution under inert and
oxidizing conditions and their thermal stability is less well understood. As far as we
know, there is little information available on the thermal stability of surface phosphorus
groups on carbons. In a classical paper, Wu and Radovic suggested that the O-P bond in
the C-O-P system is the weakest one and may be broken at high temperature leading to
the decomposition of CO followed by the formation of C-P-O bonds [7]. On this
question, Rosas et al. [3,5] also found the same release of CO at high temperature
during TPD experiments performed to phosphoric acid activated carbons prepared from
hemp canes and fibers prepared at different chemical activation temperatures (from 350

to 500 °C).

In an earlier work [10], we evidenced experimentally that the more stable groups
seem to be C-PO; ones which are very reactive and re-oxidized to C-O-POj; type
groups, even at room temperature, upon contact with air. The presence of these oxygen-
containing phosphorus surface groups with an interesting redox functionality of high
chemical and thermal stability seems to be responsible of the high oxygen content and
oxidation resistance of this type of porous carbons. Thus, the main objective of the
present work is to provide additional insights into the possible phosphate structures (and
their thermal stability) on the surface of carbons materials prepared by chemical
activation of a lignocellulosic precursor with H3;PO, and at different activation
temperatures. A comparative study of the carbon surface oxidation and reduction

reactions of two activated carbons prepared at 500 and 800 °C have been also carried
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out by using temperature-programmed desorption (TPD) and non-isothermal oxidation
(thermogravimetric analysis in Air, TGA) experiments. The carbon surface oxidation
results will contribute to clarify the role of the different P surface complexes on the

carbon surface oxidation mechanism of this type of porous carbons.

2. Experimental Section

Different activated carbons were prepared by chemical activation with
phosphoric acid at different temperatures. Olive stone waste (provided by Sca. Coop.
Olivarera and Frutera San Isidro, Periana (Malaga)) was the raw material used for the
preparation of the activated carbon. This carbon precursor was impregnated with
concentrated commercial H;PO4 (85 wt.%, Sigma Aldrich) at room temperature, with a
weight ratio of 2/1 (H3POy4 /olive stone), and dried for 24 h at 60 °C. The impregnated
samples were thermally treated under continuous N, (purity 99.999%, Air Liquide) flow
(150 cm’ STP/min) at 350, 500, 650 and 800 °C. The activation temperature was
reached at a heating rate of 10 °C/min and maintained for 2 h. The activated sample was
cooled inside the furnace under the same N, flow and then washed with distilled water
at 60 °C until neutral pH and negative phosphate analysis in the eluate [16]. The
resulting activated carbons, denoted by ACP2350, ACP2500, ACP2650 and ACP2800,
were dried at 60 °C and grinded and sieved (100-300 pm).

The ultimate analysis of the samples was performed in a Leco CHNS-932
system, being the oxygen content calculated by difference. The ash content of the

sample was calculated following the ASTM procedure [17].

Thermogravimetric analyses under air flow (150 cm’ STP/min) (TGA) were
performed in a CI Electronics MK2 balance from room temperature to 900 °C at a

heating rate of 10 °C/min with a sample weight of about 10 mg.

The porous structure of the samples was characterized by N, adsorption—
desorption at -196 °C and by CO, adsorption at 0 °C, using an ASAP 2020 apparatus
(Micromeritics). Samples were previously out-gassed at 50 torr for 8 h, at 150 °C. From
the N, adsorption/desorption isotherm, the apparent surface area (Aggr) was determined
from the BET equation [18]. The micropore volume (Vpr) was obtained by the
Dubinin—Radushkevich (DR) method applied to the CO, and N, adsorption isotherms
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[19]. The mesopore volume (V) was determined as the difference between the
adsorbed volume of N at a relative pressure of 0.95 and the micropore volume (Vpgr),
covering only the pore sizes between 2 and 40 nm, according to the Kelvin equation

[20].

The surface chemistry of the samples was analyzed by X-ray photoelectron
spectroscopy (XPS) and temperature programmed desorption (TPD). The XPS analyses
of the samples were obtained using a 5700C model Physical Electronics apparatus with
MgKa radiation (1253.6 eV). For the analysis of the XPS peaks, the C;s peak position
was set at 284.5 eV and used as reference to locate the other peaks. Mass surface
concentrations of the samples have been obtained by numerical integration of the peaks.
The deconvolution of the peaks was done using Gaussian-Lorentzian curves and a
Shirley type background line. The difference between experimental and calculated
curves was minimized by least-squares. TPD profiles were obtained in a customized
quartz fixed-bed reactor placed inside an electrical furnace and coupled to a mass
spectrometer (Pfeiffer Omnistar GSD-301) and to non-dispersive infrared (NDIR) gas
analyzers (Siemens ULTRAMAT 22). In these experiments, 100 mg of the sample was
heated from room temperature to 900 °C at a heating rate of 10 °C/min in nitrogen
(purity 99.999%, Air Liquide) flow (200 cm® STP/min). The leak absence was carefully
checked before any experiment and the samples submitted to this thermal treatment

were denoted by adding -TT.

XPS and TPD analysis were also carried out in order to characterize the oxygen
surface groups (OSG) of the carbon catalyst generated after oxidations in air (purity
99.999%, Air Liquide) at different temperatures. The samples were heated from room
temperature up to 180, 300 and 350 °C at a heating rate of 10 °C/min in nitrogen flow
(200 cm® STP/min), which was changed to air when the chosen temperature was
reached and maintain for 2 h. The gas inlet was again changed to nitrogen until the
nitrogen flow was identical at the entry and the exit of the reactor tube (followed by
mass spectroscopy). Finally, the temperature was raised again up to 930 °C. The
samples submitted to air oxidation were denoted by -OT, where T is the air oxidation

temperature.
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3. Results

3.1. Characterization of activated carbons

The evolution of the surface chemistry and the porous structure with the
impregnation ratio (R, H3;POu/olive stone) and the activation temperature was studied
for olive stone in a previous work [21]. In the present paper, the physicochemical
properties of two selected activated carbons prepared at activation temperatures of 500
and 800 °C and an impregnation ratio of R = 2 are presented. In addition, a detailed
characterization study of their surface chemistry evolution by XPS and temperature-
programmed desorption experiments is carried out. Table 2 shows the physicochemical
properties of the activated carbons. Yield values of 48 and 38 % for ACP2500 and
ACP2800, respectively, were obtained, similar to those obtained from other biomass
natural waste pyrolyzed at comparable temperatures [3,5,22-25] and slightly higher than
those reported for olive stone with different activation agents [26-28]. The phosphoric
acid limits the formation of tars during the carbonization treatment, increasing the yield
of the remaining solid product [29]. Moreover, the yield values decrease slightly with
the activation temperature studied, as a consequence of a deeper dehydration of the
carbonaceous structure of the precursor. The elemental composition of the activated
carbon is also shown in Table 2. Oxygen content was determined by difference. An
interesting feature observed is the relatively high oxygen values (ca. 9 % for ACP2500
and 12 % for ACP2800), characteristic in this type of activated carbons, as a result of
the incorporation into the carbon matrix formed of the oxygen bound to the phosphorus

15,[30].

The values of the structural parameters, as derived from N, adsorption-
desorption and CO, adsorption isotherms are also shown in Table 1. The values of
micropore volume obtained from the N, adsorption isotherm, VDRNz, are higher than
those obtained from the CO, adsorption isotherm, VDRCOZ, which is indicative of a wide
porous structure [31]. Moreover, the carbons present high values of BET surface area
and mesopore volume, which confirms the effect of phosphoric acid activation on the
porosity development of lignocellulosic residues. The increase of the activation
temperature produces a slightly higher BET surface area and micropore volumes

measured by N, and CO, adsorption isotherms.
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Table 1. Porous structure and chemical properties of activated carbons

Ultimate analysis (% d.a.f.) ACP2500 ACP2800
C 83.7 79.8
H 34 1.4
N 0.1 0.3
O* 9.1 12.5

Surface area and porosity
N2 adsorption (-196 °C)

Aggr (m?/g) 1326 1380
At (m%/g) 476 433
Vir (cm’/g) 0.443 0.514
Vines (cm’/g) 0.724 0.654
CO, adsorption (0 °C)
Apgr (m?/g) 537 662
Vir (cm’/g) 0.215 0.265

%
: obtained by difference (100% — C —N —H —S —ash)

The surface chemistry of the activated carbons has been evaluated by XPS and
DTP measurements. Table 2 shows the mass surface concentrations of the most
abundant elements as obtained from XPS analyses. The well-known presence of stably
bonded phosphorus complexes on the surface of phosphoric acid activated carbons has
been previously reported [3,5,30]. This activation method produces the reaction
between the acid and some organic species, forming phosphate bridges, which are
responsible for connecting and crosslinking the biopolymer fragments [29] and have
been proven to remain over the carbon surface after the washing step. The retained
phosphorus amount on these samples ranges between 2.3 and 3.6 % wt., which is in line
with results obtained for phosphoric acid activated carbons of olive stones and similar
lignocellulosic biomass wastes. The amount is slightly higher when the chemical
activation proceeds at 800 °C (ACP2800) what suggests that the increase in the
activation temperature results in phosphorus combined in more stable forms with the
carbon surface, decreasing the efficiency of the washing step. Furthermore, these
surface phosphorus groups are thermally stable, as can be seen from the similar or even
higher P amounts detected after the thermal treatment at 900 °C (ACP2500-TT and
ACP2800-TT), confirming the phosphorus groups are strongly bonded to the carbon
surface. In addition to phosphorus, the pristine activated carbons have an oxygen rich
surface which is mostly due to the presence of phosphorus-containing groups, as we

mentioned before. However, the presence of phenolic groups cannot be disregarded,
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especially for ACP2500, as we will be shown later on. The thermal treatment cleansed
partly the surface oxygen groups, producing a decrease in the surface oxygen amount
measured by XPS from 8.2 to 4.3 % wt. and from 9.2 to 6.5 % wt. for ACP2500 and
ACP2800, respectively. The relatively high oxygen amount of the thermal treated
samples is related to the presence of oxygen bonded to phosphorus groups like in
phosphine and phosphonate groups that either are stable even at 900 °C or to newly

formed polyphosphate groups caused by the surface re-oxidation [10].

Table 2. XPS mass surface concentration (%) and P, deconvolution of the activated

carbons before and after the thermal treatment at 900 °C under N».

XPS (% wt.) P 2p deconvolution
Sample C, Oy Py, (C-0),PO g;igz ad - C,PO C;P
ACP2800 87.1 92 35 317 46.9 14.3 7.1
ACP2800-TT 89.6 6.5 3.6 249 43.6 228 8.6
ACP2500 89.0 8.2 23 54.8 352 10.0 0
ACP2500-TT 93.0 43 2.5 19.0 38.6 31.1 112

P,, region for the pristine and thermal treated activated carbons is represented in
Figure la, whereas Figure 1b shows the deconvolution of the P,, region for ACP2800
carbon. The phosphorus spectrum was deconvoluted in four doublets with an area ratio
of 0.5 and a distance between peaks of 0.84 eV. Wu and Radovic assigned the peak at a
binding energy about 134.0 eV to C-O-P type bonds [7], in where the P atom is bonded
to four O atoms by one double bond and three single bonds, such as in C-O-PO; groups.
These authors suggested that these groups could be in the form of numerous cross-
linked structures attached to the carbon surface. Thus, C-O-PO,(OC) and/or C-O-
PO(OC), could also be formed on the surface of the carbon [12]. Scheme 1 summarizes
the possible C-O-P and C-P-O bonds formed during the chemical activation and thermal
treatment. A binding energy of about 133.2 is characteristic of C-P bonding as in C-PO;
and/or C,PO,; groups [7]. Lower intensity peaks at 132.0 and 131.0 eV is associated to
C5PO [12,7] and CsP groups [32], respectively. The main peak position was fitted using
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a margin of = 0.2 eV, whilst the full width at medium height (FWMH) was set to 1.4+
0.1 eV. The percentages of each group with respect to total P2p spectrum area are
compiled at the last columns of Table 2. It can be seen that the increase of the activation
temperature to 800 °C (ACP2800) results in a shift of the maximum of the P,, peak to
lower binding energies, indicating the presence mainly of C-PO;/C,PO; (47 %) and C-
0O-PO; (31.7 %) type groups on the activated carbon surface, whereas ACP2500 carbon
surface is mostly composed of C-O-PO; type groups (54.8 %). This behavior has been
previously observed for other carbons obtained by chemical activation of biomass waste
with phosphoric acid [5,21]. The thermal treatment carried out over ACP2500 leaded to
a reduction of C-OPOs groups, whilst the same treatment produced a lesser amount of
reduced groups when conducted over the ACP2800 sample. In fact, ACP2500-TT and
ACP2800-TT present similar binding energies of the maximum of the P,, peak to that
obtained for ACP2800 sample. In our earlier work [10], it was evidenced that C-P
bonds are very easily reoxidized to C-O-P bonds upon contact with air, even at low
temperatures. Thus, the surface re-oxidation after the samples were exposed to ambient
air, before XPS analysis, would explain this result and the relatively high oxygen

surface concentration of the thermal treated samples, as aforementioned.

(a) (b)

ACP2800 C-PO, and/or C,PO,
----- ACP2800-TT

ACP2500
= == ACP2500-TT jJ

137 135 133 131 129 136 134 132 130
Binding Energy (eV) Binding energy (ev)

Figure 1. Representative XPS spectra (P2p region) of ACP2800 showing the
deconvolution (a) and P,, normalized XPS spectra of the activated carbons and thermal

treated samples (b).
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Scheme 1. Possible phosphorus surface groups formed during H;PO4 activation, as C-

O-P and C-P-O bonds.

Possible C-O-P bonds

?H OH

— l_.o

P=0 =

p=

0”7y o -
OH  HO~g” TN
ij P
O Q
C-0-PO;
C-0-P0O,(0C)
0OC-0-PO;

Possible C-P-O bonds

The Ols spectrum for the pristine activated carbons is represented in Figure 2,
showing the deconvolution of the Ols region for ACP2800 sample. The Ols spectra of
ACP2500 shows a higher contribution for oxygen at a binding energy of 532.6 eV
which is characteristic of single bonded oxygen in C-OH, C-O-C and/or C-O-P
linkages, whereas ACP2800 Ols spectrum shifts slightly to lower binding energies
characteristic of C=0 and/or P=0O groups (BE = 530.9 eV). A binding energy of 535.5

eV is characteristic of chemisorbed oxygen and/or water [33].
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Figure 2. Ols normalized XPS spectra of ACP2500 and ACP2800 showing the

deconvolution.

The joint use of XPS and TPD allow a more precise assessment of the surface
composition of the activated carbons. TPD technique is recognized as one of the most
adequate for identify chemical nature of oxygenated surface groups (OSG), especially
those surface oxygen groups that decompose upon thermal treatment producing the
evolution of CO and CO,. According to literature, carbon-oxygen groups of acidic
character, such as carboxylic and lactonic, evolve as CO, upon thermal decomposition,
whereas non acidic, such as carbonyl, ether, quinone and phenol, evolve as CO.

Anydride surface groups evolve as both CO and CO, [34,35].

Figure 3a and b compares the results of the CO and CO, TPD profiles,
respectively, for ACP2500 and ACP2800 activated carbons, while the total CO and CO,
released obtained by integrating the areas under the TPD peaks are reported in Table 3.
For comparison, the TPD profiles of two activated carbons prepared at 350 and 650 °C,
which contain 1.9 and 3.2 % wt. of surface P content, respectively, are also included. As
can be observed, the activation process results in the thermal stabilization of the oxygen
surface groups that evolve as CO. For instance, the main band for the evolution of CO
for carbon ACP2500 appears at ~790 °C. However, the most significant CO evolution
for the activated carbon ACP2800 takes place at higher temperatures (~870 °C), and this
change in the thermal stability of the oxygen surface groups that evolve as CO seems to
be significant for activation temperatures above 350 °C. Based on the work of Wu and

Radovic [7] and on our previous results with olive stone-derived activated carbons [10],
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the CO evolution at high temperatures can be related to the formation P-surface groups
during the phosphoric acid activation, as relatively weak C—O—PO; surface groups on
the carbon surface at high temperatures. Therefore, for activated carbons from olive
stone, most of the CO evolved at high temperatures, and a lower amount desorbed at
temperatures below 700 °C probably in the form of anhydride, phenol and ether groups.
According to previous studies, phenols evolve as CO between 600-700 °C [34,36,37],
ether groups at around 700 °C, carbonyls and quinone between 800-950 °C and more
stable chromenes or pyrone groups have also been reported to evolve as CO at around

1000 °C [38,39].

Furthermore, an interesting feature observed in Figure 3 is the increasing
evolution in the amount of CO (and CO;) desorbed at high temperatures (T > 700 °C),
as the activation temperature used for the preparation of the activated carbons increases.
This tendency can be due to the higher amount of surface P complexes that decomposes
as CO (and CQOy,), as indicated by XPS, but also these results may suggest that C-O-
PO,(0C), C-O-PO(OC), and C-PO(OC),) groups, in which the P is bonded to the
carbon surface through more than one oxygen, are favourably formed on the surface of

phosphoric acid activated carbons prepared at higher activation temperatures.

On the other hand, the CO,; profiles (Figure 3b) show lower desorbed amounts
compared to those for CO, indicating a lower presence of carboxyl, lactonic and
anhydride groups. Moreover, the relatively high amount of CO, that evolves at the same
temperatures that those observed for the maxima release of CO (~790 °C for ACP2500
and ~860 °C for ACP2800) is probably as a consequence of decomposition of stable
O=C-0O-P groups [27] (see Scheme 1). However, secondary reactions between the CO

released at these temperatures and the OSG cannot be disregarded [40].

Figure 4 and 5 shows the evolution with temperature of CO, CO,, H,O and H,
during the TPD for ACP2500 and ACP2800, respectively. In addition, a second TPD
experiment was performed immediately after the first one on ACP2500 and ACP2800
activated carbons, without exposure to ambient air, in order to elucidate the thermal
stability of the OSG. The CO-TPD profiles during the second TPD run (CO-2nd TPD)

are also presented (green line).
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Figure 3. Amount of CO (a) and CO, (b) evolved with temperature during the TPD
performed to ACP2350, ACP2500, ACP2650 and ACP2800.

As can be observed, the H,O profile of the TPD for ACP2500 (Figure 4) sample
is significantly higher to that observed for ACP2800 carbon (Figure 5), indicating an
incomplete dehydration of the phosphoric-impregnated carbon precursor at low
activation temperature. The first peak of water desorption at 150 °C corresponds mainly
to the physisorbed water while the second desorption peak at 260 °C can be associated
to the dehydration of two neighboring carboxylic groups. Besides, the coincidence of
CO-desorption with the highest peak in the H,O profile at about 700 °C indicates a large
proportion of phenol groups in this sample. Therefore, it is probably that aqueous
solution of phosphoric acid protonates surface C-OH groups through hydrogen bonding
during the impregnation step which decomposes to CO at about 700 °C. Puziy et al. [15]
and Fu et al. [41] found that an increase of the activation temperature between 400 and
600 °C resulted in greater amounts of phenol and ether groups. On the other hand, the
absence of water desorbed at high temperatures for ACP2800 sample indicates both, the
lack of phenol groups on the surface of this sample and thus the high dehydration state

reached by the phosphoric acid activation at a temperature of 800 °C.

There is also an important H; release for ACP2500 which is significantly lower
for ACP2800 and both releases coincide with the maximum peak of CO desorption. The
desorbed H, may be a consequence of both aromatic condensation and the
dehydrogenation of the acid phosphates C-O-PO3 groups (or C-POs3) that contains one
or two OH on the carbon surface. In the last case, generation of C-O-PO,(OC) and/or C-
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0O-PO(OC), (or C-PO,(OC) and/or C-PO(OC),) type surface groups might occur, if
dehydrogenation of one or two OH of the phosphate group takes place, respectively,
followed by the brakeage of the C-O-P bonds at higher temperatures (from 750 to 950
°C), forming finally C;PO type surface groups (see Scheme 1). These results are similar
to those observed for activated carbons obtained by chemical activation with phosphoric

acid of different raw materials [10,27].
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Figure 4. Amount of CO, CO,, H,O and H; evolved with temperature during the TPD

performed to ACP2500 and amount of CO evolved with temperature during a

consecutive TPD.
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The results obtained during the second TPD for both activated carbons showed a
small but constant presence of CO at high temperatures (>800 °C), which was
associated to decomposition of C-O-P type bonds, and almost not evolution of CO,
(>800 °C), H, and H,O (not shown for brevity). According to the literature, remaining
CO-evolving groups of very high thermal stability may show some degree of mobility
on the carbon surface [10,36,42,]. Thus, when the temperature is going down during the
TPD experiment these CO-evolving groups may migrate to previously generated free
sites producing OSG of lower thermal stability that decompose as CO during the
successive TPDs [10].

A very interesting feature observed during the second TPD run is that the
maximum of the CO (and CO;) TPD profile for ACP2500 sample shifts from 790 to
~860 °C (see CO-2"" TPD in Figure 4). In contrast, ACP2800 sample during the second
TPD run presents the maximum of the CO (and CO,) peak at 860 °C (Figure 5), similar
to that observed for pristine ACP2800 that had been previously activated at an elevated
temperatures (800 °C). Thus, it is suggested that decomposition of remaining and/or
newly formed C,-PO(OC) and C-PO(OC), groups present on the carbon surface after
the first TPD run might result again in desorption of CO (and COy) at relatively higher
temperatures (~860°C) during the second TPD run for ACP2500 and ACP2800. The
presence of these phosphate and polyphosphate linkages of higher thermal stabilities on
the selected activated carbon surfaces is quite interesting in order to further explain their

surface chemistry evolution under oxidizing conditions.

3.2. Oxidation of activated carbons

Non-isothermal oxidation experiments before and after a thermal treatment up to
900 °C in inert atmosphere (designed as —TT) were carried out and the results are shown
in Figure 6. These figures depict the thermogravimetric analysis profiles in air for
ACP2500 (a) and ACP2800 (b). In general, both activated carbons in spite of having
high BET surface areas and mesopore volumes are resistant to air oxidation at about
500 °C for ACP2500 and about 550 °C for ACP2800. Thus, this result seems to point
out that, at least at lower conversions, the higher the phosphorus content, the lower the
oxidation rate. Nevertheless, an increase in the carbonization temperature may also

produce a certain ordering of the carbon structure, thus increasing the oxidation onset
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temperature for ACP2800. According to previous works, activated carbons without
phosphorus-containing groups usually start to oxidize significantly below 400 °C,
although it may vary depending on the carbon precursor [43,9,10]. The high oxidation
resistant of phosphoric acid activated carbons has been previously reported for activated
carbon derived from hemp fibers, lignin and olive stone and was related to the presence
of phosphorus groups on the carbon surface [9,10]. It was reported that the phosphorus
complexes could act as a physical barrier and/or block the active carbon sites for the
oxidation reaction, as occurs when carbon materials are doped with phosphorus [7,8,44-
46]. But most recently, based on TGA, XPS and DTP results [9,10] our research group
suggested that oxidation of the most reduced phosphorus groups as those where
phosphorus is bonded to carbon, C-P, to most oxygenated phosphorus groups, mainly
C-0-PO;, avoids the carbon oxidation and thus retards the gasification of the carbon
support. This would explain also the enhanced oxidation resistance observed for
ACP2800 with respect to ACP2500, given that higher activation temperatures leads to
activated carbons with a higher amount of surface C-P bonds as revealed the XPS
results (Table 2). On this question, Figures 6a and 6b also shows the in situ TGA
profiles of thermal treated activated carbons ACP2500-TT and ACP2800-TT,
respectively. The reduction of the phosphorus groups with the thermal treatment has
derived a higher oxidation resistance of the ACP2500 activated carbon, whereas the
TGA profile for ACP2800-TT is similar to that obtained for ACP2800. The thermal
treatment temperature up to 900 °C may have produced a certain ordering of the carbon
structure, as we mentioned before, thus increasing partly the oxidation onset
temperature for ACP2500. However, the slightly mass increase observed in the air-TG
profile (Figure 1) for ACP2500-TT from 350 to about 520 °C, which was not observed
for ACP2500, also confirms that the inhibition effect could be caused by the complete
oxidation of the C-P phosphorus surface bonds to C-O-P ones.

In order to obtain a more precise assessment of the oxidation state evolution of
the carbons surface groups under oxidizing conditions, the activated carbons were
oxidized in air at different temperatures (180, 300 and 350 °C) for 2 h and later
characterized by TPD. Figure 7(a-b) and (c-d) shows the resulting CO and CO,
evolution profiles during the TPDs of the oxidized ACP2500 and ACP2800 samples,

respectively, while the total CO and CO, releases are also summarized on Table 3.
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Figure 6. Non-isothermal oxidation resistance profiles (10 °C/min) of the activated

carbons ACP2500 (a) and ACP2800 (b) and their corresponding thermal treated

samples.

The TPD results after air oxidation at different temperatures performed to
ACP2500 (Figure 7a-b) evidence that oxidation of this carbon at 180 °C increases
slightly the amount of CO evolved at about 790 °C, which seems to keep constant upon
oxidation at 300 °C. However, a progressive increasing evolution of CO and CO, at
lower temperatures (~670 °C for CO and ~500 and 630 °C for CO,) is observed with an
increase of the oxidation temperature above 180 °C. At 350 °C the amount of CO and
CO; evolved increases significantly due to ACP2500 produced a carbon burn-off of 16 %

after air oxidation at this temperature for 2 h.

On the other hand, oxidation of ACP2800 activated carbon at temperatures
lower than 300 °C increases significantly the amount of CO evolved at about 860 °C,
accompanied by a small evolution of CO; at the same temperature (Figure 7c and d). At
higher oxidation temperatures (350 °C) desorption of CO (CO,) at high temperatures
(860 °C) seems to keep constant and OSG of lower thermal stability are generated (~700
°C for CO and ~500 and 700 °C for CO,). According to literature, the low temperature
peak (c.a. 500 °C) could be attributed to decomposition of lactone groups and the higher
temperature peak (ca. 630 °C for ACP2500 and 700 °C for ACP2800) can be originated
from anhydride groups. The contribution of both groups increases with oxidation
temperature for ACP2500 and ACP2800 carbons, in line with other oxidized carbon
materials [47,48]. Moreover, contrary to ACP2500 sample, ACP2800 is resistant to
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gasification in air, with no significant weight loss observed, during 2 h at 350 °C. In
fact, according to the TPD results the carbon oxidation onset temperature appears to be
at about 300 °C for ACP2500 and about 350 °C for ACP2800 (Figure 7), which are in
line with the TGA conclusions given that ACP2500 started to lose weight about 50 °C
lower than ACP2800 (Figure 6).
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Figure 7. Amount of CO and CO, evolved with temperature during the TPD
experiments of ACP2500 (a-b) and ACP2800 (c-d) after air oxidation at different
temperatures (180, 300 and 350 °C) for 2h.

These TPD results indicate that oxidation of the activated carbon surfaces takes
place through the oxidation of C-P surface bonds, generating C-O-P bonds, especially
for ACP2800, that are thermally stable to high temperatures (up to 700 °C for ACP2500
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and up to 800 °C for ACP2800). When the P complexes are completely oxidized other
oxygen surface complexes, thermally less stable, are formed, decomposing as CO and
CO; at lower temperatures. It could be defined as an oxygen spill-over from oxidized P
groups to the carbon surface (demonstrated by the CO desorption peak that appears at
intermediate temperature in the TPD of oxidized carbons (Figure 7)), which provide

reactive oxygen atoms that oxidize the carbon surface, forming CO and CO,.

On the other hand, the low activation temperature used for the preparation of
ACP2500 carbon did not result in the generation of a high contribution of C-P bonds as
reveals the XPS results with respect to ACP2800 (Table 2). This would explain the
lower amount of CO during the TPD at high temperatures (~790 °C) of oxidized
ACP2500 samples and the lower oxidation resistance of this sample (Figure 6a). The
inhibition effect seems to be, in this case, the result of site blockage, which support the
conclusions derived from the work of Wu and Radovic [7]. They suggested that site
blockage is mainly a result of the presence of P groups bonded to carbon sites (C-O-P
and C-P-0O), whereas metaphophates (including metal-based) may function as a physical

barrier between the catalyst and carbon surfaces.

Furthermore, when ACP2500 activated carbon was heated in nitrogen up to 900
°C for in situ reduction of the phosphorus groups to C-P bonds, then cooled down to 200
°C and finally heated again to 900 °C in air atmosphere (see ACP2500-TT Figure 6a),
the weight lost was delayed 25 °C compared to that of the original profile, supporting
that re-oxidation of newly produced C-P surface groups prior to carbon gasification
takes place. Regarding to this experiment, ACP2500 was thermal treated in inert
atmosphere up to 900 °C and then oxidized in air at 350 °C for 2h, without a significant
carbon burn-off observed. The CO and CO, TPD profiles of this sample, ACP2500-TT-
0350, is represented in Figure 7a and b, respectively. As can be observed, the CO TPD
profile of this sample is different to that obtained for ACP2500-O350 but similar to that
for ACP2800-0O350 (Figure 7c), suggesting that the same OSG releasing CO at elevated
temperatures (~860 °C) were formed. The same experiment performed to ACP2800
carbon (Figure 7c and d) evidences that the TPD profile of ACP2800-TT-O350 overlaps
with that for ACP2800-0350, indicating that the P surface complexes of this carbon can
be reduced and oxidized again and that this behavior is completely reversible, despite
the fact that during the reduction/oxidation cycles slight gasification of the carbon

surface takes place through the evolution of CO/CO; during the TPD experiments (with
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a total carbon burn-off of 5.3 % wt.). These results suggest that after the thermal
treatment performed to ACP2500 and ACP2800 above 700 °C, the new surface sites
generated by the CO (and CO,) release (probably C;PO groups) seem to react with
oxygen when exposed to air to regenerate the oxygen-phosphorus surface groups [10].
Thus, C,-PO(OC), C-PO(OC), and C-O-PO(OC), (depending on the intensity of the
oxidation) might be formed, which decompose to CO (and CO,) at temperatures above
800 °C during a second TPD experiment. Therefore, the presence of C-POs groups on
the carbon surface with redox functionality seems to enhance the oxidation resistance of
these thermal treated porous carbons or those prepared at high activation temperatures,

such as ACP2800.

From the amount of CO, CO, and H,O evolved during the TPD experiments
(Table 3), the total oxygen content, O (TPD), was calculated and compared to the
amount of oxygen bonded to phosphorus, O-P (Table 3). The O-P values were
calculated from deconvolution of the CO (and CO;) TPD profile, quantifying the peaks
that evolved above 700 °C and which are associated to decomposition of C-OPO; (and
0O=C-0O-P) groups of different thermal stabilities. As an example, Figures 8a and 8b
show the deconvolution of the CO-TPD profiles for ACP2500 and ACP2800 samples,
respectively, which summarize the different CO evolving groups. The deconvolution
was done using a multiple Gaussian function, according to the literature data and to the
discussions made before [10,34]. As observed, the deconvolution fits the data quite well
for both, ACP2500 and ACP2800 carbons. Interestingly, although most of the CO is
desorbed at about 790 °C from ACP2500, a slightly amount of CO is desorbed at about
860 °C indicating a slightly contribution of more stable C-O-POj surface groups present
on this sample. The same is observed for ACP2800, which presents the maximum of the

CO peak at 860 °C.

Regarding to the results reported in Table 3, it can be observed that the relatively
high values of O-P observed for ACP2800 compared to the total oxygen amount (O)
indicates that most of the oxygen present in this carbon seems to be bonded to surface
phosphorus. However, in the case of ACP2500 sample ca. 40 % of the total oxygen is
oxygen evolved as water due to the low dehydration degree reached at this activation
temperature. When this sample is thermal treated up to 900 °C followed by oxidation at
350 °C (ACP2500-TT-0350), most of the oxygen is oxygen bonded to phosphorus
given that the samples is completely dehydrated.
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Table 3. Amount of CO and CO, evolved from the fresh activated carbons and treated

samples: total oxygen concentrations.

Cco Cco o* o-p®
Sample (umol/g) (umoljg) % wt. % wt. (O-PyP

ACP2350 1018 723 3.9 n.d. n.d.
ACP2650 2375 255 4.6 3.5 2.1
ACP2500 1119 364 5.6 1.7 1.3
ACP2500-0180 1562 278 6.1 1.9 1.6
ACP2500-0300 2110 492 7.6 2.1 1.7
ACP2500-0350 6502 835 10.6 3.5 2.9
ACP2500-TT 664 9 1.1¢ 1.0° 0.8
ACP2500-TT-0O350 4031 641 8.5 4.7 3.5
ACP2800 3915 305 7.2 5.2 2.9
ACP2800-O180 4398 180 7.6 5.4 2.9
ACP2800-0300 5918 552 11.2 6.5 33
ACP2800-0350 7357 1295 15.9 8.0 3.7
ACP2800-TT 1018 112 2.0° 1.9 1

ACP2800-TT-0350 6893 1182 14.8 7.5 3.3

 Total oxygen from the amounts of H,0O, CO and CO, evolved.
® Total oxygen bonded to P (as C-O-P) from the amounts of CO and CO, evolved at >700 °C.

¢ not exposed to ambient air
n.d. Not determined
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Figure 8. Deconvolution of CO TPD profiles of ACP2500 (a) and ACP2800 (b) using a

multiple Gaussian function.

95



Chapter 3

As expected, the oxygen content decreases after the thermal treatment and
increases after the oxidation process. Furthermore, it has to be pointed out that the O-P
values obtained after oxidation at 180 °C for ACP2500 and at 300 °C for ACP2800
would correspond, approximately, to the total oxygen that may react with the P
complexes since the carbon oxidation start to be significant above these oxidation
temperatures and other oxygen surface complexes, thermally less stable, are starting to
be formed (Figure 7). Therefore, from the XPS and TPD results the ratio mol of O-P
(from TPD) per mol of surface P (from XPS), O-P/P, has been calculated for ACP2500-
0180 and ACP2800-O300 resulting about 1.5 and 3.3, respectively. These values may
indicate that phosphorus groups in which the phosphorus atom is bonded to the carbon
surface through one or two atoms of oxygen, such as C-OPO3 and C-O-PO,(OC) groups
are mostly present on the surface of ACP2500-O180. On the other hand, C-O-PO(OC),
groups are most probably on ACP2800-O300 carbon surface. The ratio O-P/P could be
slightly overestimated given that, the total oxygen content bonded to phosphorus was
compared to the surface phosphorus content obtained from XPS analysis (O-

P(TPD)/P(XPS)).

In addition, the O-P/P ratios for ACP2500-TT-0350 and ACP2800-TT-O350 are
the same, indicating that the same phosphorus complexes are formed after thermal

treatment up to 900 °C and re-oxidation to 350 °C.

4. Discussion

Phosphoric acid activation of lignocellulosic materials appears to generate
phosphate and polyphosphate bridges that crosslink biopolymer fragments, avoiding the
contraction of the structure by pyrolysis and thus resulting in activated carbons with an
expanded porous structure (At = 476 m?/g for ACP2500 and At = 433 m?g for
ACP2800) [29]. Moreover, the resultant activated carbons present a relatively high
amount of surface phosphorus (2.3 %wt for ACP2500 and 3.5 %wt for ACP2800) from
the activation agent which seems to be very stable bonded to carbon, even after a
thermal treatment up to 900 °C (Table 2). The formation of oxygen-containing P surface
groups during the phosphoric acid activation of type C-O-POs (that include also C-O-
PO,(OC) and C-O-PO(OC), groups) has been reported previously in the literature
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[7,10]. In this sense and assuming a cross sectional area of 40 A” for these surface
groups, the P surface content on ACP2500 and ACP2800 would occupy an area of
approximately 59 and 87 m?/g, respectively, which represent about 13 and 21% of the

external surface area of their respective activated carbons.

The activation temperature process results in the thermal stabilization of these P
surface groups (C-O-POs) which are thermally very stable and decompose only at
temperatures higher than 750 °C, producing CO (and CO;) in the gas phase and C-POs3
type surface groups (that may include C,PO; and C;PO, depending on the treatment
temperature). Moreover, the TPD profiles of ACP2500 and ACP2800 (Figure 4 and 5,
respectively) revealed an important release of H, (lower for ACP2800) which suggests
that dehydrogenation of the acid phosphates C-O-PO; groups (or C-POs) and the
generation of C-O-PO,-O-C and/or C-O-PO(OC), (or C-PO,-O-C and/or C-PO(OC),)
type surface groups might occur, which are further decomposed to CO (and CO,) at
higher temperatures, forming finally the C;PO type surface groups.

According to this, it is suggested that the degree of dehydrogenation reactions
leading to the formation of different C-O-POs groups with further decomposes to C-POs3
ones, on the surface of the activated carbons, strongly depends on the activation
temperature. In this sense, C-O-PO; groups (that may include polyphosphates
structures) in which the phosphorus is attached to the carbon surface through one
oxygen atom and contains two OH are most probable on the surface of ACP2500, as
revealed the high amount of H, desorbed above 500 °C from this sample, which are
thermally stable up to 700 °C. Although, the presence of phosphate groups thermally
more stable is not disregarded due to this sample slightly decomposes to CO (and CO5)
at higher temperatures (~860 °C) (Figure 8a). On the other hand, ACP2800 (or
ACP2500-TT) carbon might generate higher amount of C;PO surface groups after
activation at 800 °C (or after a thermal treatment up to 900 °C) which are re-oxidized,
upon contact with air, producing C-O-P bonds; i.e., regenerating the C-O-POs type
groups (that may include C,-PO(OC), C-PO(OC); and C-O-PO(OC), depending on the
intensity of the oxidation treatment) on the surface of the carbon. These C-O-P bonds
are thermally more stable and decompose only at about 860 °C, producing CO (and
CO,). Moreover, these results further explain the higher value of O-P/P for ACP2800
(2.9) compared to that for ACP2500 (1.3). Scheme 2 presents the possible phosphate

structures on the surface of phosphorus-containing activated carbons prepared by
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chemical activation of lignocellulosic precursors with H;PO4 and at different activation

temperatures (500 and 800 °C).
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Scheme 2. Possible phosphate structures on the surface of phosphorus-containing
activated carbons prepared by chemical activation of lignocellulosic precursors with

H3PO4and different activation temperatures.

Finally, oxidation of the activated carbons surface seems to proceed through two
mechanisms. The presence of mainly C-O-POj; structures on the surface of ACP2500
correlates quite well with the work reported by Radovic, in which postulated that the

bridge O atoms play a key role in the carbon oxidation inhibition mechanism. The
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inhibition effect seems to be, in this case, the result of site blockage. On the other hand,
the presence of P surface complexes with a redox functionality, as that observed by
CsPO groups on the surface of ACP2800 and ACP2500-TT carbons (Figure 7, see
ACP2800-TT-0350 and ACP2500-TT-0350), seem to enhance the oxidation resistance
of these type of porous carbons through the oxidation of C-P bonds to C-O-P ones.

5. Conclusions

Chemical structure and thermal stability of phosphorus groups in two activated
carbons prepared by phosphoric acid activation at 500 and 800 °C and an impregnation
ratio (H3POg/olive stone) of 2 were investigated by X-ray photoelectron spectroscopy
(XPS) and temperature-programmed desorption experiments (TPD). It has been shown
that the activation process results in the thermal stabilization of P surface groups (C-O-P
type bonds), which are thermally stable at temperatures up to 700 °C for ACP2500 and
up to 800 °C for ACP2800. Thermal treatments at higher temperature increases the less
oxygenated phosphorus groups on the carbon surface (probably Cs;-PO) generating CO
(and CO,), which upon contact with air re-oxidized forming C-O-P type groups, such as
C,-PO(0OC), C-PO(0OC); and C-O-PO(OC), depending on the intensity of the oxidation
treatment. These groups have been shown to be thermally more stable and more
abundant over the carbons prepared at 800 °C and those thermal treated up to 900 °C in
N, atmosphere. Thus, the presence of these oxygen-containing phosphorus surface
groups with an interesting redox functionality of high chemical and thermal stability
seems to be responsible of the high oxygen content and oxidation resistance of this type
of porous carbons. On the other hand, the lower oxidation resistance observed for
ACP2500 carbon seems to be the result of site blockage by the presence of P groups
bonded to carbon sites through an oxygen atom (C-O-POjs groups).
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Chapter 4

Abstract The catalytic conversion of methanol over an acid carbon-based catalyst
obtained by chemical activation of olive stone with H3;POs has been studied. A
significant amount of phosphorus remains over the catalyst surface after the activation
process, mostly in form of C-O-PO; and C-PO; groups, which provide the carbon a
relatively high oxidation resistance and surface acid and redox sites, as confirmed by
temperature programmed surface reaction with methanol. Methanol decomposition on
this catalyst yields selectivity to dimethyl ether higher than 82 % at 350 °C and
methanol conversion of 60 %, under the studied operating conditions. Catalytic activity
tests performed under different atmospheres evidence that the catalyst performance
strongly depends on the composition of the gas in which the reaction proceeds. In the
absence of oxygen, the catalyst suffers a progressive deactivation due to both coke
deposition on the strong Bronsted acid sites and to the reduction of the phosphorus
groups (from C-O-P to C-P ones). However, in the presence of air, the P groups can be
continuously reoxidized and they also ease the oxygen spillover on the catalyst surface,
where the availability of labile oxygen inhibit catalyst deactivation and allow methanol
steady state conversion to be reached. In consequence, the presence of oxygen leads to
significant enhancement of methanol conversion without any significant change in the
selectivity or reaction and even partially regenerates the catalyst after being used in inert
atmosphere. Methanol conversion and selectivity to dimethyl-ether are slightly reduced
when water vapor is added to the reactor. A kinetic study has been carried out where the
methanol decomposition was proposed to proceed through an Eley-Rideal mechanism,
which assumes the adsorption of water and oxygen spillover on the acid active sites.
The rate expressions derived from the model described properly the experimental
results, being the activation energy obtained for the formation of dimethyl ether around

85 kJ/mol.

Keywords: methanol decomposition, spill over oxygen, dimethyl ether, activated

carbons, redox sites, temperature-programmed surface reaction.

106



Insights into the catalytic performance of a carbon-based acid catalyst in methanol dehydration:
Reaction scheme and kinetic modelling

1. Introduction

In the last decades the development of efficient routes to transform biomass into
useful chemicals and (bio) fuels is of primary importance due to depletion of petroleum
and environmental concerns. Among possible options for the valorization of biomass,
the production of (bio) methanol has attracted considerable attention due to its
versatility to be used as a source of a high amount of very valuable products through
different catalytic processes, such as methanol to hydrocarbons (MTG process) [1,2] or
methanol to olefins (MTO process) [3,4]. Moreover, methanol is today the primary
candidate, as hydrogen carrier, for onsite or onboard production of hydrogen, due to its

high hydrogen to carbon ratio, low boiling point and availability [5].

Methanol dehydration reaction has also attracted worldwide attention to produce
dimethyl ether (DME), which is the previous stage in the transformation of methanol
into hydrocarbons or olefins. DME is an important environmentally benign, non-toxic,
biodegradable product whose global demand has significantly grown during the last
decades, parallel to the increasingly stringent environmental regulations [6]. Besides its
application in aerosol propellant formulations replacing banned chlorofluorocarbons
(CFC) and as a building block for different chemicals, olefins and gasoline, it has been
recognized as having one of the greatest potentials as alternative clean fuel [1,3,7,8].
Remarkable advantages of using DME as fuel are its high cetane rating, similar
efficiency to that of the diesel traditional fuels and the strong reduction of NOx, sulfur
dioxide, hydrocarbons and carbon monoxide evolution [9-11]. DME can be produced by
methanol dehydration over solid acid catalysts or directly from syngas over bifunctional
catalysts. The catalytic dehydration of methanol to DME has been widely studied in the
literature over pure or modified y-aluminas (y-Al203) and, in a lower extent, over
zeolites [12-14]. Most of these solid acid catalysts yield non desirable hydrocarbons or
are negatively affected by the presence of water [15]. Besides, methanol dehydration
produces catalysts fast deactivation due to the deposition of coke formed on the strong
acid sites [16,17]. Hence, development of alternative catalysts that effectively succeed
in overcoming the above-mentioned drawbacks would bring a great benefit. To avoid
coke deposition and to increase the selectivity to DME, it has been claimed that the
strength of the acid sites must be reduced [3,14,18]. Other authors have also shown that

an oxidative atmosphere for dehydration reaction might enhance both the catalytic
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activity and stability of the catalysts by inhibiting or reducing carbon deposition and

thus increasing longevity of the catalyst [19-21].

Nevertheless, less effort has been focused in the study of methanol dehydration
over activated carbons, despite their great potential and wide range of applications as
catalysts and catalyst supports [22]. This kind of materials are receiving great attention
in the last decades due to some advantages, such as their very high specific surface area,
high thermal and chemical stability and the possibility of having stable basic and acid
surface sites as oxygen surface groups [23,24]. They can also be obtained from many
different raw materials including different types of lignocellulosic waste, which derives
not only an environmental but also an economical profit. On this issue, Zawadzki et al.
revealed that the non-oxidized carbon surface itself is not reactive in the decomposition
of methanol [25] and therefore catalytic activity appeared only after carbon oxidation by
gas oxygen. On this question, Moreno-Castilla et al. [26] studied methanol
decomposition catalyzed by activated carbons oxidized by different oxidizing agents.
They reported that activated carbons oxidized with (NH4)2S208 have the strongest acid
groups and are the most active in the dehydration reaction of methanol to dimethyl
ether. However, an increase in the catalyst heating temperature resulted in a rapid
decrease in its activity in methanol dehydration due to a gradual decomposition of

carboxyl groups present on the catalyst surface.

Our research group has previously reported the preparation and characterization
of activated carbons by chemical activation of different lignocellulosic waste and by-
products with phosphoric acid [27-29]. Carbons obtained by this method show a
particular surface chemistry as a consequence of the phosphorus surface complexes,
mainly in form of C-PO3 and C-O-PO3 groups, of very high chemical thermal stability
that remain over the carbon surface despite the washing step [30,31]. These phosphorus
complexes provide the carbons a high surface acidity and oxidation resistance,
increasing the possibilities of these materials for applications in catalysis [30,32-34].
Furthermore, this type of carbons has proved their catalytic activity in the
decomposition of 2-butanol, 2-propanol and ethanol, yielding essentially dehydration
products [21,35,36]. Thus, activated carbons with high stable acid surface groups could
be obtained from lignocellulosic waste in a single step, without needing additional

oxidation treatments.
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The present paper analyzes the catalytic decomposition of methanol, in the
presence of molecular oxygen, over an acid carbon-based catalyst obtained by chemical
activation of olive stone waste with H3PO4. The role and effect of the presence of
oxygen and water on the catalytic activity of the catalyst was studied. A kinetic study of

the catalytic decomposition of methanol on the carbon catalyst was also analyzed.

2. Experimental procedure

2.1. Catalyst preparation

The carbon catalyst used in this work, denoted as ACP2800, was prepared
through chemical activation with phosphoric acid of olive stone waste (provided by Sca
Coop. And. Olivarera y Frutera San Isidro, Periana (Mdalaga)). The raw material was
cleaned with deionized water, dried at 100 °C, and ground with a roller mill to obtain
samples of 400-800 um particle size. Then, the carbonaceous precursor was
impregnated with concentrated commercial H3PO4 (85 wt.%, Sigma Aldrich) at room
temperature, using a weight ratio of 2/1 (H3PO4/olive stone), and dried for 24 h at 60
°C. The impregnated sample was activated at 800 °C, under continuous N2 (purity
99.999%, Air Liquide) flow (150 cm3 STP/min) in a conventional tubular furnace. The
activation temperature was reached at a heating rate of 10 °C/min and maintained for 2
h. The activated sample was cooled inside the furnace under the same N2 flow and then
washed with distilled water at 60 °C until neutral pH and negative phosphate analysis in
the eluate. Finally, the activated carbon was dried at 100 °C, grinded and sieved (100-
300 um). The carbon obtained shows a relatively high yield (38.7 wt. %), similar to that
obtained for the activation of other biomass natural waste at lower temperatures [37,38].
However, the higher concentration of the impregnation ratio used in this work results in
a more accentuate restriction in the formation of tars and volatiles, leading to a higher

carbon yield [39].
2.2. Catalyst characterization

Ultimate analysis (C, H, N, S amount) of the activated carbon was done in a

Leco CHNS-932 system, being the oxygen content calculated by difference.
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N, adsorption/desorption isotherm at -196 °C and CO; adsorption isotherm at 0
°C were carried out in an ASAP 2020 model equipment of Michromeritics Instruments
Corporation. Samples were previously outgassed during at least 8 hours at 150 °C. From
the N, adsorption/desorption isotherm, the apparent surface area (Aggr) was determined
applying the BET equation [40]; the micropore volume (V;) and the external surface
area (A) were calculated using the t-method [41]; and the mesopore volume (Vy,es) was
obtained as the difference between the adsorbed volume at a relative pressure of 0.95
and the micropore volume (V;) [42]. Application of the Dubinin-Radushkevich method
[43] to the CO, adsorption isotherm provided the narrow micropore surface area (Apgr)
and micropore volume (Vpr). The surface chemistry of the fresh and used carbons was
analyzed by X-ray photoelectron spectroscopy (XPS), temperature-programmed
desorption (TPD), adsorption and temperature-programmed desorption of ammonia
(NH3-TPD), whereas the fresh carbon was also analyzed by methanol temperature-
programmed surface reaction (CH;OH-TPSR). The XPS analyses were obtained using a
5700C model Physical Electronics apparatus, with MgKa radiation (1253.6 eV). For the
analysis of the XPS peaks, the Cls peak position was set at 284.5 eV and used as
reference to position the other peaks. Mass surface concentrations of the samples have
been obtained by numerical integration of the peaks. The deconvolution of the peaks
was done using Gaussian-Lorentzian curves and a Shirley type background line and

non-linear least-squares optimization.

TPD and TPSR experiments were performed in a custom quartz tubular reactor
(i.d. 4 mm) placed inside an electrical furnace and coupled to a mass spectrometer
(Pfeiffer Omnistar GSD-301) and to non-dispersive infrared (NDIR) gas analyzers
(Siemens ULTRAMAT 22). For the TPD experiments, the samples were heated in
helium (purity 99.999%, Air Liquide) flow (200 cm® STP/min) from room temperature
up to 900 °C at a heating rate of 10 °C/min. The CO and CO, desorption rates were
measured with the non-dispersive infrared gas analyzers. The NH;3-TPD and CH3;OH-
TPSR were performed using 100 mg of catalyst that was saturated at 100 °C with either
NH; (20 % vol in Helium, 15 min) or methanol (4% in He, 90 min) flow (100 cm’
STP/min), respectively. After saturation, the physisorbed probe NH; or CH;OH
molecules were removed from the surface of the sample by feeding pure He flow to the
reactor for one hour at the same adsorption temperature. The TPD or TPSR run were

completed by heating the sample up to 500 °C, using a heating rate of 10 °C/min for
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NH;3-TPD and 5 °C/min for CH;0H-TPSR. Outlet concentrations were monitored by
mass spectroscopy (Siemens ULTRAMAT 22). The registered m/z relations along with
their assignations were: 2 (Hy), 4 (He), 17 (NH3), 18 (H,0), 26 (C,Hy), 28 (CO), 30
(CH,0), 31 (MeOH), 41 (C3Hg), 44 (CO,) and 45 (DME). The possible contribution of
fragmented species on certain m/z lines was corrected by spectral subtraction

considering the relative fragmentation coefficient of single compounds.

The surface acidity of the fresh catalyst was also studied by adsorption-
desorption of pyridine carried out in a thermogravimetric system (CI Electronics) at 100
°C. The inlet partial pressure of the organic base was 0.02 atm and was established by
bubbling a helium stream through a saturator filled with pyridine at controlled
temperature. The procedure begins with a pretreatment at 150 °C in He of the carbon in
order to remove any physisorbed specie on the carbon surface. Afterwards, pyridine is
adsorbed at 100 °C until saturation. Once the measured weight is steady (i.e. saturation
is reached), a desorption process in pure He flow at the same adsorption temperature
takes place until the weight remains constant. The amount of pyridine irreversible

adsorbed after the desorption stage is used to quantify the surface acidity.
2.3. Methanol catalytic conversion

The catalytic activity of the activated carbon was studied by decomposition of
methanol in the gas phase at atmospheric pressure in a fixed bed microreactor (i.d. 4
mm) placed inside a vertical furnace with temperature control, under different operating
conditions. In a typical experiment 150 mg of catalyst (100-300 um mesh) was used.
Methanol was fed to the system in a controlled way by using a syringe pump (Cole-
Parmer® 74900-00-05 model). The reaction was carried out in air atmosphere in the
temperature range 250-350 °C and in helium atmosphere at 350 °C. This temperature
range is considered to be the best suited for producing methanol from the synthesis gas
[44]. To avoid condensation of any compound, all the lines were heated up to 120 °C.
The standard conditions were a methanol partial pressure of 0.02 atm and a space time
of 0.100 g-s/umol (GHSV = 43 m’gas kg st h'). For the kinetic study under air
atmosphere the methanol partial pressures were varied between 0.01 and 0.04 atm, the
space time between 0.050 and 0.180 g's/umol (GHSV between 86 and 24 m’gas kg

3 catalyst h'l) and the water partial pressures between 0.01 and 0.06 atm.
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The concentration of methanol and products in the outlet gas stream were
analyzed by gas chromatography (490 micro-GC equipped with PPQ, 5A molsieve and
Wax columns, Agilent). The conversion was defined as the molar ratio of methanol
converted to methanol fed to the reactor. The selectivity was defined as the molar ratio
of a given product to that of the total products formed. The carbon balance was reached

with an error lower than 5 %.

3. Results and discussion

3.1. Characterization of the carbon acid catalyst

The physicochemical properties of the fresh carbon catalyst are presented in
Table 1. The data presented are referred to structural parameters obtained from the N,
adsorption-desorption and CO, adsorption isotherms, surface mass concentration
obtained by XPS and surface acidity of the carbon obtained by pyridine irreversible
adsorption. The carbon catalyst presents a high surface area of 1380 m”/g. The higher
value of Agpr? with respect to that of Apr©?? suggests the existence of a wide
microporous structure [45]. The high values of the mesopore volume and the external
surface area confirm that the carbon catalyst presents a significant contribution of
mesoporosity. The presence of both a large surface area that provides a high amount of
potential active sites and a well-developed pore structure that enhances the mass transfer
rate are desirable features for catalytic applications. In relation with the surface
chemistry of the sample, the main elements found on the activated carbon surface was
carbon (87.1 wt. %) and oxygen (9.2 wt. %), with lower amount of phosphorus (3.5 wt.
%) which remained over the carbon surface despite the washing process. The high
surface oxygen amount on the activated carbon, despite having been activated in an
inert atmosphere (N,) to high temperatures, is associated, in a greatest extent, to the
presence of phosphorus-containing groups. These surface phosphorus compounds
formed during activation step seem to be homogeneously located in the carbon structure
and stably bonded to carbon [28,29]. The presence of the phosphorus is supported by
the binding energy of the maxima of the XPS P,p peaks, around 132.5-133.5 eV, which
have been reported elsewhere as characteristic of the existence of phosphorus groups on
the surface of carbon materials [23,46]. From the deconvoluted XPS P2p spectra of the
carbon catalyst [30], the main peaks appear at 134.0 and 133.4 eV, suggesting the
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presence of mainly C-O-P type groups, 31.7 %, (C-O-POs3, (CO),-PO, and (CO);-PO)
and C-PO3/C,-PO, groups, 46.9 %, on the activated carbon surface. The contribution of
reduced phosphorus compound as C3-PO (14.3 %, 132.3 eV) and, in a lesser extent, Cs-
P (7.1 %, 131.0 eV) groups cannot be discarded.

These C-PO; type surface groups have showed to be very reactive and are re-
oxidized upon contact with air, even at room temperature, forming C-O-PO; type
groups (mainly (CO),-PO; and (CO);-PO)) on the surface of ACP2800 carbon [30].
This explains that relatively high carbon surface oxygen content observed for ACP2800
higher to that obtained for activated carbons prepared at lower activation temperatures
[31]. The P-OH groups of these surface phosphates ((CO),-PO,, C-PO,-O-C and/or C,-
PO, act as Bronsted acid sites and as we have reported in previous works they play an
important role on the acid character of the carbon catalyst for 2-butanol [35] and iso-
propanol [23] dehydration reactions. The total acidity surface of 1.09 mmol Pyridine
adsorbed per gram of activated carbon was determined by pyridine adsorption-
desorption-TPD. This value is high if compared with other phosphoric acid activated

carbons prepared at lower activation temperatures [33].

Table 1. Porous structure and chemical properties of fresh catalyst

P XPS - Mass surface Surface acidity
orous structural parameters concentration (%) (mmol/g)
N N. co co
Aggr Vpr VMgSO Apg’ 473 Cy Oy, P, Py-adsorbed
(m’g) (em’/g) (emg)  (m/g)  (em'lg) P
1380 0.514  0.654 660 0.265 87.1 9.2 3.5 1.09

The chemical nature of the surface sites of the catalyst has been also investigated
by methanol temperature-programmed surface reaction (CH;OH-TPSR). This is a well-
establish technique to determine the chemical nature of the surface sites based on the
gaseous desorption products; forlmaldehyde (CH,O) indicates the presence of redox
sites, dimethyl ether (CH;0OCH3;, DME) acidic sites, and carbon oxides basic sites [47-
50]. But also, it is capable of giving information on surface intermediates [49,51,52] , as

well as, monitoring the various steps of a heterogeneous catalytic process [53].
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Several publications exist on MeOH adsorption and its surface reaction on metal
oxides surfaces [49,50,52] and acidic zeolites [51,53]. However, less is known about
MeOH adsorption on phosphoric acid activated carbon surfaces. Figure 1 displays the
intensity on m/z lines corresponding to the main detected compounds in the outlet gas
during the TPD of ACP2800 after adsorption-desorption of methanol at 100 °C. The
main products were H,O, CO,, CO and H, (Figure la). A blank TPD, where the
activated carbon was heated in absence of methanol, showed evolution of some of these
compounds but in negligible amounts, so their presence in CH3;OH-TPSR can be
ascribed to methanol decomposition. The formation of formaldehyde (Figure la) was
also observed, indicating the presence of redox sites over the carbon surface. Finally,
methanol condensation products, i.e., DME and light olefins, were also detected, Figure

1b, confirming the presence of acid sites.

As can be observed in Figure 1a, methanol seems to be mainly adsorbed in form
of molecular methanol at temperatures lower than 250 °C. A very interesting feature is
that the methanol desorption profile shows two peaks, one at 125 °C and a broad
asymmetric peak at about 163 °C which have been previously observed for methanol
adsorbed over ZSM-5 catalyst [53], TiO, [49] and Molybdenum-Heteropolyanions [48].
Previous results on the MTG process using different techniques (TPRS [53], IR[54,55],
NMR [56]) attributed the higher methanol desorption energy peak to the methanol
adsorbed directly on Bronsted sites, whereas the low temperature desorption peak was
associated to methanol molecules adsorbed/interacting with the methanol adsorbed
directly on the Bronsted sites, thus forming a protonate cluster. However, the presence
of different adsorption acid sites for methanol decomposition cannot be discarded. The
products of the dehydration of methanol, DME, m/z 45, and H,O, m/z 18 were first
observed at temperatures as low as 125 °C and they were followed by ethylene (m/e 26)
and propylene (41 m/e) desorption, which formation would require interaction between
methanol and adsorbed DME molecules. Furthermore, DME shows a broad desorption
peak between 200 and 400 °C. This temperature region coincides with appearance of a
second water peak and the onset desorption temperature of the hydrocarbons.
Concentration of these compounds decayed during the ongoing TPSR, as methanol
adsorbed molecules turned more isolated. The formation of these compounds at low
temperature reveals the strong acidic character of the selected activated carbon. Another

interesting feature is that DME peak in the CH3;OH-TPSR experiment appeared at a
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temperature higher than that for the water peak, indicative that DME initially remains

adsorbed on the acid active site.

On the other hand, remaining adsorbed methanol started to decompose in form
of CO, at temperatures around 250 °C and as carbon monoxide at higher temperatures.
A similar TPRS profile for methanol adsorbed on H-ZSM-5 catalyst was reported by M.
Jayamurzthy et al [53]. However, they also detected propane, butane and pentane along
with trace amount of methane and ethane at temperatures higher to 350 °C, indicative of
the stronger acid character of H-ZSM-5 zeolite catalyst with respect to ACP2800. In
fact, one of the main disadvantages for the selective formation of DME from methanol
over zeolites 1s the large amounts of olefins formed [15]. Since the goal for this work is
the selective formation of DME, the intermediate acidity of the proposed catalyst

detected by MeOH-TPRS can be seen as a positive feature.
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Figure 1. MS results from the CH;0H-TPSR experiment over the ACP2800 activated

carbon

3.2. Methanol catalytic dehydration

Figure 2 represents the methanol conversion, Xyeon, as a function of time on
stream (TOS) at reaction temperatures of 275, 300, 325 and 350 °C in the presence of
oxygen and at 350 °C in the absence of oxygen (Pmeon = 0.02, W/Fyeon = 0.01
g-s/umol). The presence of phosphorus on the surface of the carbon obtained by
chemical activation with phosphoric acid increases the oxidation resistance of the

resulting carbon as reported previously by our research group [30,32]. Thus, this allows
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working at a reaction temperature as high as 350 °C, under air atmosphere, without a
noticeable gasification of the carbon catalyst. In the absence of oxygen, methanol
conversion decreased more than 80 % within the first 15 minutes of reaction, indicating
that the catalyst undergoes fast deactivation. When air is used as reaction gas, however,
a steady state in which methanol conversion remained constant was reached
straightaway at temperatures up to 325 °C. At 350 °C, steady state conditions are also
achieved, although a decrease of about 20 % from the initial methanol conversion is

observed after 60 min of reaction, indicating a partial deactivation of the catalyst.

Air (275 °C)
—=— Air (300 °C)
—a— Air (325 °C)
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Figure 2. Methanol conversion as a function of TOS at different reaction temperatures
in the presence (275, 30, 325 and 350 °C) and absence (350 °C) of air (PMeOH=0.02
atm, W/FMeOH = 0.1 g-s/umol).

Table 2 summarizes the steady state conversion and selectivity values of
detected carbon-based products obtained at different reaction temperatures at an inlet
methanol vapor pressure of 0.02 atm and space time of 0.10 g-s/umol. When helium
(He) was used as reaction gas at 350 °C, selectivity was mainly to dimethyl ether
(DME) and traces of CH4, CsHg, CoHs and even of dimetoxymethane (DMM) and
methyl formate (MF) were measured in the product stream. Given that no molecular
oxygen is present in the reaction gas, the presence of DMM and MF suggest that the

catalyst itself is the oxygen source for partially oxidizing methanol. Similarly, the use of
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air atmosphere yields DME as the main dehydration product within all the temperature
range studied. As shown in Table 2, selectivity higher to 90 % to DME was obtained at
temperatures below 350 °C, whereas selectivities to typical products of the partial
oxidation of methanol (CO,, CO, DMM and MF) are more significant than those
obtained in He atmosphere and slightly increases with the reaction temperature. It must
also be highlighted that in the absence of methanol and under air atmosphere no
significant amounts of CO, and CO were detected, within the range of reaction
temperatures, supporting adscription of these compounds to methanol partial oxidation
nor direct methanol decomposition and not to carbon gasification. Formaldehyde, which
is a commonly observed product with the methanol oxidation reaction, was not
detected. Formaldehyde is considered an intermediate in the formation of DMM, MF
and carbon oxides [57]. Therefore, the increasing selectivity to COx with reaction
temperature can be due to the oxidation of these intermediate products, and also to the
strong acid sites of the activated carbon, which are able to retain the reaction

intermediates products for longer time, allowing further oxidation of the intermediates.

Table 2. Methanol steady state conversion and selectivities to detected carbon-based
products at different reaction temperatures for reaction in air and He (Pyeop=0.02 atm,

W/Fymeon=0.1 g-s/umol).

T (°C) - i‘;‘ss’e}: Selectivity (%)

Atmosphere (1" CH,0CH, CO, CO (CH,0),CH, HCOOCH;, CH, CH, CH,
250-Air 73 94.6 17 16 1.1 0.6 0.4 : ]
300-Air 195 933 29 27 0.3 0.5 0.3 i ;
325-Air 29.6 91.1 38 32 1.2 0.5 0.2 : .
350-Air 43.0 874 53 39 2.8 0.5 0.1 i ;
350-He 5.7 959 03 04 0.02 0.1 11 0.2 1.9

The evolution of methanol conversion and selectivities to different products with
time on stream (TOS) at 300 °C is shown in Figure 3. A very small change in
conversion (from 22 to 19 %), and DME selectivity (from 94 to 92 %) is observed for
the catalysts after 23 h on stream. This suggests that the catalyst does not suffer
significant deactivation at longer reaction times, at temperatures up to 300 °C and under

the experimental conditions used in this work, indicating a high stability of the surface
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acidity available and not deactivated at shorter reaction times. For higher reaction
temperatures (350 °C), however, a decrease in conversions of 10 % is observed for the

catalyst after 17 h on stream (data not shown).
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Figure 3. Conversion of methanol and selectivity to detected carbon-based products as
a function of time on stream (TOS) at 300 °C in air atmosphere (Pyeon = 0.02 atm,

W/Fypeon = 0.1 g-s/pumol).

The methanol dehydration reaction rate obtained in this work at 300 °C in air
(Figure 2) is 2.9-10° mol-g'-s”, which is in the range of that obtained by using
modified alumina as catalysts at the same reaction temperature, as reported by Yaripour
et al. [58,59]. A much higher value for the reaction rate, 140.0-10°° mol-g'l-s'l, was
reported by Mollavali et al. [60] at 300 °C, but at a much higher pressure, 16 atm. This
points out that the carbon catalyst presented in this work shows a relevantly high
activity if compared to other catalysts reported in the literature, with the noticeable

advantage of being obtained from an inexpensive waste.

The effect of the presence of water vapor on methanol conversion and on
selectivity is a key factor to analyze the potential of these carbon materials for
catalyzing the dehydration of methanol to DME, especially given that water is usually

found in company of methanol in the reactor feed during the industrial scale production
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of DME. Figure 4 shows the methanol steady state conversion and selectivities to
different products for different inlet partial pressures of water vapor (Pmo, 0.01-0.06
atm), at constant inlet methanol partial pressure of 0.02 atm and at 300 °C in air. Both
conversion and DME selectivity decrease progressively when water content in the feed
is raised. The decrease of the methanol dehydration activity in the presence of water
vapor has been previously reported in the literature [60,61]. Water is believed to block
the active sites responsible of the methanol dehydration through competitive adsorption
with methanol on the catalyst surface [2]. However, the ability of methanol to form
hydrogen bonds with water molecules might also inhibit the rate of the ether formation.
Taqvi et al. [62] reported the ability of methanol to form hydrogen bonds with water
molecules, which results in enhanced water and methanol adsorption on activated
carbons. J. Rodriguez-Mirasol et al. [63] also found that methanol adsorption is
enhanced in the presence of water and ascribed the increased methanol uptake to the
formation of water clusters, which were suggested to appear around the chemisorption
sites that act as additional adsorption sites. More recently, J. F. DeWilde et al. [64]
suggested that the formation of ethanol-water dimer species on the surface of Al,O; is
the cause of the lower dehydration activity of the catalyst in the presence of water
vapor. The formation of these dimers might avoid the reaction between a methanol
molecule adsorbed on the active sites and a molecule of methanol in the gas phase,
which was proposed as the most probable reaction pathway for DME formation in the

sight of CH3;0OH-TPRS results, thus reducing the dehydration activity (Figure 4).

The influence of the oxygen concentration in the gas inlet on the catalytic
dehydration of methanol was also studied. Figure 5 shows the conversion of methanol
after 15 min of TOS as a function of temperature for different inlet oxygen
concentrations. As can be observed, the methanol conversion significantly increases
with oxygen concentration from a methanol conversion of 5 % in He atmosphere to 23
% 1n air atmosphere at 300 °C. Moreover, in the presence of 10 % oxygen the catalyst
was no longer deactivated, similarly to that observed in Figure 3. Therefore, timely

supply and an excess of oxygen is necessary to keep the catalyst active.

119



Chapter 4

1 ;\‘\‘__/’ | 1
0.8 A - 0.8
® MeOH
= 0.6 { ®DME - 0.6 w
(=} [e)
E mCO2 §
) =
z 044 4CO - 04 =
c -
S <
0.2 - 0.2
O T T T O
0 0.02 0.04 0.06
Py0 (atm)

Figure 4. Evolution of the methanol conversion and selectivity to main products with
the inlet water vapor partial pressure at 300 °C (Pyeon = 0.020 atm, W/Fyeon = 0.10
g-s/umol).
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Figure 5. Evolution of the methanol conversion with temperature and different oxygen

partial pressures (Pyveon = 0.020 atm, W/Fyieon = 0.10 g-s/umol).
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All these results evidence that ACP2800 catalytic performance on the gas phase
methanol conversion strongly depends on the type of atmosphere in which the reaction
proceeds, and suggest that oxygen is most likely to actively intervene on the mechanism
of this catalytic process inhibiting the deactivation of the catalyst, either by reacting
with certain intermediates species or by interacting with the catalyst surface. In this
sense, the wasted catalysts resulting from MeOH decomposition in air and He
atmospheres are analyzed in detail in the following section, in order to elucidate the role
of oxygen in the decomposition reaction of methanol over phosphoric acid activated

carbons.

3.3. The role of oxygen on the catalyst activity
3.3.1. Characterization of used catalysts

The surface chemistry of the carbon catalyst were analyzed after methanol
decomposition using both He (ACP2800-RH) and air (ACP2800-RA) as reaction gases
at a reaction temperature of 350 °C after 2 h. Table 3 summarizes the mass surface
concentration of the used catalysts (XPS (%wt.)). It is observed that the amount of
surface phosphorus decreases from 3.5 wt. % for the fresh carbon catalyst to 2.1 and 1.7
wt. % for the catalyst after reaction in both air and He atmospheres, respectively.
Moreover, when using He as the carrier, the amount of carbon increases significantly
due to carbon species deposition, whereas in air the amount of surface carbon remains
constant and the amount of surface oxygen increases, probably as the outcome of the

oxidation of the carbon surface.

Table 3. XPS mass surface concentration (%) and phosphorous surface groups
distribution (%) on ACP2800 before and after reaction in air and in He (350 °C, 2h,
Pymeon = 0.02 atm; W/Fyeon = 0.1 g-s/umol)

XPS (% wt.) P 2p deconvolution
C-PO; .,

Sample Cls Ols Pzp C-OPO3 C2P62 d C3PO C3P
ACP2800 87.1 9.2 3.5 31.7 46.9 14.3 7.1
ACP2800-RA 85.6 11.8 2.1 33.2 47.7 17.1 2.1
ACP2800-RH 91.3 6.6 1.7 14.6 26.3 52.6 6.5
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Figure 6 represents the P 2p zone of the XPS for the fresh carbon and for the
used carbons after methanol decomposition using air and He as reaction gases, whereas
the amounts of the different surface phosphorus functional groups are compiled at the
last columns of Table 3. As can be seen, in the presence of He, the signal intensity
clearly decreases with respect to that for the fresh catalyst and the maximum of the P 2p
band shifts to lower binding energies, probably due to the deposition of coke over the
surface phosphorus acid species (H-phosphate groups:C-O-POs; and C-POs3). However
when the reaction takes place in the presence of air, in addition to a lower decrease of
the signal intensity, the maximum of the P2p peak shifts to higher binding energies,
characteristic of more oxygenated phosphorus compounds. The values reported in Table
3 confirm the higher amount of C-O-POjs type surface groups for ACP2800-RA. These
experimental results suggest that deposition of carbon species on Bronsted acid sites
seems to be a cause of catalysts deactivation, being more intense under He atmosphere
than under air atmosphere when the reaction takes place at 350 °C. They also point out
that the presence of oxygen during methanol dehydration avoids partly the catalyst
deactivation by oxidizing part of the surface phosphorus (from C-P to C-O-P bonds) and

probably the carbon surface.

—— ACP2800
C-PO; and/or
—— ACP2800-RA i C,PO,
—— ACP2800-RH ‘
C-0-PO, CsPO
((C-0),PO)

134 132 130 128
Binding Energy (eV)

Figure 6. Normalized XPS spectra of ACP2800 before (black line) and after reaction

138 136

(350 °C, 2h) in air (blue line) and in He (green line) atmospheres.

In order to understand the distribution of surface acidity and strength of acid
sites, the samples were further characterized by NH;-TPD. Figure 7 shows the NHjs-
TPD profiles for pristine ACP2800 and the wasted catalysts used in oxidative and inert
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atmospheres. Previous NH3;-TPD measurements on phosphoric acid activated carbons
demonstrated the occurrence of three desorption peaks, indicating the existence of
different kinds of acid sites [30]. The most intense desorption peaks are obtained c.a.
150 °C (I) and 250 °C (II). The first is suggested to arise from the weakly adsorbed NHj3
molecules on phosphorus groups linked to the surface of the carbon through C-O-P
bonds, whereas the shoulder at 250 °C and the large tail at higher temperatures (I1I) may
be originated to H-phosphate groups formed in the carbon surface during the activation
process, which confers to the carbon strong Bronsted acid sites. As can be observed,
the population of surface acid sites differs considerably when the catalyst is used under
different reaction atmospheres at 350 °C. Reaction under inert atmosphere (see
ACP2800-RH) significantly reduces the total surface acidity. Only a small amount of
less acidic surface sites seems to be present on the surface of the carbon catalyst after
deactivation. This is an expected result, since strong acid-sites are known to promote the
polymerization of olefins and thereby increase the rate of coke formation, thus being the
main cause of catalysts deactivation in methanol decomposition reactions [14]. On the
other hand, the catalyst recovered after being used in air atmosphere (see ACP2800-RA)
is able to retain most of the surface acidity of moderate and intermediate strength, and
only strong Bronsted acid sites are deactivated in such conditions. This result reveals
that the most important role played by the oxygen is avoiding the blockage of both weak
and moderate acid sites, which contribute to maintaining the dehydration activity of the

catalyst during long reaction times (see Figure 1).
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Figure 7. NH;-TPD profiles of the catalyst before and after reaction in air and in He
(350 °C, 2h, Ppeon = 0.02 atm; W/Fyeon = 100000 g-s/mol).
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TPD experiments on the fresh and used activated carbon catalyst were carried
out in order to obtain a more precise assessment of possible changes in their surface
composition during the reaction. TPD is recognized as one of the most adequate
techniques to identify the chemical nature of oxygenated surface groups (OSG),
specifically those that decomposes upon thermal treatment producing the evolution of
CO and CO,. According to literature, carbon-oxygen groups of acidic character, such as
carboxylic and lactones, evolve as CO, upon thermal decomposition, whereas non
acidic, such as carbonyl, ether, quinone and phenol, evolve as CO. Finally, anhydride
surface groups evolve as both CO and CO, [65]. Figure 6 depicts the CO and CO,
profiles obtained in TPD experiments for the carbon catalysts used for methanol
dehydration in the presence of air and He at a reaction temperature of 350 °C, whereas
the amounts of CO and CO; evolved and the total oxygen concentration are summarized
in Table 4. As can be observed, the samples show a significant CO (and CO,) evolution
at temperatures higher to 750 °C which has been assigned to the decomposition of stable
C-0O-PO3 (and O=CO-POs3) groups, producing C—POs groups [27,30]. Moreover, the
fresh carbon, ACP2800, desorbs a small amount of CO, in the low temperature region,

indicating the presence of carboxylic moieties, though in insignificant amounts.

The amount of oxygen surface groups decreases drastically when the methanol
dehydration is carried out in He, in agreement with the results obtained from the XPS
analyses. However, in the case of the carbon used in air the total amount of CO and CO,
increases with respect to the fresh carbon (Table 4). This behavior is in agreement with
previously results reported by our group [30]. In that work, we investigated the
oxidation evolution of ACP2800 carbon surface in air at different temperatures
(between 120-350 °C) for 2h. For comparison purpose, TPD of ACP2800 after air
oxidation at 350 °C for 2 h (ACP2800-0350) is also represented in Figure 8. We found
that oxygen reacts preferentially with the phosphorus surface groups through the
oxidation of C—POj; groups to C—O—PO; ones, which are thermally stable up to 800 °C,
as denoted by the CO desorption rate profile of ACP2800-O350 (Figure 8). Only when
the P surface groups seemed to be completely oxidized, oxidation of the carbon surface
started to be significant, generating OSG of less thermal stability. In this sense, as we
observed in Figure 8, the TPD profiles of ACP2800-RA revealed the formation of OSG
with less thermal stability, whilst the CO desorption peak at 800 °C did not reached the
value of that obtained in the case of ACP2800-O350. That together with the huge
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decrease in the amount of CO desorbed for ACP2800-RH suggests that the active sites
are indeed the oxidized phosphorus surface groups, which are reduced by the methanol
molecule (that probably form in consequence oxygenated products as DMM and MF, as
seen in Table 2), and regenerated by oxygen, through the oxidation of C-P bonds to C-
O-P ones. Similar results were observed by Grunewald and Drago [30] studying the
ethanol conversion over carbon molecular sieves. They observed that under N,
atmosphere the catalyst activity decreased to zero after a few hours, however, when N,
was changed by air the catalyst recovered the activity. The authors pointed out that the

active sites over the carbon surface were reduced by ethanol and regenerated by air.
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Figure 8. Amount of CO and CO, evolved with temperature during the TPD performed
to ACP2800 before and after reaction in air and in He (350°C, 2h, Pyeon = 0.02 atm;
W/Fymeon = 0.1 g-s/umol); and after air oxidation (350 °C, 2h), ACP2800-0O350.

Table 4. Amount of CO and CO; evolved from the fresh, oxidized and used activated

carbons and total oxygen concentrations.

co CO, O(TPD)*
Sample

(umol/g) (umol/g) % wt.
ACP2800 3915 305 7.2
ACP2800-0350 7355 1295 15.9
ACP2800-RA 7025 745 13.6
ACP2800-RH 3470 115 5.9

* Total oxygen estimated from the evolved amounts of CO and CO,

125



Chapter 4

3.3.2. Catalyst regeneration

In order to analyze the stability of the carbon species/coke deposited on the
catalyst active sites and the possible regeneration of its activity, a series of reaction-
regeneration cycles have been carried out. Figure 9 displays the evolution of methanol
conversion and the selectivity to DME at 350 °C, in three successive reaction stages
using first methanol in air, later methanol in He and finally, methanol in air again (with
regeneration between the second and third reaction stages). In the first part of the
experiment, using air in the reaction gas, a comparison is also drawn between the
activity of the fresh catalyst and that of the carbon oxidized previously in air at 350 °C
for 2h, ACP2800-O350. Given that oxidation of ACP2800 carbon surface completely
oxidized the surface P groups through the oxidation of C-P surface bonds to C-O-P
ones, as revealed by the TPD results for ACP2800-O350 (Figure 8), it is expected that
this catalyst has a higher surface acidity that would be translated into a higher activity.
Indeed, the first stage shown in Figure 9 evidences that the initial catalytic activity is
higher for ACP2800-O350. Even though, the catalyst is partially deactivated after 60
min of reaction, showing a conversion profile similar to that observed for the fresh
catalyst. According to the discussions made above, only the moderate and weak acid
sites seem to be stable enough to longer reaction times, while the strongest ones are
deactivated by stable carbon deposits (probably carbon coke), which seems not to be
combusted at the tested temperatures. The selectivity is around 90 % to dimethyl ether,

and the presence of DMM, MF, CO, (and CO) were detected in the outlet stream.

In the second stage of the experiment, in He flow, the methanol conversion
decreases to a low value, due to a partly deactivation of the catalyst by coke and/or less
stable carbon species (C<Hy) deposition on Bronsted acid sites and to the reduction of
the C-O-POs groups to C-POs groups, or even ones with a lower oxidation state, as
revealed the XPS and TPD results (Figure 6 and 8, respectively). The remaining weak
acidic surface sites after the deactivation of the rest of active sites produce a selectivity
of almost 100 % to DME under these experimental conditions. After deactivation in He
flow for 150 min, air is immediately introduced again in the last step of the experiment.
As can be observed, the activity is almost restored and the steady state methanol
conversion increases from 7 to 27 %, supporting the suggestion made about the key role

of the redox cycle of P-groups where methanol acts as the reductant and oxygen as the
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oxidant. The selectivity to DME slightly decreases at the cost of higher CO and CO,
selectivities, probably related to the combustion of accumulated CH, deposits over the
moderate acid sites thanks to the favoured spill-over of oxygen by P-groups. These
results could be comparable with other previously reported in the literature by Zhout et
al. [66] and Weng et al. [67]. They proposed the regeneration of coke deposited
Bronsted reaction sites by spillover oxygen is more efficient than regeneration with
gaseous oxygen. It has been also reported that addition of oxygen was efficient in
avoiding the formation of carbon and reducing adsorption of carbon species on the
active sites of vanadium pyrophosphate oxides catalyst in the glycerol dehydration

reaction [20].
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Figure 9. Methanol conversion and selectivity to DME as a function of TOS using first
air (ACP2800, ACP2800-0350), then N, (ACP2800), and finally air as reaction gas
(ACP2800RH, ACP2800RH-0350). (T=350°C, Pymeon = 0.020 atm, W/Fyeon = 0.10
g-s/umol).

On this sense, to restore completely the activity of the used catalyst in He, it was
afterwards oxidized in air for 2 h at 350 °C, ACP2800RH-0O350, and then the methanol
dehydration on the carbon catalyst in air atmosphere was studied again (Figure 9, third
stage). As can be observed, the catalyst recovers its activity, showing similar methanol
steady state conversions (37 %) than the fresh ACP2800 sample. Nevertheless, it is not

observed the initial methanol conversion of about 60 % within the first 60 min of
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reaction, when it is compared to ACP2800-O350 (stage 1). This loss of activity at short
reaction times can be attributed to the deterioration of a fraction of the strongly acid
Bronsted sites by stable coke deposits. These stable coke deposits are not oxidized at
350 °C and it would be necessary higher temperatures for its complete combustion.
Moreover, during the regeneration of the deactivated catalysts, traces of CO, were
detected in the outlet gas, supporting the deposition of a light coke on the moderate acid
active sites which is slowly removed in air atmosphere under the reaction conditions
used. On this question, Pedro L. Benito et al. [68] proved that deposited coke in the
catalyst in the range between 300 and 400 °C by methanol decomposition is very
unstable (constituted by alkylated aromatics and oligomers) and it is possible to be
partially eliminated by a degasification step (under vacuum of 10 mmHg at 300 °C).
They also pointed out that H-ZSM-5 catalyst under the conditions of the MTG process

completely recuperates its activity after a coke combustion step with air at 550 °C [69].

From the characterization results of the wasted catalysts and from the catalyst
regeneration experiments it can be concluded that the methanol decomposition over
ACP2800 activated carbon may be seen as an equilibrium between the phosphorus
groups being reduced by methanol and being regenerated by oxygen, through the
oxidation of C-P bonds to C-O-P ones (explaining the higher CO desorption rate of
ACP2800-RA when compared to ACP2800-RH, Figure 8). On the other hand, the
oxygen spill-over from oxidized P groups to the carbon surface (demonstrated by the
CO desorption peak that appears at intermediate temperature in the TPD of ACP2800-
RA) provide reactive oxygen atoms that are able to oxidize the CH, intermediates over
the acid sites of moderate strength, forming CO, CO, and water in the process, but they
cannot oxidize the coke deposits over the strong acid sites at the temperatures employed

in the reaction.

3.4. Mechanism for methanol consumption

The ultimate goal of this paper, therefore, is to develop a mechanism for
methanol decomposition on phosphoric acid activated carbons. Moreover, the kinetic
expression obtained from the proposed kinetic model in the presence of molecular
oxygen was used to obtain the kinetic and thermodynamics parameters by numerical

optimization of the experimental data.
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Two types of active sites have been proposed, one acid site (L) in which the
alcohol dehydration takes place, this acid site involves both, C-O-PO3 groups and P-OH
acid sites. The second active site (L) is assumed for the dissociation of molecular
oxygen, which is that associated to C-PO;3 groups, given that at oxidation temperatures
lower than 350 °C oxygen reacts preferentially with the phosphorus surface groups

through the oxidation of C-PO3 groups to C-O-POj; ones [30].

The reaction steps for the formation of DME, DMM, MF, CO; and CO are given
in the following reaction scheme which accounts steps of adsorption on the active sites,

surface reaction and desorption of the reaction products from the active sites.

Adsorption

CH,OH(g) + L MOt | ey OH — 1. 1)
0,(g) + 21/ —2 20— 1) )
Surface reactions

Methanol dehydration

CH5OH — L + CH30H(g) —2, CH,0CH, — L + H,0(g) 3)
H,0(g) + CH;0H — L —v, [ H,0]CH;0H — L (4)

Secondary reactions

Kchyoy

CH;OH-L+0-1L [CH,O, — L] + H,0(g) +L (5)

k
[CH,0, — L] + 2CH;0H(g) ————— (CH30),CH, — L+ H,0(g)  (6)

k
[CH, 0, — L] + CH;0H(g) ——— HCOOCH; — L + H,0(g) (7)
kco
[CH,0y — L] ———CO — L +H,0(g) (8)

02

’ k ’
[CH,O, — L] +0—-L—2 0, —L+H,0(g) +L 9)

Desorption
1
KpMmE
CH;0CH; — L «&—— CH30CH;3(g) + L (10)
1/KDMM

(CH30),CH, — L (CH30),CH,(g) + L (11)
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1
/
HCOOCH, — L «—MF _, HCOOCH,(g) + L (12)
1
/
CO, — L 2, c0,(g) + L (13)
1
/
CO— L= ,co(g) +L (14)

Scheme 1 outlines the surface methanol dehydration mechanism proposed.
Based on our previous results about alcohol dehydration on phosphoric acid activated
carbons [23,40], it is proposed that methanol is first molecularly reversibly adsorbed
through hydrogen bonds to the bridging hydroxyl on the Bronsted sites or through
hydrogen bonds between the oxygen in C-O-P bonds and the alcohol hydroxyl group
(1). DME is formed over the active sites, through a substitution reaction, Sx,, between
the adsorbed methanol and gas methanol by Eley-Rideal mechanism ((3) and (10)).
Based on the slight reduction of the methanol conversion and selectivity to DME with
increasing water vapor pressures (see Figure 4), it has been assumed that the water
formed in this dehydration reaction may be adsorbed on top of the chemisorbed
methanol molecules via formation of hydrogen bonds, resulting in the growth of water
clusters around the chemisorption active sites, forming H,O-MeOH-L dimers (4)
[63].On the other hand, adsorbed MeOH can also react with O-L' to produce
formaldehyde (CH,O) and formic acid (HCOOH) intermediates. These intermediates,
CH,0 and HCOOH, may react with methanol or O-L’ sites to produce DMM and MF
and CO, respectively, or CO,. For simplicity the intermediate species have been denoted
as CH,Oy in the general reaction scheme (5-9). Since all the experiments have been
conducted using the same oxygen pressure, and the oxygen chemisorption and spillover
are considered to be faster than the CO and CO, formation, the amount of spillover L’

oxygen can be considered to remain invariable, and will be englobed in the kCony and

Kco, kinetic constants.

130



Insights into the catalytic performance of a carbon-based acid catalyst in methanol dehydration:
Reaction scheme and kinetic modelling

Schemel. Scheme of the proposed surface dehydration mechanism from methanol

molecule adsorbed on a phosphate group.

For the proposed kinetic model, it is assumed that all the adsorption reaches an
equilibrium state. Moreover, desorption of the formed products is assumed to be fast,
with the adsorbed amounts being negligible, thus they are not accounted in the kinetic
expression. Besides, as the total conversion to DMM and MF are always lower than 1.5
%, until temperatures below 325 °C (which is the scope of the kinetic model) the
equations (6) and (7) are not considered. On the other hand, a quasi-equilibrium state is
proposed for the formation and consumption rates of the CH, Oy, intermediate species.
Taking these considerations into account, the kinetic rate expression for the formation

of each product can be drawn from the above reaction scheme.

rpme = KpMmE * Pveon * Omeon = Kpme * Kmeon-1 - Piieon * 0f (15)

kco kchyoy ' KMeoH-L-PMeon O

rco = Keo - Ocnyo, = keoTkco, (16)
Kco, KcHy0y KMeOH-L'PMeoH OF
_ . .o — 2 xOy
rco, = Kco, " Ocnyo, " 00 = keo+kco, (17)
—TI'MeoH = 2 ' I'pmg + I'co + I'co, (18)
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where the free superficial fraction coverage of L sites is:

1

1+K P [1+Ky P+ KCHxOy
MeOH-L'fMeOH w'rw kCO+kC02

Finally, the following suppositions were assumed: the reactor is considered as a
plug flow integral reactor, homogeneous distribution of active sites on the catalyst
surface, catalyst is assumed to operate at steady-state conditions, diffusional constraints
and transport limitations are negligible (theoretically proven from Damkdhler and
Thiele modulus) and changes in temperature and pressure within the reactor are
neglected. All these suppositions have been checked in previous work on alcohol

dehydration where the same experimental procedure was utilized [23,40].

The dependence of the kinetic and thermodynamic parameters with the
temperature was considered to follow an Arrhenius law for the kinetic constant (Eq. 21)

or the Van't Hoff law for the adsorption constants (Eq. 22)

ki = kioexp (=) 1)
K; = Kioexp (=) (22)

Finally, the molar balance to the plug reactor is employed for obtaining the

methanol conversion and the product formation at a given space time

_r, (23)

Combining the molar balances, the kinetic rates equations and stoichiometric
relationships, and using Runge-Kutta for the numerical solution of each differential

equation, the set of differential equations can be solved, and the conversion and
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selectivity can be estimated for every given operational condition employed in the
kinetic study. Thus, the kinetic parameters that rule out the proposed model were
calculated by minimizing the objective function (O.F.) using the Levenberg-Marquart

optimization method as implemented in Matlab 2010a software:

_ Yi(Xcalj—Xexp;j)?
i

O.F.

(24)

where Xexp; represents the value of the conversion obtained experimentally, and
Xcal; the calculated value. This optimization problem was solved given an O.F. value

of 8.38 x 107,

3.5. Kinetic study

Table 5 summarizes the values of the activation energy or enthalpy of adsorption
and the preexponential factors (kio, Kjp) for all the implied reactions and equilibriums.
The activation energy for the formation of DME is 85.4 kJ/mol, within the range of
apparent activation energies obtained by Moreno-Castilla et al. [26] (65-110 kJ/mol)
with different activated carbons oxidized with H,O,, (NH4),S,05 and HNO;, Xu et al.
[15] reported an apparent activation energy of around 105 KJ/mol for the dehydration of
methanol to DME over a y-Al,Os3. The obtained thermodynamic parameters fulfill the
requirements of negative enthalpies of adsorption, negative standard entropies of
adsorption (-42.0 and -24.7 J/mol-K for methanol and water, respectively) and standard
entropies of adsorption with absolute values smaller than the respective standard
entropies in gas phase (239.9 and 188.0 J/mol-K for methanol and water, respectively).
The rate constants have been obtained for a reaction temperature of 325 °C and the
results are reported in the last column of Table 5. It can be observed that the kinetic
constants for the formation of CO, and CO are three orders of magnitude lower than the
formation constant of the oxygenated intermediates, kcuxoy, Which causes the relative
amount of the intermediates being the highest in the surface of the active site. As for the

water interaction with methanol, it was observed that at the highest methanol

133



Chapter 4

conversion, around 6% of adsorbed methanol was unavailable due to the interaction

with the formed water.

Table 5. Kinetic and thermodynamic parameters obtained for methanol conversion.

R B ST
Keon-L 6.3-10% -28.6 2.0
Kymeon-L 5.1-10 -30.4 2.3:10"
Kpnme 1.0-10" 85.4 3.6
Kenvoy 2.6:10™ 132.6 6.8:10™
Kco 1.3:10" 107.9 4.9-10"
kco 2.2:107 110.6 4810

Figure 10a represents the steady-state methanol conversion as a function of the
space time, from 0.050-0.180 g-s/umol, at an inlet methanol partial pressure of 0.02 atm
and at different reaction temperatures. On the other hand, Figure 10b displays the
methanol steady state conversion as a function of methanol (0.01-0.004 atm) inlet
partial pressures at different temperatures and at space time of 0.10 g-s/umol. All shown
data refers to experiments performed in air. The results predicted by the model are
shown in solid lines for comparison sake. It is noteworthy the good agreement between
experimental and calculated values provided by the kinetic model. A significant
increment in methanol conversion with increasing temperature, space time and
methanol partial pressure in the inlet stream can be noticed. Selectivity to DME remains
very high and practically constant, although when temperature is raised there is a slight
increase in the selectivities to CO, and CO, which are the most thermodynamically
favored products (data not shown). Figure 11 represents the simulated conversion, X,
versus the conversion obtained experimentally, X, for dehydration of methanol on
ACP2800 catalyst, as well as the calculated and experimental DME, CO and CO, yields
(expressed as the selectivity multiplied by the methanol conversion). A proper fitting of
the model to the experimental Methanol conversion and DME yield is observed in
Figure 1la. However, calculated CO, and CO (Figure 11b) yields show a slight
deviation from the experimental data due to difficulties in their determination because

the low produced amount, affecting the accuracy of the experimental values.
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Figure 10. Steady state methanol conversion at different temperatures as a function of
the space time (Pyeon = 0.020 atm) (a) and as a function of the methanol partial pressure

(W/Fmeon = 0.10 g-s/umol) (b) in air. (Symbols: experimental values, lines: calculated

values).
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Figure 11. Calculated versus experimental conversions for (a) methanol and dimethyl

ether and (b) carbon monoxide and carbon dioxide.
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4. Conclusions

A carbon catalyst obtained by chemical activation of olive stone with phosphoric
acid at an impregnation ratio of 2 and an activation temperature of 800 °C has shown to
be effective for the selective methanol dehydration to dimethyl ether. XPS analyses
demonstrates the presence of phosphorus in form of C-O-PO; and C-POj; groups over
the carbon surface, which confers to the carbon surface acid and redox sites as

confirmed by MeOH-TPRS.

The catalytic results evidence that the catalyst performance strongly depends on
the type of atmosphere in which the reaction proceeds, and suggest that oxygen plays a
key role on this catalytic process. In the absence of oxygen, the catalyst suffers a
progressive deactivation due to both coke deposition on the strong Bronsted acid sites
and to the reduction of the phosphorus groups (from C-O-P to C-P ones). However, in
the presence of air, the carbon surface chemistry is modified through oxygen spillover
(favoured by the presence of surface phosphorus groups) on the catalyst surface, where
the availability of labile oxygen inhibit catalyst deactivation and allow methanol steady
state conversion to be reached. Furthermore, the presence of oxygen leads to significant
enhancement of methanol conversion without any significant change in the selectivity
or reaction and even partially regenerates the wasted catalysts obtained from inert
experiences. Methanol conversion and DME selectivity are slightly reduced when water
vapor is added to the reactor. A kinetic study has been carried out where the methanol
decomposition was supposed to proceed through an Eley-Rideal mechanism, in which
the surface reaction proceeds through a substitution mechanism, Sy,, between an
adsorbed methanol molecule and a methanol molecule in gas phase. The rate
expressions derived from the optimization of the kinetic parameters of the model
properly described the experimental results, being the activation energy obtained for the

formation of dimethyl ether around 85 kJ/mol.
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Notation

AEET= apparent surface area obtained by the BET method, m*g-'

ACD?{Z = apparent area of narrow micropores, m>g-'

BET = Brunauer, Emmett, and Teller

DME = dimethyl ether

DMM = dimethoxymethane

DR = Dubinin-Raduskevich

Ea; = activation energy of the formation of i, kJ ‘mol-!

ER = Eley-Rideal

Fumeon = initial molar flow of methanol, mol-s™

AH',, = standard enthalpy of adsorption, J mol™

AH;| = enthalpy of adsorption of i on an acid site, KJ-mol™)
AH;( = enthalpy of adsorption of i on C-P site, KJ-mol™

i — L = component i bonded to L site, MeOH-L; DME-L; DMM-L; MF-L; CO-L; CO,-L
i — L = component i bonded to L’ site, O-L’

k; = i formation rate constant (mol g s™)

Ki.L = Adsorption equilibrium constant for i on acid site, atm™
Ki..» = Adsorption equilibrium constant for i on C-P site, atm’!
Kio.L = preexponential factor of the i adsorption on acid site, atm™!
Kio.L» = preexponential factor of the i adsorption on C-P site, atm’!
L = acid site

L’= C-Psite

M, MeOH = methanol

MF = methyl formate

NDIR = nondispersive infrared

O.F. = objective function (Residual error)

P;, = component i initial pressure, atm

P; = component i final pressure, atm

1, = rate of i formation (mol s™ g™)

R = universal gas constant, J-mol "K'

Ri = rate equation for component i

Si = selectivity to i product
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STP = standard temperature-pressure conditions
T = temperature (°C)
TOS= time on stream

TPD = temperature-programmed desorption
Vgﬁ (cm’/g) = micropore volume obtained by the DR method applied to the N, isotherm, cm’-g-'

V5R? = micropore volume obtained by the DR method applied to the CO; isotherm, cm*g
Vimeso = mesopore volumen, cm’-g-'

W = water

W= weight of catalyst, g (g)

W/F°gon = ethanol space time (g s mol™)

P -p .
Xyeon = —He0Ho” " MeOH — 1yyathanol conversion

PMeoHo

Xexp = €xperimental conversion
Xa = calculated conversion

XPS = X-ray photoelectron spectroscopy
Greek letters

0; = fractional coverage of specie i on acid sites

0’; = fractional coverage of specie i on C-P sites
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Chapter 5

Abstract  Ethylene is essential material for the petrochemical industry. Ethylene
production via catalytic dehydration of ethanol over an activated carbon prepared by
chemical activation of olive stone with H3PO4 is reported in this paper. The XPS
results suggest the existence mainly of C-OPO3 and C-PO3 surface groups, which are
responsible of the wide distribution of acid sites on the carbon surface, as confirmed by
NH3-TPD. The catalytic decomposition of ethanol over the activated carbon yields
mainly dehydration products, mostly ethylene (selectivity > 90 % at 325 °C) with lower
amounts of diethyl ether. Only at low-temperatures, below 300 °C, the selectivity to
both diethyl ether and acetaldehyde, as dehydrogenation product, are significant. The
effects of operation parameters, such as ethanol partial pressure, reaction temperature,
space time, water vapor and concentration of oxygen in the carrier gas have been
investigated experimentally. In absence of oxygen the catalysts suffer a progressive
deactivation due to both coke deposition on Bronsted acid sites and to the reduction of
the phosphorus groups (from C-O-P to C-P ones). In the presence of oxygen an increase
in the activity of the catalysts is observed and no deactivation is produced up to 325 °C.
The presence of oxygen enables maintenance of the catalytic redox cycle of the P
groups from C-P to C-O-P ones, and catalytic active sites are recovered. Ethanol
conversion is reduced slightly when water vapor is added to the reactor. A kinetic study
of the catalytic dehydration of ethanol was carried out, where a Langmuir-Hinshelwood
mechanism, via a surface elimination reaction, E2, was analyzed for ethylene formation.
The rate expressions derived from the model fitted properly the experimental results,
being the activation energy obtained for the formation of the main product, ethylene,

around 165 kJ/mol.

Keywords: Catalysis, Kinetics, Selectivity, Ethanol decomposition, Ethylene, Activated

carbons.
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1. Introduction

Diethyl-ether is a valuable chemical and an attractive motor vehicle fuel
alternative [1] and ethylene is one of the major feedstock of the petrochemical industry.
Production of petrochemicals from a non-petroleum, environment friendly feedstock
and development of new efficient ethylene production processes are considered as
challenging research areas [2,3]. Bioethanol is an attractive alternative feedstock to be
used for the production of these chemicals, among others petrochemical raw materials
[4]. Furthermore, bioethanol is a key product as automotive fuel mixed with gasoline or
diesel [5] and for obtaining H, by catalytic reforming [6,7]. Consequently, bioethanol
should be considered a key biomass-derived product to complement oil and reduce CO,
emissions, along with other oxygenates derived from other lignocellulosic biomass
treatments, such as methanol and dimethyl ether (obtained via gasification) and biooil

(obtained via flash pyrolysis).

The catalytic transformation of bioethanol to ethylene, which is the objective of
the BETE (bio-ethanol to ethylene) process [8,9], avoids the costly operations for the
total water elimination to obtain anhydrous ethanol, making the catalytic dehydration of
bio-ethanol a very attractive way to obtain ethylene from a non petroleum source. For
the BETE process, the HZSM-5 zeolite is more active and stable than the traditionally
used y-Al,Os, with slow deactivation by coke, which is attenuated by treatments to
moderate its acid strength [10,11]. However, irreversible deactivation of the catalyst by
dealuminization of the HZSM-5 zeolite occurs when temperature and water content in
the feed of bioethanol are increased [12]. This problem is common to other oxygenated

transformation processes, as in the case of methanol [13].

However, less effort has been related to study the ethanol dehydration on carbon
based catalysts. In this sense, Szymanski et al. [14] and Carrasco—Marin [15] studied the
effect of active carbon oxidation with HNOs and (NH4),S,0s, respectively, on their
activity and selectivity in ethanol decomposition reaction. These oxidized carbons
showed to be active for ethanol decomposition, yielding mainly ethylene and diethyl
ether, however these authors also proved that the catalytic activity decreases at
temperatures higher than 300 °C caused by thermal decomposition of surface oxygen
groups. On the other hand, Grunewald and Drago [16] studied the ethanol

decomposition reaction over carbon molecular sieves. They found that when this
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process is carried out in inert atmosphere the catalytic activity decreases and the main
reaction product is ethylene. However, they reported that when N, was change by air,
the catalysts recovered the activity and the main products were acetaldehyde and ethyl
acetate. In particular, our research group has been studying the oxidation resistance and
the catalytic properties of activated carbons prepared by chemical activation with
phosphoric acid of various bio-renewable carbon precursors [17-19]. This activation
method results in the formation of oxygen-phosphorus surface groups of high thermal
stability and high surface acidity, which confers to the carbon a high oxidation
resistance. These carbons have been used as catalytic supports [20-22] or as catalysts by
themselves for 2-2-butanol and 2-propanol decomposition reactions, yielding mainly
dehydration products [23,24]. More recently, we have studied the gas phase methanol
[25] and ethanol [26] decomposition reaction over different acid carbon catalysts
prepared by chemical activation of olive stone with phosphoric acid. We found that in
absence of oxygen the catalyst suffer a progressive deactivation, however, the presence
of oxygen produces a significant increase of the methanol and ethanol conversion and
avoids deactivation of the catalysts under the operation conditions studied. In this work
we study the decomposition (dehydration and dehydrogenation) of ethanol by using the
acid activated carbon catalyst with the highest activity. Specifically, we examine the
effect of oxygen concentration in the carrier gas, reaction temperature, ethanol inlet
partial pressure and space time in the conversion and product selectivity of the ethanol
decomposition reaction. A kinetic study of the ethanol decomposition on the acid
carbon is also presented in which the presence and absence of water vapor in the reactor
feed, in concentrations similar to that of the bio-ethanol, has been also analyzed. The

corresponding kinetics and thermodynamics parameters were obtained.

2. Experimental procedure

2.1. Catalyst preparation

The carbon catalyst used in this work, denoted as ACP2800, was from olive
stones, an agricultural waste predominantly produces in the Mediterranean countries.
Olive stones were obtained from local olive manufacturers, cleaned with deionized

water, dried at 100 °C, and ground with a roller mill to obtain samples of 1-2 mm
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particle size. This olive stone waste was impregnated with concentrated commercial
H3;PO4 (85 wt.%, Sigma Aldrich) at room temperature, using a weight ratio of 2/1
(HsPQO4/olive stone), and dried for 24 h at 60 °C. The impregnated sample was activated
at 800 °C, under continuous N, (purity 99.999%, Air Liquide) flow (150 cm® STP/min)
in a conventional tubular furnace. The activation temperature was reached at a heating
rate of 10 °C/min and maintained for 2 h. The activated sample was cooled inside the
furnace under the same N, flow and then washed. In the washing process the carbonized
sample was immersed in hot distilled water at 60 °C for 2 h and afterward rinsed with
room temperature distilled water at 60 °C until constant pH and negative phosphate
analysis in the eluate [26]. Finally, the resulting activated carbon was dried at 100 °C,

grinded and sieved (100-300 pm).
2.2. Catalyst characterization

The porous structure of the carbon was characterized by N,
adsorption/desorption at -196 °C and CO, adsorption at 0 °C, carried out in an ASAP
2020 model equipment of Michromeritics Instruments Corporation. Samples were
previously outgassed during at least 8 hours at 150 °C. From the N,
adsorption/desorption isotherm, the apparent surface area (Appr) was determined
applying the BET equation [27], the micropore volume (V;) and the external surface
area (A;) were calculated using the t-method [28] and the mesopore volume (Vi,es) was
obtained as the difference between the adsorbed volume at a relative pressure of 0.95
and the micropore volume (V;) [29]. The narrow micropore surface area (Apr) and
volume (Vpr) were obtained by the Dubinin-Radushkevich method [30] applied to the

CO; adsorption isotherm.

The surface chemistry of the carbon was analyzed by X-ray photoelectron
spectroscopy (XPS), temperature-programmed desorption (TPD), adsorption and
temperature-programmed desorption of ammonia (NH3-TPD). The XPS analyses were
obtained using a 5700C model Physical Electronics apparatus, with MgKa radiation
(1253.6 eV). For the analysis of the XPS peaks, the Cls peak position was set at 284.5
eV and used as reference to position the other peaks. The fitting of the XPS peaks was
done by least squares using Gaussian-Lorentzian peak shapes. TPD profiles were
obtained in a custom quartz tubular reactor (i.d. 4 mm) placed inside an electrical

furnace. The sample was heated from room temperature up to 900 °C at a heating rate of
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10 °C/min in helium (purity 99.999%, Air Liquide) flow (200 cm® STP/min).The
amounts of CO and CO, desorbed from the samples were monitored with nondispersive

infrared (NDIR) gas analyzers (Siemens ULTRAMAT 22).

The total acidity and acid strength distribution of the catalyst were determined
by temperature programmed desorption of ammonia. The NH3;-TPD was performed
using 80 mg of catalyst saturated with NH3 (20% vol. in Helium) for 15 min at 100°C.
After saturation, the NH3 weakly adsorbed was desorbed in a H, flow, at the adsorption
temperature, until no NH3 was detected in the outlet gas. The NH;-TPD was performed
by raising the temperature up to 500°C at a heating rate of 10°C/min. The NHj3 was

measured by mass spectrometer (Pfeiffer Omnistar GSD-301).
2.3. Ethanol decomposition

The catalytic activity of the obtained activated carbon was measured by the
decomposition of ethanol performed at atmospheric pressure, in a quartz fixed bed
microreactor (4 mm i.d.), placed inside a vertical furnace with temperature control. In a
typical experiment 150 mg of catalysts (100-300 pm mesh) was used. Ethanol was fed
to the system in a controlled way by using a syringe pump (Cole-Parmer® 74900-00-05
model). The reaction was carried out in different atmospheres (He, 2, 4 and 10 % vol. of
O, in He and Air) in the temperature range 250-375 °C. To prevent condensation of
ethanol and its reaction products, all the connections, from the syringe pump to the
chromatograph, were heated by a wired resistance up to 120 °C. The conditions were
ethanol partial pressures from 0.01 to 0.08 atm and space times between 0.052 and 0.35
g's/umol (GHSV between 72 and 12 m3gaS kg'3catalyst h'l). Water was also fed to the

system and the water partial pressures were varied between 0.01 and 0.1 atm.

The concentration of ethanol and products in the outlet gas stream were analyzed
by gas chromatography (490 micro-GC equipped with PPQ, 5A molsieve and Wax
columns, Agilent). In all the cases carbon mass balances were closed with errors lower
than 5%. The ethanol conversion is defined as the molar ratio of ethanol converted to

ethanol fed to the reactor. The selectivity is defined as:

i G

Si
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where C; is the molar flow of 1 product in the outlet stream. The carbon-containing
products detected in the decomposition of ethanol (CH3;CH,OH, EtOH) catalyzed by
phosphoric acid activated carbons were ethylene (CH,CH,, E), diethyl ether
(CH3CH,OCH,CHj3, DEE) and acetaldehyde (CH3;CHO, ACC).

3. Results and discussion

3.1. Catalyst characterization

Catalyst selection was done based on the results of a previous work, in which
different activated carbons were obtained by chemical activation of olive stone with
phosphoric acid at different activation temperatures, in the interval 400-800 °C, and
impregnation ratios, between 0.5 and 2 (R, g H3PO4/g olive stone), and characterized
and tested for ethanol decomposition [26]. Among the prepared catalysts, ACP2800 (R
= 2 and carbonized at 800 °C) showed the greatest conversions and lowest deactivation
kinetics due to the wider porous structure and larger amount of stable surface
phosphorous, both characteristics generated by the high impregnation ratio and

activation temperature used for its synthesis.

The physicochemical properties of the carbon catalyst are presented in Table 1.
The data presented are referred to structural parameters obtained from the N,
adsorption-desorption and CO, adsorption isotherms, surface mass concentration
obtained by XPS and surface acidity of the carbon obtained by adsorption, desorption
and TPD of ammonia. The carbon catalyst presents a high apparent surface area (1400
m?/g) and a wide microporous structure indicated by the higher value of Agpr > with

CcO2

respect to that of Apr ~ [31]. The carbon catalyst presents also a relatively high value

of the external area (470 m?/ g) and a significant contribution of mesoporosity.

The mass surface concentrations measured by XPS reveal a significant amount
of surface phosphorus, 3.4 % wt., as a consequence of the activation procedure, which
increases with the activation temperature up to 800 °C and decreases with the
impregnation ratio [26,32-34]. It is well known that biomass activation with H;PO4 the
acid is combined with organic species to form phosphate and polyphosphate bridges

that connect and crosslink polymer fragments [35]. Combining XPS analyses of the P2p
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reaction, E2, was analyzed for ethylene formation. The rate expressions derived from
the model fitted properly the experimental results, being the activation energy obtained

for the formation of the main product, ethylene, around 165 kJ/mol.
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Notation

ACC = acetaldehyde

Aggr = apparent surface area (m” g™)

Apg = narrow micropore surface area (m” g™

A = external surface area (m’ g'l)

BET = Brunauer, Emmett, and Teller

Da = Damkohler number

DEE = diethyl ether

d, = particle diameter (cm)

E = ethylene

Ea; = activation energy of the formation of i (KJ mol™)

EtOH = ethanol

ER = Eley-Rideal

Frion = initial molar flow of ethanol (mol-s’l)

AH',q = standard enthalpy of adsorption (J mol™)

AH;. = enthalpy of adsorption of i on an acid site (KJ mol™)
AH;.» = enthalpy of adsorption of i on a basic site (KJ mol™)
k; =1 formation rate constant (mol g'1 s'l)

Ki.L = Adsorption equilibrium constant for i on acid site (atm™)
Ki..- = Adsorption equilibrium constant for i on basic site (atm™)

Kio.L = preexponential factor of the i adsorption on acid site (atm™)
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Kio..» = preexponential factor of the i adsorption on basic site (atm™)
L = acid site

L” = basic site

Ly = bed length (cm)

n = reaction order

Pe, = particle Peclet number

P°kion = ethanol partial pressure at the reactor inlet (atm'l)
P; = i partial pressure (atm™)

P/Po = relative pressure

R = universal gas constant (R =8.31J mol™ K™)
Re, = particle Reynolds number

r; = rate of i formation (mol s™ g™)

AS’,q = standard entropy of adsorption (J mol™ K™)
SOg = standard entropy in gas phase (J mol”’ K™

Si = selectivity to 1 product

STP = standard temperature pressure conditions

T = temperature (°C)

TOS = time on stream (min)

Vads = N> adsorbed volume (cm3 STP-g'l)

Vpr = narrow micropore volume (cm’ g™)

Vines = mesopore volume (cm” g™)

V= micropore volume (cm® g™)

w = water

W = catalyst weight (g)

W/F°kon = ethanol space time (g s mol™)

Xexp = €xperimental conversion

Xi = conversion of/to i

Xcal = calculated conversion

XPS = X-ray photoelectron spectroscopy
Greek letters

n = interphase internal effectiveness factor

Next = Interphase external effectiveness factor

168



Kinetic study of the decomposition of ethanol on carbon-based acid catalysts

O.F. = objective function (Residual error)
0; = fractional coverage of specie 1 on acid sites

0”; = fractional coverage of specie i on basic sites

References

[1] Kito-Borsa T, Pacas DA, Selim S, Cowley SW. 1998. Properties of an ethanol diethyl ether water fuel
mixture for cold start assistance of an ethanol-fueled vehicle. Industrial and Engineering Chemistry

Research 1998; 37:3366-3374.
[2] Pereira CJ. New avenues in ethylene synthesis. Science 1999;285:670-671.

[3] Gucbilmez Y, Dogu T, Balci S. Ethylene and acetalehyde production by selective oxidation of ethanol
using mesoporous V-MCM-41 catalysts. Industrial and Engineering Chemistry Research 2006;45:3496-
3502.

[4] Gayubo AG, Alonso A, Valle B, Aguayo AT and Bilbao J. Kinetic Model for the Transformation of
Bioethanol into Olefins over a HZSM-5 Zeolite Treated with Alkali. Ind. Eng. Chem. Res. 2010;
49:10836-10844.

[5] Balat M, Balat H, Oz C. Progress in bioethanol processing. Prog. Energy Combust. Sci. 2008;34:551-
573.

[6] Navarro RM, Peiia MA, Fierro JLG. Hydrogen production reactions from carbon feedstocks: Fossils
fuels and biomass. Chem. ReV. 2007;107:3952-3991.

[7]1 Ni M, Leung DYC, Leung MKH. A review on reforming bio-ethanol for hydrogen production. Int. J.
Hydrogen Energy 2007;32:3238-3247.

[8] Le Van Mao R, Levesque P, McLaughlin GP, Dao LH. Ethylene from ethanol over zeolite catalysts.
Applied Catalysis 1987;34:163—179.

[9] Le Van Mao R, Nguyen TM, McLaughlin GP. The bioethanol-to-ethylene (BETE) process. Applied
Catalysis 1989;48:265-277.

[10] Moser WR, Thompson W, Chiang Ch, Tong H. Silicon-rich H-ZSM-5 catalyzed conversion of
aqueous ethanol to ethylene. J. Catal. 1989;117:19-32.

[11] Le Van Mao R, Nguyen TM, Yao J. Conversion of ethanol in aqueous solution over ZSM-5 zeolites.
Influence of reaction parameters and catalyst acidic properties as studied by ammonia TPD technique.

Appl Catal. 1990;61:161-173.

[12] Oudejans JC, Van Den Oosterkamp PF, Van Bekkum H, Appl. Catal. 1982;3:109—115.

169



Chapter 5

[13] Gayubo AG, Aguayo AT, Olazar M, Vivanco R, Bilbao J. Kinetics of the irreversible deactivation of
the HZSM-5 catalyst in the MTO process. Chem. Eng. Sci. 2003;58:5239-5249.

[14] Szymanski GS, Rychlicki G, Terzyk AP. Catalytic conversion of ethanol on carbon catalysts. Carbon
1994;32:265-271.

[15] Carrasco-Marin F, Mueden A, Moreno-Castilla C. Surface-treated activated carbons as catalysts for
the dehydration and dehydrogenation reactions of ethanol. Journal of Physical Chemistry B

1998;102:9239-9244.

[16] Grunewald GC, Drago RS. Carbon molecular sieves as catalysts and catalyst supports. Journal of

American Chemical Society 1991;113:1636-1639.

[17] Rosas JM, Bedia J, Rodriguez-Mirasol J, Cordero T. HEMP-derived activated carbon fibers by
chemical activation with phosphoric acid. Fuel 2009;88:19-26.

[18] Rosas JM, Ruiz-Rosas R, Rodriguez-Mirasol J, Cordero T. Kinetic study of the oxidation resistance
of phosphorus containing activated carbons. Carbon 2012;50:1523-1537

[19] Valero-Romero MJ, Rodriguez-Mirasol J, Cordero T. Role of surface phosphorus complexes on the

oxidation of porous carbons. Chapter 2.

[20] Bedia J, Rosas JM, Rodriguez-Mirasol J, Cordero T. Pd supported on mesoporous activated carbons
with high oxidation resistance as catalysts for toluene oxidation. Applied Catalysis B: Environmental

2010;94(1-2):8-18.

[21] Guerrero-Pérez MO, Valero-Romero MJ, Hernandez S, Lopez Nieto JM, Rodriguez-Mirasol J,
Cordero T. Lignocellulosic-derived mesoporous materials: An answer to manufacturing non-expensive

catalysts useful for the biorefinery processes. Catalysis Today 2012;195:155-161.

[22] Valero-Romero MJ, Cabrera-Molina A, Guerrero-Pérez MO, Rodriguez-Mirasol J, Cordero T.
Carbon materials as template for the preparation of mixed oxides with controlled morphology and porous

structure. Catalysis Today 2014;227(15):233-241.

[23] Bedia J, Ruiz-Rosas R, Rodriguez-Mirasol J, Cordero T. Kinetic study of the decomposition of 2-
butanol on carbon-based acid catalyst. AIChE J. 2010;56:1557-1568.

[24] Bedia J, Rosas JM, Marquez J, Rodriguez-Mirasol J, Cordero T. Preparation and characterization of
carbon based acid catalysts for the dehydration of 2-propanol. Carbon 2009;47:286-294.

[25] M. J. Valero-Romero, E.M. Calvo-Muiloz, R. Ruiz-Rosas, J. Rodriguez-Mirasol, T. Cordero.
Insights into the catalytic performance of a carbon-based acid catalyst in methanol dehydration: Reaction

scheme and kinetic modelling. Chapter 4..

[26] Bedia J, Barrionuevo R, Rodriguez-Mirasol J, Cordero T. Ethanol dehydration to ethylene on acid
carbon catalysts. Applied Catalysis B: Environmental 2011;103:302-310.

170



Kinetic study of the decomposition of ethanol on carbon-based acid catalysts

[27] S Brunauer, PH Emmett, E Teller. Adsorption of gases in multimolecular layers. ] Am Chem Soc

1938, 60, 309-19.

[28] BC Lippens, JH de Boer. Studies on pore systems in catalysts V. The t method. J Catal 1965, 4, 319—
23.

[29] F Rodriguez-Reinoso, M Molina-Sabio, MT Gonzalez. The use of steam and CO2 as activating

agents in the preparation of activated carbons. Carbon 1995, 33, 15-23.

[30] MM Dubinin, ED Zaverina, LV Radushkevich. Sorption and structure of active carbons. I.
Adsorption of organic vapors. J Phys Chem [URSS] 1947, 21, 1351-62.

[31] Rodriguez-Mirasol J, Cordero T, Rodriguez JJ. Activated carbons from CO2 partial gasification of
eucalyptus kraft lignin. Energy&Fuels. 1993, 7, 133-8.

[32] Rosas JM, Bedia J, Rodriguez-Mirasol J, Cordero T. Preparation of hemp-derived activated carbon
monoliths. Adsorption of water vapor. Ind Eng Chem Res 2008;47(4):1288-96.

[33] Puzy AM, Poddubnaya OI, Martinez-Alonso A, Suarez-Garcia F, Tascon JMD. Synthetic carbons
activated with phosphoric acid III. Carbons prepared in air. Carbon 2003;41:1181-1191.

[34] Puziy AM, Poddubnaya OI, Martinez-Alonso A, Suarez-Garcia F, Tascon JMD. Surface chemistry
of phosphorus-containing carbons of lignocellulosic origin. Carbon 2005;43:2857-2868.

[35] Jagtoyen M, Derbyshire F. Activated carbons from Yellow Poplar and White Oak by H3PO4
activation. Carbon 1998;36(7):1085-97.

[36] Valero-Romero MJ, Rodriguez-Mirasol J, Cordero T. On the chemical nature and thermal stability of

surface phosphorus groups on carbons by TPD experiments. Submitted to Carbon.

[37] Wu X, Radovic LR. Inhibition of catalytic oxidation of carbon/carbon composites by phosphorus.
Carbon 2006;44(1):141-151.

[38] Varislia D, Dogua T, Dogub G. Ethylene and diethyl-ether production by dehydration reaction of
ethanol over different heteropolyacid catalysts. Chemical entineering Science. 2007;62(18-20):5349-
5352.

[39] Chen G, Li S, Jiao F, Yuan Q. Catalytic dehydration of bioethanol to ethylene over TiO2/g-A1203
catalysts in microchannel reactors. Catalysis Today 1007;125:111-119.

[40] Varisli D, Dogu T, Dogu G. Silicotungstic acid impregnated MCM-41-like mesoporous solid
acid catalysts for dehydration of ethanol. Ind. Eng. Chem. Res. 2008:47;4071-4076.

[41] Zaki T. Catalytic dehydration of ethanol using transition metal oxide catalysts. J. Colloid Interface
Sci. 2005;284:606-613.

171



Chapter 5

[42] Knozinger H, K&hne R. J. Catal. 1964;3(6):559-560.

[43] Knozinger H, Kohne R. The Dehydration of Alcohols over Alumina: I. The reaction scheme. Journal
of Catalysis. 1966;5(2):264-270.

[44] Matthew A. Christiansen, Giannis Mpourmpakis, and Dionisios G. Vlachos. Density Functional
Theory-Computed Mechanisms of Ethylene and Diethyl Ether Formation from Ethanol on
YEAI203(100). ACS Catal. 2013(3)1965-1975.

[45] Winter O, Ming-Teck E. Make ethylene from ethanol. Hydrocarbon Processing 1976;125-133

[46] Phillips CB, Datta R. Production of ethylene from hydrous ethanol on H-ZSM-5 under mild
conditions. Ind. Eng. Chem. Res. 1997;36:4466-4475.

[47] Nguyen TM, Mao RLV. Conversion of ethanol in aqueous solution over ZSM-5 zeolites. Appl.
Catal. 1990;58:119-129.

[48] Zhang X, Wang R, Yang X, Zhang Fo. Comparison of four catalysts in the catalytic dehydration of
ethanol to ethylene. Microporous and Mesoporous Materials 2008;(116):1-3)210-215.

[49] Zhou B, Machej T, Ruiz P, Delmon B. Catalytic cooperation between MoO3 and Sb204 in N-ethyl-
formamide dehydration. II. Nature of active sites and role of spill-over oxygen. J. Catal. 1991;132:183-
199.

[50] Weng LT, Ruiz P, Delmon B and Duprez D. Evidence of the migration of oxygen species from
Sb204 to MoO3 in Mo0O3-Sb204. J. Mol. Catal. 1989;52:349-360.

[51] Mul G, Neeft JPA, Kapteijn F, Moulijn JA. The formation of carbon surface oxygen complexes by
oxygen and ozone. The effect of transition metal oxides Carbon 1998;36:1269-1276.

[52] Knozinger H, Khone R. The dehydration of alcohols over alumina: I. The reaction scheme. Journal

of Catalysis 1996;5:264-270.

[53] Knozinger H, Buhl H, Kochloefl K. The dehydration of alcohols on alumina: XIV. Reactivity and
mechanism. Journal of Catalysis 1972;24:57-68.

[54] Macht J, Janik MJ, Neurock M, Iglesia E. Catalytic Consequences of Composition in
Polyoxometalate Clusters with Keggin Structure. Angewandte Chemie — International Edition 46 (2007)
7864-7868.

[55] Macht J, Janik MJ, Neurock M, Iglesia E. Mechanistic consequences of composition in acid catalysis

by polyoxometalate Keggin clusters. Journal of the American Chemical Society 2008;130:10369-10379.

[56] Janik MJ, Macht J, Iglesia E, Neurock M. Correlating Acid Properties and Catalytic Function: A
First-Principles Analysis of Alcohol Dehydration Pathways on Polyoxometalates. Journal of Physical

Chemistry C 2009;113(5):1872-1885.

172



Kinetic study of the decomposition of ethanol on carbon-based acid catalysts

[57] Lee KY, Arai T, Nakata S, Asaoka S, Okuhara T, Misono M. Catalysis by Heteropoly Compounds.
20. An NMR Study of Ethanol Dehydration in the Pseudoliquid Phase of 12-Tungstophosphoric Acid.
Journal of the American Chemical Society 1992;114:2836-2842.

[58] Chiang H, Bhan A. Catalytic consequences of hydroxyl group location on the rate and mechanism of

parallel dehydration reactions of ethanol over acidic zeolites. Journal of Catalysis 2010;271:251-261.

[59] Saito Y, Niiyama H. Reaction mechanism of ethanol dehydration on/in heteropoly compounds:
Analysis of transient behavior based on pseudo-liquid catalysis model. Journal of Catalysis

1987;106(2):329-336.
[60] Moulijn JA, Tarfaoui A, Kapteijn F. General aspects of catalyst testing. Catal Today. 1991;11:1-12.
[61] Satterfield CN. Heterogeneous Catalysis in Practice. New York: McGraw-Hill; 1991.

[62] Gierman H. Design of laboratory hydrotreating reactors. Scaling down of trickle-flow reactors.

Applied Catalysis 1988;43:277-286.
[63] Vannice MA. Kinetics of Catalytic Reactions. Springer 2005:51-61.

[64] Saito Y, Niiyama H. Reaction mechanism of ethanol dehydration on/in heteropoly compounds:
Analysis of transient behavior based on pseudo-liquid catalysis model. Journal of Catalysis

1987;106(2):329-336.

[65] Levenberg K. A method for the solution of certain non-linear problems in least squares. Quarterly of

Applied Mathematics. 1944;2:164-168.

[66] Marquardt D. An algorithm for least-squares estimation of nonlinear parameters. SIAM Journal on

Applied Mathemathics 1963;11:431-441.

[67] Rioux RM, Vannice MA. Hydrogenation/dehydrogenation reactions: isopropanol dehydrogenation
over copper catalysts. Journal of Catalysis 2003;216:362-376.

[68] Boudart M, Meras DE, Vannice MA. Kinetics of heterogeneous catalytic reactions. Industrie
chimique belge 1967;32:281-284.

[69] Vannice MA, Hyun SH, Kalpalci B, Liauh WC. Entropies of adsorption in heterogeneous catalytic
reactions. Journal of Catalysis 1979;56:358-362.

[70] Deon JA. Lange’s Handbook of Chemistry. 15th ed., McGraw-Hill 1999 p. 6.42.

173






L Chapter 6

Lignocellulosic-derived mesoporous
materials: An answer to manufacturing non-
expensive catalysts useful for the biorefinery

Processes

This chapter is based on the following publication:

Guerrero-Pérez, M.O., Valero-Romero, M.J., Herndndez, S., Nieto, J.M.L., Rodriguez-
Mirasol, J., Cordero, T. Catalysis Today, (2011) 195, 155-161.



Chapter 6

Abstract It is described the synthesis procedure and characterization of a
mesoporous carbon obtained from biomass waste by a simple method, generating a low-
cost material, with the corresponding waste revaluation. The use of phosphoric acid
during the activation of the waste material induces the presence of stable phosphate
groups, with acid characteristics, on the surface of the mesoporous carbon, which could
find many applications as an acid solid catalyst. In addition, such phosphate groups
increase the stability of the carbon material under oxidizing conditions at relatively high
temperatures, increasing the range of catalytic applications in which this material could
be used. This paper also shows how the redox functionality can be incorporated on the
surface of this carbon material by impregnation with vanadium oxide species. The
corresponding carbon supported vanadium oxide catalyst is active and relatively
selective in the propylene partial oxidation to oxygenates. It is also discussed how the
catalytic behavior of such vanadium-containing catalysts can be improved by the use of

Zr as dopant.

Keywords: lignocelluloses, nanostructured catalysts, biomass, activated carbon;

carbon-supported catalysts, vanadium oxide
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1. Introduction and Objectives

Biorefineries use biomass as an abundant and renewable resource for the
production of energy, biofuels and valuable chemicals though different processes that
requires the use of a catalyst [1, 2]. Thus, the use of biomass waste for the preparation
of the catalytic materials required by the biorefineries could be interesting. Nowadays,
a general tendency in the design of catalytic materials is based on nanostructured
catalysts, since they present valuable advantages from both industrial and academic
points of view [3]. By this way, the active phases should be supported on a non-
expensive material that acts as support, in order to avoid syntherization of the active
phase, reducing the amount of active phase required for a satisfactory catalytic

performance and improving the mechanical properties of the catalyst.

Moreover, the nature of the specific support has a significant influence on the
performance of the catalysts. In this sense, carbon materials are attractive as catalyst
support since they can satisfy most of the desirable properties required for a suitable
support [4]: high surface area, chemical stability, and, in addition, once he catalysts are
deactivated, the supported oxide active phases can be easily recovered by
gasification/oxidation of this carbon material, without net contribution to CO2 emission.
In the context of biorefinery, the carbon materials present an additional advantage since
they can be obtained from biomass waste, which is an abundant and economical starting

material.

However, carbon supports only could be used under certain conditions, for
example, under an oxidant atmosphere they would gasify to CO, (or CO) at relatively
low temperatures. Nevertheless, it has been shown [5,6,7] that it is possible to prepare
carbon materials with a relatively large amount of phosphorus on the carbon surface by
chemical activation of lignocellulosic materials with phosphoric acid. This activation
procedure lead to phosphorus surface complexes in form of COPOs, CPO;, C;PO and
C3P groups, which remain very stable on the carbon surface at relatively high
temperatures and confer to the carbons a high oxidation resistance, acting as a physical
barrier and blocking the active carbon sites for the oxidation reaction [8]. Thus, these

phosphoric-activated carbon materials, with high oxidation resistance, open new
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possibilities for the use of carbon materials as catalytic supports for reactions that take

place at relatively high temperatures under oxidizing conditions.

The synthesis and characterization of such carbon material is described in the
present study, and also its catalytic applications. Since vanadium can be considered one
of the key elements in the formulation of oxidation catalysts [9,10], vanadium species
have been incorporated on the surface of a carbon material in order to evaluate their
catalytic behavior for the partial oxidation of propylene. In addition, the effect of
zirconium as promoter of these carbon-supported vanadium oxide catalysts has been

also evaluated.

2. Experimental

2.1. Preparation of samples

In order to evaluate the effect of phosphorous in the catalytic behavior of the
carbon support, two different activated carbons (with and without phosphorous) were
prepared thought different pathways: chemical activation with phosphoric acid and
physical activation by CO, gasification (Scheme 1). Olive stone waste (provided by
Sociedad Cooperativa Andaluza Olivarera y Frutera, Periana) was used, in both cases,
as starting material. The olive stone waste was cleaned with deionized water, dried at
100 °C, and ground with a roller mill to obtain samples of 400-800 pum particle size. For
the chemical activation process, the raw material was impregnated with concentrated
commercial H3PO4 (85 wt.%, Sigma Aldrich) at room temperature, with a weight ratio
of 3/1 (H3POu/olive stone), and dried for 24 h at 60 °C. The impregnated samples were
activated, at 500 °C, under continuous N, (99.999%, Air Liquide) flow (150 cm’
STP/min) in a conventional tubular furnace. The activation temperature was reached at
a heating rate of 10 °C/min and maintained for 2 h. The activated sample was cooled
inside the furnace under the same N, flow and then washed with distilled water at 60 °C
until neutral pH and negative phosphate analysis in the eluate [11]. The resulting
activated carbon, denoted by ACP, was dried at 100 °C and grinded and sieved (100-
300 pum). For the physical activation process, it was followed a procedure described
previously by our group [12,13], by this manner the gasification conditions, i.e.

gasification temperature and reaction time, as well as the particle sizes are set in order to
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warrant chemical reaction control achieving a value of burn-off of around 55 %. An
olive stone char was obtained by carbonization of the precursor under N, flow at 800
°C. This char was heated under N, atmosphere to the gasification temperature (800 °C),
then, the gas feed was switched to CO, (99.998%, Air Liquide) with a flow rate of 150
cm’ STP/min for 7 h. The resulting activated carbon was denoted by AC.

Chemical activation - Washi 1V/ACP
———»| Impregnation |y} Carbonization |——b" , p ————— | 0.9V-0.1ZI/ACP
HsPO4, 3:1 500°C, 2h 0.8V-0.2Zr/ACP

: 17Zx/ACP

Olive Stone Impregnation NH,VOs !
Waste Zr (OCH,CH,CHy),
Carbonization Gasification CO2 IV/IAC
) — —_—

S| 800C2h [T 800°C, Th AC 0.8V-0.2Zr/AC

Physical activation Burn-off 55% 1Zr/AC

Scheme 1. Synthesis, procedure and nomenclature of the samples.

V-, Zr- and V+Zr-containing catalysts were prepared dissolving the required
amount of precursor, NH4sVO; (99.99%, Sigma Aldrich) and/or Zr(OCH,CH,CHj3)4
(70wt% in 1-propanol, Sigma Aldrich), in a 0.5 M oxalic acid (99%, Sigma Aldrich)
solution. This solution was kept under stirring until all vanadium and zirconium
dissolves, then, the corresponding support (ACP or AC) was added. This mixture was
dried in a rotator evaporator at 80 °C at a reduced pressure of 10-40 mmHg. The
resulting solids were dried at 120 °C for 24 h and then calcined at 250 °C for 2h in air.
These catalysts were prepared with a total V+Zr coverage of 1 atom per nm2 of
activated carbon, and with different V/Zr molar ratio, which corresponds in weight
percentage to 9.9 V% for 1V/ACP; 8.8 V% and 1.8 Zr% for 0.9V-0.1Zr/ACP; 7.8 V%
and 3.5 Zr% for 0.9V-0.1Zr/ACP.

2.2. Characterization

Oxidation resistance of the different catalysts and the carbon support were
obtained by non-isothermal thermogravimetric analyses, carried out in a CI electronics
thermogravimetric system. The thermobalance automatically measures the weight of the
sample and the temperature as a function of time. Experiments were carried out in air
atmosphere, for a total flow rate of 150 cm’® (STP)/min, employing sample mass of

approximately 10 mg. The sample temperature was increased from room temperature up
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to 900 °C at a heating rate of 10 °C/min. The porous structure of the activated carbons
was characterized by N, adsorption-desorption at -196 °C and by CO, adsorption at 0°C,
carried out in an ASAP 2020 model of Michromeritics Instruments Corporation.
Samples were previously outgassed during 8 hours at 150 °C. From the N,
adsorption/desorption isotherm, the apparent surface area (Appr) was determined
applying the BET equation, the micropore volume (V;) and the external surface area
(A¢) were calculated using the t-method [14] and the mesopore volume (Vi) was
determined as the difference between the adsorbed volume at a relative pressure of 0.95
and the micropore volume (V;) [15]. The narrow micropore surface area (Apr) and
volume (Vpr) were obtained by the Dubinin-Radushkevich method [16] applied to the

CO; adsorption isotherm.

X-ray photoelectron spectroscopy (XPS) analyses of the samples were obtained
using a 5700C model Physical Electronics apparatus, with MgKa radiation (1253.6 eV).
For the analysis of the XPS peaks, the Cls peak position was set at 284.5 eV and used
as reference to position the other peaks while the fitting of the XPS peaks was done by
least squares using Gaussian-Lorentzian peak shapes. Fourier transform infrared (FTIR)
spectra of the samples were acquired at room temperature in the 300 to 3900 cm™
region using a Nicolet 205xB spectrophotometer, equipped with a Data Station, at a
spectral resolution of 1 cm™ and accumulation of 128 scans. The pellets were prepared

with 2 mg of sample mixed with 100 mg of dry KBr and pressed into disks.

The surface acidity was studied by adsorption and desorption of pyridine (Py)
and 2,6-dimetilpyridine (DMPy) carried out in a thermogravimetric system (CI
Electronics) at 100 °C. The inlet partial pressure of the organic bases was 0.02, and it
was established saturating N, with the corresponding organic base in a saturator at
controlled temperature. After saturation of the carbon, desorption is carried out at the

adsorption temperature in Nitrogen flow.
2.3. Activity measurements

The catalytic experiments were carried out in a fixed bed quartz tubular reactor
(i.d. 12 mm, length 400 mm), working at atmospheric pressure. Catalyst samples (0.1-
0.4 mm particle size) were introduced in the reactor and diluted with 1-2 g of silicon

carbide (0.5-0.75 mm particle size) in order to keep a constant volume in the catalyst
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bed. The flow rate and the amount of catalyst were varied (from 25 to 100 cm’® min™
and from 0.25 to 1.0 g, respectively) in order to achieve different propylene conversion
levels. The feed consisted of mixture of propene/oxygen/water/helium (1.6/6.8/15/76.5).
Experiments were carried out in the 200-275 °C temperature range. Reactants and

reaction products were analyzed by on-line gas chromatography [17].

3. Results

Figure 1 shows the thermogravimetric analysis profiles in air for ACP (prepared
by activation with phosphoric acid) and for AC (prepared by physical activation)
activated carbon supports. As expected, the ACP carbon is resistant in air up to 500 °C,
lowering this temperature to 380 °C when it is impregnated with the oxide active phase.
Since the oxidation resistance of AC is much lower than that of ACP, it can be observed
how the activated carbon AC loses weight at ca. 400 °C, only ACP based catalysts will

be tested under partial oxidation.
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Figure 1. Non-isothermal oxidation resistances profiles (10 °C/min).

In the catalysts containing vanadium and zirconium species, no diffraction peaks
are detected in the wide angle XRD patterns (not shown), indicative that the active
phases are well dispersed, since no V,0s or ZrO, crystals are detected. Figure 2 shows
N, adsorption-desorption isotherms for the activated carbon and for the vanadium and

zirconium supported catalysts, whereas Table 1 summarizes the values of the structural
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parameters that characterize the porous structure of the samples, as derived from N,
adsorption-desorption and CO, adsorption isotherms. The activated carbon (ACP)
presents high values of both BET surface area (1300 m?/g) and mesoporous volume
(0.930 cm’/g), which confirm that phosphoric acid activation presents a significant
contribution on mesoporosity. The activated carbon (AC), obtained by physical
activation, presents a similar surface area (1355 m?/g), but, in this case, the volume of
mesoporous is lower (0.002 cm®/g). The narrow-microporosity of the AC, as reflected
by the CO, adsorption (Table 1), and the shape of the N, isotherms (Figure 2) is higher
than those of ACP. The values of specific surface area, ABETNZ, external surface area, At
and mesoporous volume V., obtained from the N, adsorption isotherms, decrease
upon vanadium and/or zirconium impregnation, due to the partial blockage of the

porous structure, although that, these values remain quite high for a catalytic

application.
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Figure 2. N, adsorption isotherms
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Table 1. Structural parameters of carbon supports and V-Zr-O catalysts.

N, isotherm CO, isotherm

Ager A Vi Vines Apr Vor

(m’/g)  (m¥g) (cm'/g) (ecm'/g)  (mYg) (cm'/g)
ACP 1300 594 0.389 0.930 539 0.216
1Zr/ACP 818 268 0.282 0.378 440 0.176
1V/ACP 722 290 0.233 0.423 334 0.134
0.9V-0.1Zr/ACP 746 275 0.245 0.400 357 0.143
0.8V-0.2Zr/ACP 830 267 0.291 0.403 417 0.167
AC 1355 50 0.59 0.064 870 0.349
1Zx/AC 906 33 0.389 0.042 758 0.304
1V/AC 1000 40 0.43 0.048 826 0.331
0.8V-0.2Zr/AC 940 39 0.403 0.052 743 0.298

Figure 3 shows representative XPS spectra for V2p and Zr3d regions for
1V/ACP catalysts. The V2p region typically exhibits two components, the one at higher
binding energy (517.1 eV) is assigned to V" species, whereas the component at lower
binding energy (516.1 eV) is associated with V** species (18,19). The percentages of
both contributions to V2p signal have been calculated by deconvolution and are shown
in Table 2, that illustrates the V** and V°* species percentage and also the V*"/V°" ratio.
It can be observed that the amount of oxidized species (as V") increases with zirconium
content, although that, for the sample with the higher Zr content, there is still a
considerable amount of V** species (15.3 %). By comparing these results obtained with
the ACP supported catalysts with those achieved with AC (the activated carbon without
phosphorous) support, it is clear that the amount of V** species is much higher in the
case of ACP supported catalysts. Thus, it seems that phosphorous increases the amount
of reduced vanadium species. Figure 3B shows the XPS spectra in the Zr3d region, with
the characteristic doublet of Zr(IV) compounds, with bands near 183.3 and 185.7.
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Figure 3. Representative XPS spectra for V2p and Zr3d regions (1V/ACP sample)

Table 2. Distribution of vanadium species obtained by deconvolution of V2p spectra of

catalysts before and after catalytic test (T=225°C).

Before reaction After reaction

%VY %V VYV vt v vV
ACP - - - - - -
1V/ACP 295  70.5 042 365 635 057
0.9V-0.1Zr/ACP 231 769 030 262 738 035

0.8V-0.2Zr/ACP 153 84.7 0.18 24.7 75.3 0.33

1Zx/ACP - - - - - -
AC - - - - - -
1V/AC 7.1 92.9 0.08 - - -
0.8V-0.2Zr/AC 4.7 95.2 0.05 - - -
1Zx/AC - - - - - -

Figure 4 shows the XPS spectra in the P2p region. Peaks in the range 134.0-
134.6 eV are commonly assigned to phosphate species in which P atom is bonded to O
atoms, whereas when P is bonded to one C atom this value shifts to lower values
(around 133.6) [8,20,21]. The P2p value obtained for the carbon support (133.6 eV)
indicates that the majority of phosphorus atoms are bonded to carbon atoms, as CPO;

and C,PO, groups, since the C-O-PO- and (CO-)-POs groups appears at higher binding
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energies. Upon vanadium addition, the BE peak for the P2p region remains essentially
constant. In this case it should be considered that the BE for several VPO phases, such
as (VO),P,07, appears also near 133.7 (22), thus, the P signals corresponding to VPO

species and to C-O-P would overlap.

Figure 4. (A) Representative XPS spectra (P2p region) of ACP sample showing the
deconvolution and (B) XPS spectra for ACP supported catalysts.
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Figure 5 shows the FTIR spectra of the activated carbon ACP and ACP
supported catalysts. These spectra are similar to that reported for phosphoric activated
carbons [23,24]. The wide band near 3200-3600 cm™ has been assigned to O-H
stretching mode of hydroxyl groups on the surface of the carbon material and of
adsorbed water. The band near 1580-1600 cm™ is usually assigned to aromatic ring
stretching vibrations, whereas the shoulder near 1720 cm™ corresponds to C=O
stretching vibrations of several functional groups (ketones, aldehydes, lactones or
carboxyl). In addition, in the case of the samples with the highest vanadium oxide
content, 1 V/ACP and 0.9V-0.8Zr/ACP, some weak signals are detected near in the 980-
1050 cm™ range, that corresponds to V=0 and V-O stretching vibrations dispersed

oxide species [25].
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Figure 5. FTIR spectra of ACP supported catalysts.

In the reported spectra for phosphoric activated carbons [23,24] an intense band
near 1180 cm-1, assigned to the stretching mode of P=0O, O-C in P-O-C bonds and to
P=0OOH, is usually described, which appears more intense when high temperatures of
activation (higher than 500°C) are used. This is due to the formation of C-O-PO; and

(CO);3-PO; groups (species in which P is not directly bonded to C). In our case such
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band is not detected, since ACP was prepared using a temperature of activation of
500°C, indicating that the phosphorous in ACP is mainly bonded directly to carbon
atoms, in line with the XPS results (Figure 4).

Pyridine and 2,6-dimethylpyridine molecules were used as probes in order to
quantify the acid groups on the surface of catalyst, the results are shown in Table 3. It is
well known that pyridine is a basic molecule able to interact with both Lewis and
Brensted acid sites, whereas 2,6-dimethylpyridine selectively adsorbs on Brensted ones
[26,27]. Thus, the total amount of adsorbed 2,6-dimethylpyridine gives an idea about
the total number of Brensted sites (column B in Table 3), whereas the difference
between the amount of adsorbed pyridine and 2,6-dimethylpyridine gives an idea about
the number of Lewis sites (column A-B in Table 3). As expected the ACP carbon
presents a high amount of Brensted acid sites on its surface, due to the presence of
phosphate groups. Bronsted acid sites increase lightly with vanadium incorporation,
while Lewis acid sites increases upon V and Zr oxides impregnation. This is due
because transition metal oxides presents both Lewis and Brensted acid sites. As
expected, amount of both types of acid sites is high for 1Zr/ACP sample, since

zirconium phosphates materials present strong acid sites [28].

Table 3. Total amount of adsorbed pyridine and 2,6-dimethylpyridine on the Zr-V-O
catalysts.

A, mMol,y /Zsample; B, mMolpmpyr /Zsample A-B
ACP 0.882 0.882 0
1V/ACP 1.250 1.028 0.222
0.9V-0.1Zr/ACP | 1.180 0.900 0.280
0.8V-0.2Zr/ACP | 1.157 0.823 0.334
1Zr/ACP 2.580 1.331 1,249

The catalytic properties of these carbon materials have been studied for the
partial oxidation of propylene. Table 4 shows the propylene conversion and the
selectivity to main reaction products obtained at 225 °C. Very low propylene conversion
(1.1 %) is observed on the carbon support (ACP, which only posses Bronsted acid sites,

Table 3), suggesting that it is not able to activate the propylene molecule. Similar
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conclusion can be achieved from the catalytic results obtained over Zr-carbon supported
(1Zx/ACP), which presents a propylene conversion of 2.6 %. However, both activity
and selectivity drastically change in the case of V-containing catalysts. Thus, when
VOx species are incorporated, the catalytic activity increases, being acetone the main

oxygenate product, indicating a redox/acid mechanism.

In addition, the incorporation of Zr species to the VOx/ACP catalysts, as dopant,
increases notably the propylene conversion: the conversion of propylene for 0.9V-
0.1Zr/ACP and 0.8V-0.2Zr/ACP is twice the conversion obtained with the 1V/ACP

catalyst (Table 4) at the same temperature.

A second aspect to be considered is related to the selectivity to partial oxidation
products. The acetone selectivity vs propylene conversion profiles presented in Figure
6 and confirm that for all the propylene conversions studied, selectivity to acetone is
higher for V-Zr-doped materials, suggesting that Zr is able to enhance redox activity of
vanadium carbon-supported catalysts. In addition V-Zr-doped catalysts favor also the
formation of acetic acid (Table 4), which is formed by a consecutive oxidation reaction
from acetone [29]. However, Zr-free and V-free catalysts do not show any formation of

acetic acid.

Table 4. Propylene conversion and selectivity to main products (225 °C)

Selectivity (%)

Propylene conversion
Acetone Acrolein Aceticacid CO CO,

1V/ACP 6,9 43,7 1,5 0 13,8 40,9
0.9V0.1Z1/ACP 15,3 25,7 0,5 4,9 15,5 53,3
0.8V0.2Zr/ACP 13,4 23,2 0,6 4,1 17,7 54,3
1Zr/ACP 2,6 5,4 0,1 0,1 10,8 83,4
ACP 1,1 13,8 3,5 0 18,6 63,8
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Figure 6. Conversion-selectivity  profiles  (200-275°C), feed  mixture:
propene/oxygen/water/helium = 1,6/6,8/15/76,5.

In order to further study the stability of these carbon based catalysts under
oxidation reaction conditions, the used samples were characterized. The amount of
catalysts was weighted before and after the catalytic tests and remained constant,
indicative that the ACP support was not gasified under reaction conditions, in line with
the thermogravimetric experiments that showed how this materials are stable until ca.
380 °C (Figure 1). Table 5 shows the structural parameters calculated from N, and CO,
isotherms of the used samples. It can be observed how the morphologies of ACP
support as well as 1Zr/ACP are quite stable under reaction conditions since only minor
changes are observed for their parameters. On the contrary, the BET surface area value,
as well as the mesoporous volume values of 1V/ACP sample, decreases considerably
after reaction, indicative that structural changes, able to block the mesoporous of the
carbon support, are occurring on the surface of catalysts. Since adsorption isotherms
(Tables 1 and 5) as well as thermogravimetric experiments (Figure 1) shows that ACP is
stable under reaction conditions, the changes observed in 1 V/ACP must be related with
vanadium species on the surface of catalysts. These data also indicates that Zr as dopant

is able to stabilize, in part, the structure of these catalysts, since Zr containing samples
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have high surface areas after reaction (0.9V-0.1Zt/ACP, 475 nm?/g, and 0.9V-

0.1Zr/ACP, 597 mz/g), thus, the surface area decrease is lower as Zr content in the

catalyst is higher. The XPS analyses of the used samples indicate that the atomic

chemical composition of the materials remain stable after reaction (Table 6). Vanadium

. . . .. . . + + .
species are partially reduced under reaction conditions since the ratio V**/V°" increases

for all the catalysts after propylene oxidation (Table 2), this changes in the oxidation

state of vanadium states could be related with the formation of VPO phases during

reaction, since they are a high number of different VPO structures that have been

described for both V** and V°* species [30].

Table 5. Structural parameters after propylene oxidation reaction (225°C)

N, isotherm CO; isotherm
Sample ABpT A Vi Vines Apr Vbr

(m”g)  (mYg) (em’g) (em’y)  (mYg) (em’g)
ACP 1257 474 0.431 0.700 408 0.163
1Zr/ACP 710 238 0.242 0.339 397 0.159
1V/ACP 147 116 0.011 0.147 206 0.083
0.9V-0.1Zr/ACP 475 197 0.143 0.273 283 0.114
0.8V-0.2Zr/ACP 597 215 0.195 0.317 295 0.118

Table 6. Atomic surface concentrations (%) obtained by XPS for the catalysts before

and after propylene oxidation reaction (225°C)

Fresh Catalysts Used Catalysts

%C %0 %N %P %V %Zr %C %0 %N %P %V  %Zr
ACP 91.1 7.6 0 14 0 0 913 7.1 03 13 - -
1V/ACP 80.7 151 1.7 1.1 15 - 777 187 14 08 14 -
09V-0.1Zr/ACP 822 145 14 07 1.1 0.1 80.6 162 14 0.7 09 0.1
0.8V-0.2Zr/ACP 81.8 147 13 09 09 05 80.7 160 14 0.6 09 04
1Zr/ACP 76.7 174 04 13 0.0 4.1 68.5 237 02 20 - 5.7
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4. Discussion

With the methodology described in this paper it has been possible to prepare a
mesoporous material (ACP) stable physical and chemically at relatively high
temperatures and oxidant atmospheres. Thermogravimetric experiments (Figure 1)
confirm that the presence of P in ACP material inhibits the oxidation of the material
support (ACP is resistant in air up to 500 °C), whereas in absence of P (i.e. AC sample),
it begins to gasify around 400 °C, limiting its use as catalyst or support in non-oxidant
atmosphere conditions. These results are in agreement with those reported before [8].
Moreover, the addition of phosphorous also affects the morphology of the activated
carbon, since the N? and CO? isotherms have shown that the activated carbon obtained
by chemical activation with phosphoric acid presents a significant contribution of
mesoporosity, whereas the activated carbon AC is essentially a microporous material.
However, mesoporous materials are more attractive for most of catalytic applications,
due to decreasing internal diffusional problems related with microporous supports [31],
since after impregnation of the support with the corresponding active phases, usually
them remain no accessible to reactants on the microporous. In addition, in the case of
carbon supports, the use of microporous materials in catalysis usually induces the
deactivation of catalysts due to the formation of coke [32]. Base probe molecules
adsorption experiments have shown that this activated carbon (ACP) present a high
number of Bronsted acid sites on its surface (Table 3). Thus, ACP is a mesoporous
material, that possesses acid sites, and that is stable in a wide range of temperature
under both oxidant and not oxidant conditions. Since they are many reactions catalyzed
by acid sites, ACP is a suitable solid acid catalyst that founds a wide range of catalytic
applications [33]; because it is well known that nowadays there is a necessity of
replacing the pollutant and corrosive liquid acid catalysts (such as sulfuric acid) by

more easily handling and recoverable catalysts, such as solids with strong acid sites.

In addition to its use as solid acid catalyst, ACP is suitable also as catalytic
support. It has been shown how is possible to incorporate VOx active phases on the
surface of ACP. The catalytic results during hydrocarbon partial oxidation have shown
that 1V/ACP catalysts is selective to oxygenates, which demonstrated the presence of
redox sites on the surface of the catalytic material due to the incorporation of the VOx

active phases (Figure 6). The incorporation of zirconium to 1V/ACP catalysts induces a
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higher stability of catalyst. Thus, composition (Table 6) and morphology (Table 5) of
these materials remain more stable under reaction conditions when zirconium is
incorporated as promoter, since Zr species seems to be able to improve physical
properties of vanadium-supported catalysts. In addition, the Zr-doped samples also
present a lower number of Bronsted and higher Lewis sites with respect the undoped
catalyst 1V/ACP. Although Bronsted sites by themselves are not able to activate the
propylene molecule, as can be observed in Figure 6, that shows negligible conversion
for both ACP and 1Zr/ACP catalysts. However, a moderate number of Bronsted acid
sites play a role in the partial oxidation mechanism, increasing hydrocarbon adsorption
sites and improving the catalytic behavior of catalysts [33,34]. In addition, and for
higher Zr/V molar ratio, it has been described the formation of tetrahedral O=V(OZr);
species that are active during oxidation reaction [35]. These species, in a minor
extension, could also be present in the doped Zr catalysts (with a contribution for
improving catalytic behavior as observed in Figure 6). Consequently, presence of Zr is
able to increase selectivity to oxygenates in all the rage of conversions studied. Thus, Zr

promoted V-carbon supported materials are more effective catalysts.

5. Conclusions

The proposed methodology has led to the preparation of a mesoporous non-
expensive material (an activated carbon) from a biomass waste. The activation with
phosphoric acid has led to an activated carbon material with high oxidation resistance
for relatively high temperatures; whose morphology is essentially mesoporous and
remains stable under catalytic tests. This material can be use in a wide range of
industrial processes as an acid solid catalyst, being by this manner quite useful in any

biorefinery.

In addition to its use as solid acid catalyst, the data presented in this paper have
also demonstrated that it is possible to incorporate redox functionality by impregnation
of this carbon with metal transition oxide active phases, obtaining a nanostructured
vanadium oxide catalyst. Subsequently, the range of catalytic applications in which the
biomass-derived mesoporous material can be used is increased. An additional advantage

of the use of the carbon material as catalytic support is that once that the catalysts are
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deactivated, the supported oxide active phases can be easily recovered by gasification of
this carbon supports and the resulting gasification products can be used in the

biorefinery as syn-gas.
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Chapter 7

Abstract VPO bulk catalysts with spherical morphology and high surface areas have
been prepared by the use of a carbon material as template. The carbon material is an
activated carbon prepared by the hydrothermal method, using cellulose as starting
material. Thus, the synthesis method described is simple and low-cost. The morphology
and porous structure of these materials have been characterized by SEM, TEM, N, and
CO; adsorption isotherms. The chemical composition was analyzed by XPS, XRD and
Raman spectroscopy, showing the presence of V,0s and VPO phases on the surface of
these spherical catalysts. Methanol oxidation reaction was used to characterize the
active centers on the surface of these materials and showed that both acid and redox
sites are present. These materials were also tested during the propane ODH reaction and
the results demonstrated that they are able to activate the hydrocarbon selectively to
propylene. The characterization of these materials after reaction demonstrated that the
morphology and the chemical composition are quite stable under the reaction conditions
studied, since both VPO and V,0s phases are detected. It was also observed that the

biggest spheres are not stable during reaction conditions.

Keywords: lignocelluloses, microspheres, template, biomass, activated carbon, carbon-

supported catalysts.
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1. Introduction and Objectives

Bulk oxide materials are widely used in many applications, such as catalysts in
selective oxidation processes, electrocatalysts in fuel cells, gas sensors, and solid oxide
electrolysers in the production of hydrogen. The properties of these materials depend
basically on the interstitial cation and anion vacancies that play an important role in the
conductivity and in the capability of the surface to adsorb/desorb certain molecules,
which determine the properties of such materials. Such properties can be modulated by
the incorporation of other cations, with different atomic ratio, into the crystal structure
of the initial oxide structure. For example, vanadium oxide based-compounds are well
known as oxidation catalysts [1]. This is due to the ability of vanadium atoms to possess
multiple stable oxidation states, which results in the easy conversion between oxides of
different stoichiometry by oxidation and reduction cycles during a catalytic reaction.
These redox cycles may cause V,0s amorphization, thus, for preparing active and
selective catalyst vanadium oxide is usually deposited at the surface of a support or
mixed with other component. All these factors make that some mixed oxide structures
present good properties as catalysts (VPO, MoVTeO, VSbO4, CeZrOy, MoFeO ...) [2-
7]. For instance, active and selective oxide catalysts are typically composed by more
than one element since bimetallic catalytic systems can potentially achieve chemical
transformations that are unprecedented on monometallic catalysts. The complexity of
these powders (e.g., crystal structure and amorphous domains, variable oxidation states,
variable coordination for each oxidation state, chemical nature of surface sites,
participation of surface and bulk lattice oxygen atoms in oxidation reactions and
presence of vacancies or defects), along with the difficulty in characterizing the surface

of such materials, limit the development of their applications [8].

On the other hand, the importance of nanoparticles and their nanostructure on
the performance of functional materials, such as catalysts, has stimulated wide efforts to
develop methods for their synthesis and characterization, making this area of study an
integral part of nanoscience. Due to the importance of nanoparticles and oxides, many
synthesis methods for nanospheres of single oxides such as ZnO,, SnO,, TiO,, In,0;,
WOy, CdO, CuO, NiO, TeO, or MoO3, among others can be found in the literature [9-
14]. Although there are a high number of papers dealing with the preparation of pure

oxide nanomaterials, there are just a few works describing the synthesis of doped oxide
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materials (mixed oxides) with controlled morphology [15]. This is in part because the
methods for preparing nanostructures require the use of precursors that are expensive
and sometimes not available for a mixture of several atoms due to the solubility. In
addition, and in the case of doped mixed oxides, it is difficult to control the final
composition of the surface of the final nanomaterials, which is directly related with their

properties.

Thus, the aim of the present work is to develop a new strategy for the synthesis
of a mixed bulk-oxide VPO material with spherical morphology that could be
potentially apply for other mixed oxide systems. Vanadium and Phosphorous mixed
phases (VPO) are well known as catalysts for hydrocarbon transformation since they are
industrially used for the catalytic transformation of n-butane into maleic anhydride. The
proposed methodology is simple and low cost and implies the use of a carbon material
as a template or as support. Among the potential saccharides that can be employed to
produce carbonaceous materials through hydrothermal carbonization, cellulose is the
most promising material as it is by far the most abundant and inexpensive saccharide
available. The synthesis of carbon spheres by the use of the hydrothermal method [16-
18] has been reported. Thus, in the present work we investigate the potential of
cellulose as precursor for the production of carbon microspheres containing
phosphorous via hydrothermal carbonization. These materials will be used as support
for the vanadium oxide active phases; by this way, spherical carbon-supported mixed
oxide (VPO) catalysts will be prepared. These materials are calcined in order to
eliminate the carbon material but keeping the shape in the oxide structure. By this way
hollow mixed oxide spheres will be prepared. Thus, the present article describes the
synthesis and characterization of these two types of materials: carbon-supported and

bulk oxide spherical-shaped materials (scheme 1).

Scheme 1. Proposed procedure for the preparation of the mixed oxide spheres
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Since VPO materials are well known as catalysts for hydrocarbon activation,
they will be tested during the catalytic propane dehydrogenation into propylene.
Nowadays ethylene and propylene are commercially produced by the steam cracking of
naphthas. This is a quite endothermic process that requires high reaction temperatures
(800-900°C). Thus, this is a high energy consuming process and, in addition, many
byproducts are obtained, being complicated also the separation and purification of
propylene and ethylene. Such high temperatures also favor coke deposition on the active
sites, which deactivated the catalyst [19]. Due to all these problems, there is a need to
develop a new technology for ethylene and propylene production. One of the most
promising technologies that are being developed nowadays is the exothermic oxidative
dehydrogenation (ODH) of the corresponding alkane, ethane or propane, for the
production of ethylene or propylene in one step. ODH processes are exothermic, and
can be operated at lower temperatures (300-600°C), requiring less energy input that the
steam cracking of naphthas mentioned above. In addition, the presence of oxygen in the

feed suppresses coke formation and prevents catalysts deactivation.

2. Experimental

2.1. Preparation of samples

The carbon supports were obtained by chemical activation of hydrothermally
carbonized cellulose (Aldrich) according to the following procedure. This carbon
precursor (cellulose 125 g/l) was impregnated with H3PO4 (85 wt.% in H,O, Aldrich) at
different mass impregnation ratios of 1, 2 and 3 (H3POu/cellulose). The mixture was
then placed in a teflon-lined autoclave, which was heated at 200 °C and maintained at
this temperature for 16 h. The ratio volume of solution/volume of autoclave is around
0.6. The hydrothermally impregnated samples were dried for 24 h at 80 °C and activated
under continuous N5 flow (150 cm® STP/min), in a conventional tubular furnace at 500
°C. The activation temperature was reached at a heating rate of 10 °C/min and
maintained for 2 h. The activated samples were cooled inside the furnace under N, flow
and then washed with distilled water at 60 °C until negative phosphate analysis in the

eluate [20]. The resulting activated carbons were denoted by C1, C2 and C3.
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These activated carbons were impregnated with a solution of NH4VO; (99.99%,
Sigma Aldrich). The concentration of solution contained the desired amount of
vanadium ions to obtain a vanadium coverage of 4 vanadium atoms per nm? of carbon
support, 4VC1, 4VC2 and 4VC3. This coverage has been found in other carbon to
correspond to the dispersion limit loading of VOx species, understood as the maximum
amount of vanadium oxide species that remain dispersed without the formation of V,0s
crystals [21]. This solution was prepared by mixing ammonium metavanadate with a 0.5
M solution of oxalic acid (99%, Sigma Aldrich) and was heated and stirred until all
vanadium dissolves before impregnation the support. This mixture was dried in a rotator
evaporator at 80 °C at a reduced pressure of 10-40 mmHg. The resulting solids were
dried at 120 °C for 24 h and then calcined at 450 °C for 40 min in air flow (150 cm’
STP/min). These samples were denoted by 4V1, 4V2 and 4V3. Scheme 2 summarizes

the preparation procedure and conditions for obtaining the supports and catalysts.

Washing Incipient wetting 4v/Cl
. . NH:VOs
Chemical activation Impregnation H3PO,, »{ Carbonization | __ c1 4V/C2
> d —_— >
1:1,2:1,3:1 500°C, 2h, N, 4V/C3
C2
HTC 200°C, 16h 3 Calcination inAir
450°C, 40 min

Cellulose A 4

4V1

4V2

4V3

Scheme 2. Preparation procedure and notation of the supports and catalysts.

2.2. Characterization

Oxidation resistance of the different catalysts and the carbon supports were
obtained by non-isothermal thermogravimetric analyses, carried out in a CI electronics
thermogravimetric system. The thermobalance automatically measures the weight of the
sample and the temperature as a function of time. Experiments were carried out in air
atmosphere, for a total flow rate of 150 cm’® (STP)/min, employing sample mass of
approximately 10 mg. The sample temperature was increased from room temperature up

to 900 °C at a heating rate of 10 °C/min.
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The porous structure of the activated carbons was characterized by N,
adsorption-desorption at -196 °C and by CO, adsorption at 0°C, carried out in an ASAP
2020 model of Micromeritics Instruments Corporation. Samples were previously
outgassed during 8 hours at 150 °C. From the N, adsorption/desorption isotherm, the
apparent surface area (Aggr) was determined applying the BET equation, the micropore
volume (V;) and the external surface area (A;) were calculated using the t-method [22]
and the mesopore volume (V) was determined as the difference between the adsorbed
volume at a relative pressure of 0.95 and the micropore volume (V;) [23]. The narrow
micropore surface area (Apr) and volume (Vpr) were obtained by the Dubinin-

Radushkevich method [24] applied to the CO, adsorption isotherm.

X-ray photoelectron spectroscopy (XPS) analyses of the samples were obtained
using a 5700C model Physical Electronics apparatus, with MgKa radiation (1253.6 eV).
For the analysis of the XPS peaks, the Cls peak position was set at 284.5 eV and used
as reference to position the other peaks while the fitting of the XPS peaks was done by

least squares using Gaussian-Lorentzian peak shapes.

X-ray powder diffraction patterns of samples were acquired on a Philips X Pert
PROMPD diffractometer using CuKo radiation (A = 1.5406 A). The X-ray generator
was set to 45 kv at 40 mA.

Raman spectra of the samples were acquired at 200 °C in the 200 and 3900 cm’
region using a Bruker Senterra micro-Raman spectrometer equipped with a cooled CCD
detector and a hot stage (Linkam FTIR600). Laser excitation (Nd-YAG laser) used for
micro-Raman analyses was of 785 nm with a laser power of 10 mW. The spectra
acquisition consisted of an average of 10 spectra measured after 10 accumulations of

10s.

The surface texture and the structure of the samples were characterized by
scanning electron microscopy (SEM) and by transmission electron microscopy (TEM)
respectively. Scanning electron micrographs were obtained using a JEOL JSM-840
instrument, working at a high voltage of 20-25 kV and transmission electron
micrographs were carried out in a CM200 apparatus (Philips), working at a high voltage
of 200 KV.

201



Chapter 7

2.3. Catalytic performance experiments

The methanol oxidation reaction was carried out in a fixed bed quartz tubular
reactor (i.d. 4 mm, length 400 mm), working at atmospheric pressure. In a typical
experiment 0.1 g of catalyst (0.1-0.3 mm particle size) were placed into the reactor and
diluted in 0.2 g of silicon carbide. The flow rate was 80 ml/min and the feed consisted
of a mixture of Methanol/oxygen/helium (4/8/88 mol %). Experiments were carried out
at 250 °C. Reactants and reaction products were analyzed by on line gas
chromatography (490 micro-GC equipped with PPQ, 5A molsieve and Wax columns,
Agilent).

The catalytic activity of the synthetized catalysts (4V1, 4V2 and 4V3) was
studied during the oxidative dehydrogenation of propane in the gas phase at
atmospheric pressure in a fixed bed microreactor (i.d. 4 mm, length 400 mm). The
influence of different operation conditions, such as, space time (W/F = 0.048-0.12,
g's'ml") and propane/oxygen ratio (C3Hg/O> = 0.25, 0.5, 1 and 2) were analyzed. The
flow rate and the amount of catalyst were varied (from 40 to 100 cm® min™ and from
0.5 to 0.1 g, respectively) in order to achieve the desired conditions and different
propylene conversion levels. In a typical run, the catalyst (0.1-0.3 mm particle size) was
diluted in SiC in order to increase the bed length and avoid local heating. Experiments
were carried out in the 500-600 °C temperature range. Reactants and reaction products
were analyzed by on-line gas chromatography (Agilent 490 micro-GC). As blank
reaction, catalytic tests were also performed in absence of catalyst (only with SiC inside

the reactor) and the propane conversion values were found negligible.

The conversion for both catalytic tests was defined as the ratio of the amount of
methanol or propane converted to the amount of methanol or propane, respectively,
supplied to the reactor. The selectivity (in mol%) was defined as the molar ratio of a

specific product to all the products formed.

3. Results and Discussion

Figure 1A shows the thermogravimetric analysis profiles in air for the three

activated carbons that have been prepared. As expected, and according to previous

202



Carbon materials as template for the preparation of mixed oxides with controlled morphology
and porous structure

results with similar carbon materials [25], all of them are resistant in air up to 500 °C.
This is due to the synthesis method by chemical activation with H3PO, that has shown
to increase the oxidation resistance of carbon materials due to the presence of different
phosphorus functional surface groups, such as C—O-POs, C-POs and C-P groups that
act as a physical barrier blocking the active carbon sites [25-28]. After vanadium
incorporation, the oxidation resistance is lower (Figure 1B) due to the vanadium oxide
centers, active oxidation catalysts, which are able to catalyze the gasification of the
activated carbon. Based on these results, and as indicated in the experimental section,
the impregnated samples 4VCI1, 4VC2 and 4VC3 were calcined in air at 450 °C for 40
min. These conditions were selected in order to eliminate the major part of the activated
carbon and keeping the spherical morphology in the oxide material. The elemental
analysis show that after calcination the bulk oxide material present some carbon (about

10%) (Supporting information).

Remaining Weight (W/W0)

(a) (b)

1.0 C1 T —4V/C1
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Figure 1. TGA patterns of carbon supports (a) and V supported catalysts (b). During

the experiment, samples were heated under air flow with a heating rate of 10 °C min™.

Figure 2 shows N, adsorption—desorption isotherms for the activated carbons
(Figure 2a), for the vanadium-impregnated carbons (Figure 2b), and for the bulk oxides
(Figure 2c), whereas Table 1 summarizes the values of the structural parameters that
characterize the porous structure of the samples, as derived from N, adsorption—
desorption and CO; adsorption isotherms. The activated carbons show a modified type I

isotherm, corresponding to a well-developed microporous structure with a significant
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contribution of mesoporosity, which depends on the impregnation ratio. The shape of
the isotherms, with larger hysteresis loop at high relative pressures, reveals that an
increase in the impregnation ratio from 1 to 2 gives rise to a widening of the porous
structure of the resultant carbon [25,29].0n the other hand, the amount of N, adsorbed
at low relative pressures decreases for higher impregnation ratios, probably due to the
widening of the micropores that may generate mesopores. C1 presents an H2 hysteresis
loop, associated to pores with narrow necks and wide bodies (often referred to as 'ink
bottle' pores), and H4 type hysteresis loops are observed for C2 and C3, often associated
to slit-shaped pores. Similarly, the adsorption and desorption isotherms for the
vanadium-impregnated carbons and for the bulk oxides is associated with narrow slit-
like pores, and the type I isotherm character is indicative of microporosity. The apparent
surface areas values obtained by the BET method (Aggr) and the mesopore volume
values (Vies) are very high for the activated carbons (Table 1). As expected, after
vanadium incorporation the apparent (Aggr) and the external (A,) surface area values
decrease, due to the partial blockage of the porous structure, although, these values
remain quite high for a supported oxide catalysts and suitable for catalytic application.
C2 carbon presents the highest pore volume (V:) and is the sample that presents the
highest values of specific (Ager) and the external (A;) surface area after vanadium
impregnation (4V/C2) and calcination (4V2). 4V2 bulk oxide sample presents a BET
surface area higher than 100 m?%g, which represents a high value for this kind of
material. The shape of the isotherms (Figure 2c¢) and the BET surface area values
obtained for the bulk oxide samples (Table 1) indicate that these materials present

textural properties that make them quite suitable for catalytic application.

(@ (b) (c)
1000 250
—Cl —V/Cl —
200 - 2o | 4v1
~ — —vic2 —4v2
F
wn 600 —_C3 150 —V/C3 4V3
=
400 - 1
g 100
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0 - - \ ‘ 0 : : . . ‘ : : : |
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Figure 2. N, adsorption-desorption isotherms of activated carbon supports (a); V

supported porous activated carbons (b) and V-O catalysts (c).
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Table 1. Structural parameters of carbon supports, V supported catalysts and V-O
catalysts.

N, Isotherm CO, Isotherm

Sample AggT (mz/g) A (mz/g) Vt(cm3/g) Vmes(cm3/g) ADR(mz/g) VDR(cm3/g)

Cl1 1284 466 0.326 0.536 676 0.271
C2 1223 265 0.444 0.464 619 0.248
C3 1045 320 0.334 0.531 580 0.232
4V/C1 150 39 0.051 0.041 142 0.094
4V/C2 205 52 0.071 0.092 151 0.106
4V/C3 43 28 0.007 0.056 144 0.160
4V1 71 27 0.020 0.038 52 0.062
4V2 119 49 0.036 0.080 75 0.073
4V3 29 9 0.009 0.019 30 0.041

Figure 3 shows some representative XPS spectra in the P2p region. Peaks in the
range 134.0-134.6 eV are commonly assigned to phosphate species in which P atom is
bonded to O atoms, whereas when P is bonded to one C atom this value shifts to lower
values (around 133.6 ¢V) [30]. This signal could overlap with that for VPO phases, such
as (VO),P,0, since its signal appears also near 133.7 eV [31,32]. Table 2 shows the
Binding Energy values obtained for P2p region. The values obtained for activated
carbons and for the vanadium impregnated samples indicate that the majority of
phosphorus atoms are bonded to carbon atoms, as in CPO3; and C,PO, surface groups.
After calcination, these values increase up to 133.6 eV, which may indicate the

formation of VPO species.

205



Chapter 7
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Figure 3. Representative XPS spectra for P2p region of 4V3 catalyst showing the
deconvolution (a) and XPS spectra for samples C3, 4V/C3 and 4V3 (b).

Table 2. XPS results

Be P2p Be V** Be V**
Sample P/V* Vv
(eV) (eV) (eV)
Cl n.a. 133.2 n.a. n.a. n.a.
C2 n.a. 133.5 n.a. n.a. n.a.
C3 n.a. 133.4 n.a. n.a. n.a.
4V/Cl1 0.31 133.0 516.1 517.3 0.44
4V/C2 0.75 133.1 5163 417.7 0.37
4V/C3 0.34 133.1 516.1 517.2 0.40
4V1 0.29 133.6 516.1 516.4 0.37
4V2 0.41 133.5 516.1 517.3 0.43
4V3 0.32 133.5 516.1 517.3 0.42

*based on atomic surface concentrations calculated by XPS

n.a:. not applicable,
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Figure 4 shows a representative XPS spectrum of V2p region for 4V3. The V2p
region typically exhibits two components, the one at higher binding energy (517.1 eV)
is assigned to V> species, whereas the component at lower binding energy (516.1 eV) is
associated with V*" species [33,34]. The percentages of both contributions to V2p signal
have been calculated by deconvolution and are shown in Table 2. These values indicate
that the amount of oxidized and reduced vanadium species may vary, but in all the cases

is higher the amount of V°',

V3 2ps,

Binding energy (eV)

Figure 4. Representative XPS spectra for V2p region (4V3 sample).

XRD patterns of oxidized samples are show in Figure 5. There are two intense
peaks that are visible in the three samples near 21.5 and 27.9 °. These peaks have been
assigned to 6-VOPO, [35] and also to (VO),P,07[36], thus, they must belong to a VPO
phase. This may be due to the nature of VPO phases, since many different structures
have been described with different vanadium oxidation states and P/V molar ratio, and
the inter-conversion between some of them, depending on the ambient conditions, is
relatively easy [35]. The two most intense peaks of V,0s phase (JCPDS file 41-1426)
[37] are also visible in all the samples. Thus, according to XRD results, a mixture of

vanadium oxide and VPO species is present in all the samples.

Figure 6 shows representative Raman spectra of an impregnated carbon (4V/2C)
and of a bulk oxide material (4V2). Pure V,05 exhibits Raman bands at 143, 283, 302,
405, 480, 526, 698, and 994 cm’! [37], these bands are observed in both spectra, in line
with XRD patterns (Figure 5), since the most intense peaks of V,0s diffraction pattern

207



Chapter 7

were detected. V,0s5 oxide is a strong Raman scatter, although that, some of the Raman
bands in Figure 6 are hardly detected (as those as 526 and 480 cm™); in addition, only
the two most intense pattern peaks are visible in the XRD pattern (Figure 5). These
results indicate that V,0Os oxide is present as small aggregates. In addition, two broad
bands near 990 cm ' and 930 cm ' are also visible in the 4V2 sample. These Raman
bands belong to the most intense Raman modes of (VO),P,0; and VOPO, phases
[38,39], in which vanadium is present as v* and v, respectively. The coexistence of
two oxidation states for vanadium ions is consistent with the XPS data (Figure 4 and
Table 2). These results are in accordance with XRD patterns since VPO phases were
also detected (Figure 5). Thus, Raman spectroscopy and XRD patterns show that both

vanadium oxide and VPO species are present in the oxide samples.

10 20 30 40 50 60
260 (°)

Figure 5. XRD Patterns of oxide samples.

U
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4VIC2 ——
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Figure 6. Raman spectra of 4V/C2 and 4V?2 catalysts (air, 200 °C).
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SEM images for the cellulose obtained by hydrothermal treatment at 220 °C for
16 h, included in Figure 7a and b, consist mainly of well dispersed and separated
spherical particles with diameters that vary between 0.2 to 5 um. These results are
similar to previous studies published elsewhere [16]. Figure 8 shows SEM and TEM
images for the activated carbon with an impregnation ratio of 2 (C2 carbon) (Figure 8a-
c), for the corresponding vanadium-supported activated carbon (4VC2) (Figure 8d-f)
and for the corresponding bulk oxide 4V2 (Figure 8g-i1). Strong differences are found in
the shape of the spherical particles due to the chemical activation with H;PO4 when
compared with the carbon after the treatment without phosphoric acid (Figure 7). Such
structures (Figure 8a-c) can be described as “interconnected” carbon spheres, which
have an average diameter of 0.2-4 um and usually tend to fuse with each other. TEM
images for C2 and 4V2C samples, Figure 8c and 8f, respectively, clearly illustrate the
coexistence of spheres of different sizes and their morphologies, which are in some
cases interconnected by small particles within a matrix. SEM images in Figure 8g and
8h reveals that the bulk oxide material, 4V2, has replicated the external morphology of
the activated carbon support. The TEM micrograph, Figure 8i, shows pores of around
90 nm in the surface of the bulk oxide material, which consists of the shell of the hollow

spheres, probably generated from the removal of the carbon support.

(a) (b)

Figure 7. SEM images of hydrothermal carbonization of cellulose without activation

with H3POs. Scale bars correspond to 8 um (a) and 2 pum (b).
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(d) (9)

20kv  X2,500 10pm 0354 UMA
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Figure 8. SEM and TEM images of C2 (a—c), 4V/C2 (d—f) and 4V2 (g—i). Scale bars correspond
to 10 um (a, d and g), 5 um (b, e and h) and 200, 300 and 100 nm (c, f and i), respectively.

Figure 9 shows the evolution of propane conversion and the selectivity to main
products as a function of reaction temperature for 4V2 catalyst. At 500 °C, propylene is
obtained with a high selectivity (80%) and a low propane conversion (5%). At 550 °C,
the conversion is higher but still lower than 10%, while the selectivity to propylene is
lower and the selectivity to COx (mainly CO) increases. At 600°C, the propane
conversion is quite high and the yield to propylene, around 10%. This value is similar to
those reported previously with several oxide catalytic systems, such as, Sb-V-0O, V-Ga-

0, V-Mg-O, V-Ga-O, V-Mo-O [40-43], among others. At this temperature (600 °C) the
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cracking reactions begin to be significant, in line with previous papers [41], obtaining
ethylene and methane as products of this reaction, but yielding mainly propylene

(Figure 9).
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Figure 9. Propane conversion and selectivity to main products during the ODH reaction
on 4V2 catalyst. Reaction conditions: 50 mg of catalyst (0.1-0.3mm particle size), total
flow 40 ml/min, feed composition (%volume), C3Hg/O2/N; (45.7/11.4/42.9), W/F =
0.075 geat-s'ml™.

Figure 10 shows the propane conversion and the selectivities for the bulk oxide
catalysts. Catalysts 4V1 is the less active (4%) and selective for total oxidation products
(CO and COy;). The performance of samples 4V2 and 4V3, which contain a higher
amount of phosphorus, is quite different, yielding a high selectivity to propylene at
higher conversions. In fact, the XPS deconvolutions (Table 2) indicate that sample 4V1
presents more vanadium species as V' than the rest of samples, indicative of a higher
amount of V,0s oxide and oxidized VPO species, such as VOPO,, since both are
present and visible by XRD (Figure 5). XPS data (Table 2) indicate that 4V2 and 4V3
samples have a higher contribution of V** species, with a higher amount of phosphorus,
being both selective to propylene. This indicates the presence of partial oxidation active

phases on the surface of catalysts 4V2 and 4V3, such as vanadium pyrophosphate,
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(VO),P,04, identified by XRD and Raman spectroscopy in these samples (Figure 5 and
Figure 6). Thus, the presence of a higher amount of phosphorous appears to be related
with a higher amount of reduced V** species, which are found to be more selective to
the partial oxidation reaction yielding propylene as the main product (Figure 10). These
results are in line with previous studies since vanadium pyrophosphate is usually
pointed out as the active phase of VPO catalysts during hydrocarbon partial oxidation
reactions [39]. Also these results are according to previous studies with other catalytic
vanadium based systems, such as V/TiO, or VSbO,, that have shown that reduced
vanadium species are required in order to have hydrocarbon partial oxidation selective

catalysts [44,45].

Figure 10. Propane conversion and selectivity to main products during the ODH
reaction on bulk oxide catalysts. Reaction conditions: T = 575 °C, 50 mg of catalyst
(0.1-0.3mm particle size), total flow 40 ml/min, feed composition (%volume),

C3Hs/Oy/N, (45.7/11.4/42.9), W/F = 0.075 geat's'ml".

The catalytic properties of these materials have been also characterized with the
methanol oxidation reaction. Methanol is a well-established probe to determine the
number of surface active sites present in metal oxide catalysts and the distribution of
acid-basic and redox sites [46-50]. Methanol oxidation over metal oxides produces

different reaction products depending on the surface active site: formaldehyde on
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surface redox sites and dimethyl ether on surface acidic sites [51-54]. Combination of
acid and redox or basic and redox sites will produce dimethoxymethane or methyl
formiate, respectively [55-60]. Table 3 summarizes the methanol conversion and
selectivity values to main reaction products obtained at 250 °C after 1 hour of TOS for a
carbon material and the corresponding vanadium containing catalysts (the carbon-
supported and the bulk oxide). Very low methanol conversion (1.2 %) is detected with
the C2 carbon. As expected, C2 is selective to dimethyl ether, indicative of acid sites on
its surface. As described in the experimental section, this carbon material has been
prepared thought a chemical activation of cellulose with H3;PO4, which results in
carbons with a high and predominantly Bronsted surface acidity because of the residual
phosphorus groups that remain on the carbon surface [30]. The conversion is higher
when vanadium sites are on the surface of catalysts (4V/C2 and 4V2), increasing also
the selectivity CO and CO,. The conversion is especially high in the case of the
supported 4V/C2 catalyst, which may indicate that the spherical supported material
performs better that the hollow oxide sphere. The selectivity to COx can be due to the
oxidation of intermediate products, and also to the strong acid sites of the exposed
carbon support, which are able to retain the reaction intermediates, then, the vanadium
sites are able to oxidize them. The presence of dimethyl ether (DME), dimetoxymethane
(DMM) and methyl formiate (MF) as reaction products for the vanadium containing
catalysts (4V/C2 and 4V2), is indicative of redox and acid sites. The redox sites must be
related with V,0s and VPO species identified by XRD (Figure 5) and Raman
spectroscopy (Figure 6).

Table 3. Catalytic activity in MeOH + O, reaction (stationary state-average values after

1 hour of TOS). Reaction Temperature: 250°C

MeOH conversion

Catalyst %) Selectivity (%)

CH;OCH; HCOOCH; (CH;0),CH, CO CO,
C2 1.2 92.8 0.5 3.5 1.6 0.8
4V/C2 44.4 25.7 214 7.1 22.8 22.8
4V2 11.2 17.6 17.8 31.6 149 164
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The used materials were characterized in order to study the stability of VPO
phases and of the morphology of these catalytic materials during reaction. Raman
spectra of used 4V2 catalyst in both reactions are shown in Figure 11. V5,05 (990 cm™
band) and VPO phases (broad signals at 930 and 910 cm™) are present in the used
sample, as well as in the fresh one (Figure 6). Thus, both phases are stable under
reaction conditions, indicating that the chemical composition of the surface of catalysts
is quite stable. SEM and TEM micrographs of the used 4V2 sample, after propane
(Figure 12 a,b) and methanol oxidation (Figure 12 c,d) reveal some changes of the
morphology with respect the fresh catalyst. SEM and TEM images of the used catalyst
provides evidence of a population of spherical particles with diameters below 1 <um,
whereas the fresh catalyst was characterized with a large number of small particles
coexisting with larger spheres whose sizes vary between 0.2-5 pm (Figure 8g-i). This
evidences that the larger spherical hollow structures do not keep their spherical
morphology after reaction. Although that, the smaller spheres keep the spherical
morphology.

4V2uC3

4V2uMeOH

1000 950 900 850 800
Raman Shift (cm 1)

Figure 11. Raman spectra of used catalysts (200 °C)

214



Carbon materials as template for the preparation of mixed oxides with controlled morphology
and porous structure

(a) (b)

Figure 12. SEM and TEM images of 4V2 after reaction; methanol oxidation (a and b)

and propane ODH (c and d). Scale bars correspond to 1 and 5 um (a and ¢) and 100 nm
(b and d).

4. Conclusions

It has been reported the successful preparation of VPO materials with spherical
morphology. Two different spherical VPO catalysts have been described: a carbon-
supported material and a bulk oxide, both with spherical morphology. These materials
are promisingcatalysts since the vanadium-phosphate catalytically active phases have
been identified by XRD and Raman spectroscopy. The catalytic properties of mixed
oxides have been tested with two different reactions. Methanol oxidation showed that
these materials have active acid and redox sites on their surface, whereas propane ODH
demonstrated that they are able to activate the hydrocarbon (propane) in order to

produce the partial oxidation product (propylene). The characterization of used samples

215



Chapter 7

showed that the vanadium-phosphate mixed phases are stable under reaction conditions.
It was also observed that the larger particles did not keep the spherical morphology
under reaction conditions. This morphology, on the contrary, was keep by the smaller

particles (below 1 pm).

Thus, a simple and low cost method for preparing VPO catalysts with spherical
morphology and with a high surface area has been described. This technology could be

applied to other oxide bulk materials. These materials are promising catalysts.
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Elemental composition of carbon supports, V supported catalysts and V-O catalysts.

C H N

o
Sample (Yowt) (%wt) (%ewt) (7oWE)
Cl 800 19 0.1 18.0
2 793 2.1 0.0 18.5
a3 784 35 0.1 18.0

4V/C1 32.7 3.1 52 --
4v/C2 31.1 2.5 4.5 --
4V/C3 40.4 3.0 4.7 --
4V1 13.5 0.2 1.1 --
4V2 11.8 1.1 1.3 --
4V3 9.8 0.4 1.4 --

*: obtained by difference (100% — C —O —H —S —ash)
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Q General conclusions and future work J

The chemical activation of lignocellulosic materials with phosphoric acid
produces activated carbons with a relatively high concentration of phosphorus on the
carbon surface, mostly in form of C-O-PO; and C-PO; groups. These phosphorus
groups remain very stable at relatively high temperatures and provide the carbon a
relatively high oxidation resistance and surface acid and redox sites, which open new
possibilities for the use of carbon-based materials as catalysts and/or catalyst supports
for reactions that take place under oxidizing conditions and at high temperatures. In this
sense, it has been showed that the presence of oxygen in the reaction gas plays a key
role on the catalytic decomposition of methanol and ethanol. Under oxidant conditions
the P groups are continuously reoxidized and they ease an oxygen spillover on the
catalyst surface, where the availability of labile oxygen inhibit catalyst deactivation and
allow methanol and ethanol steady state conversions to be reached.When vanadium is
incorporate to these carbon materials, a VPO (Vanadium and Phosphorous mixed
oxides) catalyst is obtained. These VPO materials are commercially used as catalysts for
the transformation of n-butane into maleic anhydride and we have shown that they can
be used for alkane partial oxidation reactions. These activated carbons can be also
prepared with controlled morphology, by this manner VPO supported catalysts with
spherical morphology and high surface areas have been described. By calcinations of
those carbon supported materials, it is possible to obtain bulk oxide VPO materials with

high surface areas.

But there is still more work to finish and to do.

v" Taking into account the importance of deactivation in the economic viability of
a process, we have been studying recently the deactivation of ethanol over
phosphoric acid activated carbons. Thus, the kinetic modelling of ethanol and
methanol decomposition by considering catalyst deactivation, as well as, some
others aspects concerning process conditions of great significance in the kinetic

modeling have to be studied, as the inhibiting effect of water.
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v’ It has been shown the feasibility of phosphoric acid activated carbons with high

oxidation resistance as supports for vanadium species. Thus, these catalytic
supports may be also used for different metal oxides catalysts for reactions that
take place at relatively high temperatures under oxidizing conditions.

It has been described a simple and low cost method for preparing VPO catalysts
with spherical morphology and high surface areas. This technology could be
applied to other oxide bulk materials. In fact, we have been preparing Sb-V-O
catalysts with hollow spherical morphology and high surface area. These
materials are promising catalysts for the amoxidation of propane to acrilonitrile.
Although these bulk oxide catalysts are still to be tested.

In addition, we are currently developing new strategies for the preparation of
VPO mixed oxides with controlled porosity by using activated carbons with
different surface areas and pore volumes. Moreover, different morphologies, not
only mixed oxides supported catalysts with spherical morphology, but also
fibers are being studied.

Hollow mixed oxide spheres have been tested as catalysts in the present thesis.
However, these types of materials have been demonstrated to be attractive for
drug delivery, adsorption, gas sensors, lithium ion batteries due to the unique
hollow structure that may boost mass transport by offering short diffusion
distances, and many others. Therefore, others possible applications are very

interesting to be investigatedd.



[ Resumen J

Los materiales de carbon han atraido mucha atencion en las Ultimas décadas
debido a sus multiples aplicaciones en distintos campos de investigacion, tales como la
catalisis, adsorcion en fase liquida y gas y en el almacenamiento de energia. Ademas, su
preparacion a partir de residuos biomadsicos supone un beneficio no s6lo econdémico,
sino también medioambiental, que puede resultar clave en el contexto energético e
industrial actual. Sin embargo, el uso de materiales de carbono en catdlisis no estd muy
extendido debido a que este tipo de materiales se gasifican a CO, (o CO) en presencia
de una atmosfera oxidante y a temperaturas relativamente bajas. Sin embargo, en
trabajos anteriores el grupo de investigacion ha mostrado que es posible preparar
carbones activos con un contenido relativamente elevado de fosforo sobre la superficie
de estos materiales mediante activacion quimica de residuos lignoceluldsicos con 4cido
fosforico. A pesar del proceso de lavado, una cantidad significativa de fosforo,
permanece unida de forma estable a la superficie de los carbones obtenidos
proporcionando una elevada concentracion de grupos superficiales acidos y una alta
resistencia a la oxidacion, lo que les confiere una particular quimica superficial. Este
hecho, unido al notable desarrollo de la estructura porosa, con una contribucion
significativa de la microporosidad ancha y de la mesoporosidad, hace que estos
carbones activos sean adecuados para ser empleados no solo como catalizadores, sino
también como soportes cataliticos en ciertas aplicaciones. Asi, en esta tesis ademas de
abordar el papel del fosforo en la resistencia a la oxidacioén de este tipo de carbones, se
van a estudiar dos tipos de reacciones en fase gas: (i) la descomposicion de etanol y
metanol sobre este tipo de carbones activos éacidos y (ii) la oxidacion selectiva de
hidrocarburos ligeros sobre catalizadores de vanadio soportados en los carbones activos
obtenidos. Ademas se propone un método sencillo y de bajo coste para la preparacion
de oxidos mixtos de vanadio y fosforo (VPO) con un area superficial elevada. Se
persigue, por tanto, la valorizacion de estos residuos biomasicos mediante su
transformacion en productos de alto valor anadido para su utilizacion en procesos de

interés tecnoldgico.

La memoria de la tesis se ha estructurado en siete capitulos. El primer capitulo,
de introduccion y el presente resumen estan escritos en espafiol. El resto de la tesis esta

escrita en inglés.



Resumen

En el capitulo de introduccion se estudian aspectos generales sobre el carbon
activo, centrandose fundamentalmente en seis aspectos: i) el proceso de activacion con
acido fosforico, ii) el papel que actualmente juega el carbon activo en los procesos de
catalisis heterogénea, iii) el problema de la baja resistencia a la oxidacion de los
carbones y el dopado con compuestos de fosforo, iv) se analizan las reacciones
cataliticas de descomposicion de alcoholes, centrandose en la descomposicion de
bioetanol y biometanol, iv) la importancia de las reacciones de oxidacion quimica
selectiva en lograr un futuro energético sostenible, v) los catalizadores mixtos de
vanadio y fosforo (VPO) y por ultimo, vi) la utilizacion de los carbones como moldes
de sacrificio para la preparacion de oxidos con morfologia controlada mediante la

técnica de nanomoldeo.

En los Capitulos 2 y 3 se estudian aspectos generales sobre los carbones activos
preparados mediante activacion quimica con 4cido fosforico, centrandose
fundamentalmente en la evolucién de la quimica superficial de estos materiales en
atmosfera oxidante y en atmoésfera inerte a elevadas temperaturas. Ademads, se ha
abordado el papel del fosforo en la mejora de la resistencia a la oxidacion de los

carbones activos.

En los dos capitulos posteriores (Capitulos 4 y 5) se analizan las reacciones
cataliticas de descomposicion de metanol y etanol sobre un carbon activo obtenido
mediante activacion quimica con acido fosforico de hueso de aceituna. Se ha estudiado
la influencia de la presencia de vapor de agua y de oxigeno sobre estas reacciones,
prestando una especial atencion a la desactivacion del catalizador, principal problema de
los sistemas cataliticos usados en este tipo de reacciones. La descomposicion del etanol
genero, ademas de los productos de deshidratacion, una pequefia cantidad de producto
de deshidrogenacion. Ademas, se han llevado a cabo estudios cinéticos para conocer los
mecanismos de reaccion y obtener los pardmetros cinéticos necesarios para el célculo y

dimensionamiento de futuros reactores cataliticos.

Para finalizar, en los Capitulos 6 y 7 se han estudiado la preparacion de
catalizadores de oOxidos de vanadio soportados sobre carbones activos preparados
mediante activacion quimica de hueso de aceituna con &cido fosforico. Los

catalizadores obtenidos se caracterizaron mediante diversas técnicas experimentales y se
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usaron para la reacciéon de oxidacion parcial de propileno y la reaccion de

deshidrogenacion oxidativa de propano.

Estos capitulos estan organizados de forma que comienzan con un resumen del
estudio realizado y un apartado de introduccion sobre el tema en cuestion.
Posteriormente, se incluye el procedimiento experimental y se exponen y discuten los

resultados. Cada capitulo finaliza con las conclusiones mas relevantes en cada caso.

Por ultimo, la memoria finaliza con las conclusiones generales del trabajo
realizado y se plantean trabajos futuros o ya comenzados y que no se han incluido en la
presente memoria, pero que son el resultado de los trabajos realizados durante la tesis

doctoral.

En el presente resumen, se describe la metodologia experimental general

aplicable a toda la tesis y los resultados mas relevantes de cada capitulo.

1. Metodologia experimental

Como acabamos de mencionar, éste apartado desarrolla una metodologia
experimental general aplicable a toda la tesis. En concreto, se analiza los procesos de
preparacion de los carbones, su caracterizacion y la instalacion empleada en los ensayos

cataliticos.
1.1. Preparacion de los catalizadores

Los carbones activos (con o sin fosforo) se prepararon mediante activacion
quimica con acido fosférico o mediante activacion fisica. Para la preparacion de los

carbones activos se utilizaron como precursores hueso de aceituna y celulosa

En el proceso de activacion fisica el hueso de aceituna se carboniza a 800 °C
obteniéndose de esta forma un material carbonoso altamente ordenado. Posteriormente
se realiza una gasificacion parcial con CO; (99.998%, Air Liquide) de los carbonizados
a la misma temperatura hasta alcanzar un burn-off entre 50-60 %, obteniéndose asi

carbones activados por activacion fisica.
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Durante el proceso de activacion quimica, la primera etapa consiste en la
impregnacion del agente activante, H;PO4 (Sigma-Aldrich, disolucion al 85%), con la
materia prima carbonosa, en las proporciones adecuadas para satisfacer la relacion de
impregnacion. La impregnacion del hueso de aceituna se realiza mezclando el precursor
con el H3PO4 en un vaso de precipitado, y homogeneizandolo durante una hora a
temperatura ambiente. En el caso de la impregnacion de la celulosa, el impregnado se
sometid a un proceso posterior de carbonizacion hidrotermal en un autoclave a 200 °C
durante 16 horas. La activacion se lleva a cabo en un horno con una corriente de N, de
150 cm® STP/min. Se eleva la temperatura a una velocidad de calentamiento de 10
°C/min, manteniendo el caudal de N,, hasta alcanzar la temperatura de activacion

deseada. La temperatura de activacién se mantiene durante dos horas.

Tras el proceso de activacion es necesario extraer el agente activante que se
encuentra ocluyendo los poros y de esta forma liberar la estructura porosa del carbon. El
lavado se realiza con agua destilada a 60 °C en un sistema de filtracion a vacio,
empleando un embudo Biichner, hasta que se obtiene un agua de lavado con pH

constante.

Una vez filtradas las muestras, el solido resultante, se seca en estufa durante 24
horas a 80 °C, obteniéndose el carbdn seco que posteriormente se tamiza a un tamafio de

particula entre 100 y 300 pm.

Los carbones obtenidos se emplearan directamente como catalizadores o bien
como soportes para depositar sobre ellos una fase activa, que el caso concreto de este

estudio seran Vanadio y Zirconio.

En el caso de utilizarlos como soportes cataliticos, el carbon activo preparado se
impregn6 con una disolucion 0.5M de acido oxalico (99%, Sigma Aldrich) con distintas
proporciones de NH4VOs3 (99.99%, Sigma Aldrich) y/o Zr(OCH,CH,;CH;)4 (70Wt% in
1-propanol, Sigma Aldrich). El exceso de agua se retird en un sistema rotavapor a 80 °C
y a una presion de 0.07-0.08 MPa. Una vez finalizado este proceso, se deja secar la
muestra durante 24 horas a 120 °C en la estufa de vacio para de esta forma eliminar el
agua y el &cido oxalico. En la siguiente etapa se procede a la calcinacion de las muestras
para conseguir la fijacion de la fase activa a la superficie del catalizador. Para esto se

introduce la muestra en el interior del horno y se calienta hasta 250 °C a una velocidad
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de calentamiento de 10 °C/min en un flujo de 150 cm® STP/min de aire, manteniendo la

muestra a esta temperatura durante dos horas.

Se han preparado catalizadores con diferentes proporciones de V, con y sin Zr.
En el caso de obtener catalizadores masicos de 6xidos con morfologia y porosidad
controladas, los catalizadores fueron sometidos a un proceso de calcinacién en
atmosfera de aire con la finalidad de eliminar el soporte carbonoso utilizado como

molde, mediante gasificacion.

1.2. Caracterizacion de los catalizadores

Concluida la etapa de preparacion de los catalizadores se procede a la
caracterizacion de los mismos. Se caracterizd la estructura porosa y la morfologia y
quimica superficial. Para el estudio de la estructura porosa, se obtuvieron las isotermas
de adsorcion-desorcion de N, y de adsorcion de CO,, mientras que para el estudio de la
quimica superficial se realizaron andlisis de XPS, XRD, FTIR, RAMAN y DTP. La
acidez superficial se determindé mediante ensayos de adsorcidon-desorcion-DTP de
diferentes moléculas sonda, como amoniaco, piridina y 2,6-dimetilpiridina. En algunos
casos se analizé la morfologia superficial mediante las técnicas de microscopia SEM y

TEM.

1.2.1. Analisis elemental y cenizas

El analisis elemental proporciona el contenido total de carbono, hidrogeno,
nitrogeno, azufre y oxigeno (por diferencia del total de muestra seca, descontadas las
cenizas), de una muestra. Los analisis elementales se realizaron en un equipo LECO®
CHNS-932, en el cual se introduce la muestra seca, previamente pesada y empaquetada
en un contenedor de estafio/aluminio, a una temperatura de aproximadamente 1000 °C
en atmosfera de oxigeno puro se produce la combustion y las cantidades de CO,, SO, y

H,O se cuantifican mediante sensores de infrarrojos y el N, mediante un catarémetro.

Para el célculo de las cenizas se empled un horno tipo mufla, para ello un crisol
con aproximadamente 1 g de muestra se introduce en la mufla, aumentando la
temperatura hasta 650 °C, manteniéndose a esta temperatura hasta pesada constante, tal

y como establece la norma ASTM 2866-83.1
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1.2.2. Estructura porosa

La superficie especifica, el volumen de poro y la distribucion de tamafio de poro,
son propiedades de gran importancia en relacion con la capacidad de adsorcion de los

carbones activos y con la actividad de los catalizadores.

La estructura porosa de las muestras se caracterizd mediante adsorcion-
desorcion de N, a -196 °C y adsorcion de CO; a 0 °C en un equipo ASAP 2020 de
Micromeritics®. Las muestras fueron previamente degasificadas durante al menos 8

horas a una temperatura de 150 °C.

A partir de las isotermas de adsorcion-desorcion de N, se ha calculado el area
aparente (Apgr) mediante la aplicacion de la ecuacion BET, el volumen de microporo
(Vy) y el area externa (A;) se determinaron empleando el método t y el volumen de
mesoporo (Vimes) se calculd como la diferencia entre el volumen de nitrogeno adsorbido
a la presion relativa de 0.95 y el volumen de microporo (V). Por otro lado, el area de
microporo estrecho (Apr) y el volumen de microporo estrecho (Vpr) se obtuvieron
mediante la aplicacion del método de Dubinin-Raduskevich aplicado a las isotermas de

adsorcion de COs.

1.2.3. Quimica superficial

1.2.3.1. Espectroscopia fotoelectronica de rayos-X (XPS).

Los analisis de XPS se llevaron a cabo usando un espectrofotometro modelo
5700C de la casa Physical Electronics® con radiacion MgKa de 1253.6 eV. Para el
analisis de los espectros de alta resolucion del XPS, la posicion del pico del Cls fue
establecida en 284.4 eV y usada como referencia para posicionar los demas picos del
espectro. Los espectros de alta resolucion se deconvolucionaron usando curvas

Gaussiana-Lorentziana.

Una vez obtenido el espectro de baja resolucion e identificados los elementos
que corresponden a cada uno de los picos, se obtienen los espectros de alta resolucion o
picos de cada elemento, gracias a los cuales pueden visualizarse con claridad los estados
de oxidacion de los distintos elementos de la muestra, asi como el tipo de enlace que

forma con otros elementos presentes en la superficie.
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1.2.3.2. Espectroscopia infrarroja

Los espectros FTIR se realizaron en un espectrometro infrarrojo modelo Nicolet
205xB, realizando 256 barridos en el rango de numero de onda de 3900-300 cm™' y a
una resolucion de 1 cm'. Las muestras se mezclaron en una proporcion de alrededor de

1:50 con KBr para obtener la pastilla.

1.2.3.3. Espectroscopia vibracional raman

El equipo utilizado es un Microraman Senterra de la marca Bruker que consta de
tres lineas de laser Neodimio-YAG de 532, 633 y 785 nm de longitud de onda. El
equipo también consta de un detector DCC (Charge Couple Device) enfriado

termoeléctricamente.

Se ha realizado medidas de espectroscopia Raman de las muestras soportadas
con vanadio. Los anélisis se han realizado a temperatura ambiente y tras aumentar la
temperatura a 100 y 200 °C. Se obtuvo el espectro Raman en varios puntos para, asi,
tomar una media representativa de la muestra. Las condiciones de medida son: laser de

532 nm, potencia de 2 mW y tiempo de integracion de 10 s.

1.2.3.4. Difraccion de rayos-X (XRD)

Los datos de difraccion de rayos-X se adquirieron usando un difractdémetro
Philips X"Pert PRO MPD. El sistema 6ptico de este equipo consta de un monocromador
primario del tipo Johansson con un cristal de Ge (111), que proporciona una radiaciéon
estrictamente monocromatica CuKa (A = 1.5406 A). Las rendijas de divergencia y
antidivergencia se fijaron a /2° y se utilizaron rendijas Soller (haz incidente y difractado)
de 0.04 rad. El sistema de deteccion consiste en un X'Celerator RTMS (Real Time
Multiple Strip) constituido por 128 detectores de Si colocados en linea, con la longitud

activa al maximo.

Las medidas se realizaron desde 20 = 5° a 80° durante 37 min, con un tamafio de
paso de 0.017°. La radiacion incidente fue de 45 kV y 40 mA. Las medidas se realizaron

en un portamuestras giratorio de zero-background.
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1.2.3.5. Desorcion térmica programada (DTP).

Los experimentos de DTP se realizaron empleando un reactor de cuarzo tubular
situado en el interior de un horno eléctrico. Las muestras (aproximadamente 0.1 g) se
introdujeron en el interior del reactor y se calentaron desde temperatura ambiente hasta
900 °C a una velocidad de calentamiento de 10 °C/min en un flujo de helio (200 cm’
STP/min). Las cantidades de CO y CO, desorbidas se monitorizaron con analizadores
de gases mediante infrarrojos no dispersivos (NDIR, Siemens® ULTRAMAT 22) y las
cantidades desorbidas de otros gases con un espectrometro de masas de Pfeiffer

Vacuum® modelo ThermoStar MSC-200.

1.2.3.6. Acidez superficial.

El conocimiento de la acidez del catalizador es fundamental para establecer su
ambito de aplicacion mas adecuado. No solo es importante conocer la cantidad de sitios
acidos y la fuerza relativa de los mismos, sino también establecer si son sitios acidos de
Bronsted, aquellos capaces de ceder protones, o sitios acidos de Lewis, capaces de

aceptar un par de electrones.

La técnica de DTP es una de las técnicas mas flexibles y ampliamente utilizadas
para la caracterizacion de los sitios acidos de catalizadores so6lidos. En esta técnica la
muestra se satura con una molécula sonda a una temperatura adecuada, posteriormente
se realiza una desorcion a la temperatura de adsorcion para eliminar las moléculas
débilmente adsorbidas o fisisorbidas. Finalmente se realiza una DTP para eliminar las
moléculas més fuertemente adsorbidas o quimisorbidas. Las cantidades globales
desorbidas, en la DTP, permiten cuantificar la acidez de la muestra, mientras que las
temperaturas a las cuales se produce la desorcidon establecen la fuerza de los sitios
acidos, ya que las moléculas adsorbidas sobre sitios acidos débiles desorben a menores

temperaturas que si estan adsorbidas sobre sitios acidos fuertes.

Entre las moléculas sonda mas empleadas se encuentra el amoniaco. El
amoniaco es una molécula muy pequefia, lo que hace que, en ocasiones, pueda
sobreestimar la cantidad de sitios acidos disponibles para la reaccion catalitica. Su
pequefio tamaiio le permite penetrar en el interior de los poros mas pequefios, mientras
que las moléculas mas grandes habitualmente empleadas en catdlisis solo tienen acceso

a los microporos mas anchos y mesoporos. La acidez total y la distribucion de la fuerza
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de acidez de los carbones y/o catalizadores se han determinado mediante desorcion
térmica programada de amoniaco. La DTP-NHj se ha realizado con 80 mg de muestra
que se saturan con 20 % vol. de NH; a 100 °C. Después de la saturacion, el NHj
débilmente adsorbido se desorbe en un flujo de helio (100 cm® STP/min) a la
temperatura de adsorcion, hasta que no se detecta NHs en los gases de salida. La DTP se
realiza aumentando la temperatura hasta 500 °C a una velocidad de calentamiento de 10
°C/min. El NH; desorbido se mide mediante un espectrometro de masas (Pfeiffer

Vacuum® modelo ThermoStar MSC-200).

Ademas, se han utilizado otras moléculas de mayor tamafio como pueden ser la
piridina (Py) y la 2,6-dimetilpiridina (DMPy). La piridina se adsorbe sobre los dos tipos
de centros acidos, Bronsted y Lewis, mientras que la 2,6-dimetilpiridina se adsorbe
unicamente sobre los centros acidos de Bronsted, por lo que el empleo de estas dos
moléculas permite no solo cuantificar la cantidad de sitios 4acidos, sino también la
proporcion de sitios acidos Bronsted-Lewis, lo cual es de suma importancia para
establecer las posibles aplicaciones del catalizador. Para diferenciar entre sitios acidos
del tipo Bronsted o Lewis se realizaron ensayos de adsorcion-desorcion de piridina y

2,6-dimetilpiridina en un sistema termogravimétrico (CI Electronics).

1.2.4. Morfologia superficial y estructura.

La morfologia superficial se examin6 mediante microscopia electronica de
barrido, SEM (“Scanning Electron Microscopy’). El microscopio electrénico empleado
es un modelo JSM 840 de la casa comercial JEOL® trabajando a un elevado voltaje de

entre 20 y 25 kV.

Para analizar la estructura de algunas de las muestra se utilizd microscopia de
transmision electronica, TEM (“Transmission Electron Microscopy”). ElI TEM

empleado es el modelo CM200 de la casa comercial Philips®.

Ahora se describen las instalaciones utilizadas para los procesos de
carbonizacion, activacidn, gasificacion, descomposicion de alcoholes y oxidacion de

alcanos/alquenos.
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1.3. Instalaciones utilizadas

1.3.1. Carbonizaciéon/activacion quimica/Gasificacion

Para la realizacion de los experimentos de carbonizacién se ha empleado una

instalacion como la que se muestra en la Figura 1 y consta de los siguientes elementos:

e Botella de gases (N; y/o CO»)

e Medidor de flujo masico. Es un elemento transductor de sefial (caudal-senal
eléctrica). Se ubica a la salida de la botella de nitrogeno. El medidor usado es de
la marca BROOKS, modelo 5850 TR.

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

e Horno. El horno utilizado es de tipo tubular horizontal. Permite obtener
temperaturas de hasta 1000 °C a las que se llega con un calentamiento de 10
°C/min. El horno utilizado es de la casa CARBOLITE FURNACES, modelo
CFT 12/75, de 75 mm. de didmetro y 750 mm, de longitud de zona calefactada.

En la carbonizacidn y activacion quimica las muestras se introducen en el horno
y se deja pasar una corriente de 150 cm® (STP)/min de nitrogeno (N50) durante 30
minutos para purgar el horno y mantener una atmosfera inerte durante la carbonizacion
y asi evitar que se queme la muestra. La velocidad de calentamiento es de 10 °C/min
desde temperatura ambiente hasta la temperatura deseada. La temperatura final se
mantiene durante 2 horas y después se deja enfriar manteniendo la corriente de 150 cm’

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

Para llevar a cabo el proceso de gasificacion se utiliza la misma instalacion que
aparece en la Figura 1 con la salvedad, de que hay que anadir una botella de dioxido de
carbono, que es el agente activante utilizado en este caso. El proceso es similar al de la
carbonizacion, con la salvedad de que cuando se alcance la temperatura de gasificacion
deseada se cambia el flujo de nitrogeno por el de CO, manteniéndose el reactor a
temperatura constante durante el periodo de activacion preestablecido, para, una vez
concluido éste, dejar enfriar hasta temperatura ambiente en un flujo de N, evitando asi

que continue el quemado de la muestra.
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BOTELLA DE N,/CO,

CONTROLADOR DE FLUJO MASICO

EXTRACTOR

HORNO TUBULAR

MUESTRA
ANTORCHA
TERMOPAR

Figura 1. Instalacion para la carbonizacion, activacion y gasificacion.

1.3.2. Reaccion de descomposicion de alcoholes/oxidacion selectiva

Para la realizacién de los experimentos de descomposicion de metanol se ha
empleado una instalacion como la que se esquematiza en la Figura 2 y que consta de los

siguientes elementos:

e Botellas de gases.

e Medidores de flujo mésico. Elementos transductores de sefal (caudal-senal
eléctrica). Se ubican a la salida de las botellas de gases. El medidor usado es de
la marca Brooks, modelo 5850 TR.

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

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

e Cable térmico, mediante el cual se calefactan las conducciones de entrada y
salida del reactor para evitar que se produzca condensacion de reactivos o

productos en las paredes de estas conducciones.
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Horno, para elevar la temperatura en el interior de reactor.

Termopar, para poder medir y controlar la temperatura en el interior del reactor.
Controlador del horno, compara la temperatura del termopar con la temperatura
programada y actlia en consecuencia.

Jeringas de inyeccion (Cole-Parmer® 74900-00,-05 Syringe Pump), para
introducir el Metanol/Etanol/Agua en el sistema.

Rotametro, situado a la salida del reactor, para comprobar y controlar la pérdida
de carga en el reactor.

Analizadores de gases, para poder seguir la evolucion de los reactivos y de los
productos de reaccion. Se emplearon un espectrometro de masas y un
cromatografo de gases. El espectrometro de masas es de la casa Pfeiffer
Vacuum® modelo OmniStar. El cromatégrafo de gases es de la marca Agilent
modelo 490 micro-GC, y esta equipado con las columnas PPQ, 5A molsieve y
Wax. El método de andlisis online disefiado permite la toma de datos cada 3

minutos.

Figura 2. Esquema de la instalacion utilizada para la descomposicion de alcoholes y
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2. Resultados

En este apartado se exponen los resultados mas relevantes derivados de cada

capitulo.

En trabajos anteriores se ha observado que los carbones activados preparados
mediante activacion quimica de residuos lignoceluldsicos con acido fosférico presentan,
ademas de una elevada superficie especifica, una quimica superficial muy particular
debido a la presencia de grupos funcionales superficiales de fosforo, en forma de C-O-
POs, C-P-.0; y C5P, que muestran una alta estabilidad quimica y térmica. Estos grupos
confieren a los carbones elevada resistencia a la oxidacion y gran acidez superficial,

convirtiéndolos en materiales muy interesantes para aplicaciones cataliticas.

En el Capitulo 2 se ha realizado un estudio sobre el papel de los grupos
superficiales de fosforo en las reacciones de oxidacion y reduccion de la superficie de
este tipo de carbones activos. Para ello el carbon activo se ha expuesto a una atmosfera
oxidante (aire) y a distintas temperaturas de reaccion (20-350 °C) durante 2 h. Antes y/o
después de las oxidaciones se realizaron ensayos de DTP de CO y CO,, de
adsorcion/desorcion de NHj y andlisis de XPS. Los resultados de DTP y XPS mostraron
que los grupos superficiales de fosforo reaccionan preferentemente con el oxigeno,
antes de la gasificacion del carbon, a través de la oxidacion de enlaces de tipo C-P a C-
O-P. Este tipo de grupos, C-O-POj;, presentan una elevada estabilidad térmica ya que
descomponen a CO (y CO,) a elevadas temperaturas (T > 700 °C) dando lugar a grupos
superficiales de fésforo mas reducidos (probablemente C-P-O3). Hemos observado que
los grupos de fosforo de tipo C-P-O; se re-oxidan en contacto con aire, incluso a
temperatura ambiente, formando nuevamente enlaces de tipo C-O-P. Por lo tanto, la
presencia de estos grupos superficiales de fosforo les confiere a los carbones
funcionalidad de tipo redox, de elevada estabilidad térmica y quimica, la cual es
responsable del elevado contenido en oxigeno y de la elevada resistencia a la oxidacion

de este tipo de carbones porosos.

En el Capitulo 3 se ha analizado la estabilidad térmica de los grupos de fésforo
presentes en dos carbones preparados mediante activacion quimica con acido fosférico a
distintas temperatura de activacion, 500 y 800 °C. Se ha observado que la temperatura

de activacion influye en la estabilidad térmica de los grupos de fésforo de tipo C-O-P
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presentes en la superficie del carbon y que descomponen a CO (y CO;) a temperaturas
superiores a 700 °C. Aquellos grupos en los que el fosforo estd unido al carbon
mediante un oxigeno (puede incluir estructuras de polifosfatos) y poseen uno o dos
grupos —OH, tales como C-O-POs;, estan presentes, principalmente, en carbones
preparados a bajas temperaturas (500 °C). Estos carbones, ademas, mostraron una
elevada cantidad de H, desorbido durante los experimentos de desorcion térmica

programada (DTP), lo que sugiere la presencia mayoritaria de éstos grupos.

Cuanto los carbones son tratados a temperaturas superiores a la de
descomposicion de los grupos C-O-POs aumenta la concentracion de grupos de fosforo
mas reducidos, tales como C;-PO. Como se vio en el Capitulo 1, estos grupos se
reoxidan facilmente cuando los carbones se ponen en contacto con aire, generando asi
grupos C,-PO(0C), C-PO(OC), y C-O-PO(OC),. Estos grupos se caracterizan porque el
fosforo estd unido al carbon a través de mas de un enlace de oxigeno, y ademas
descomponen a CO (y CO;) a temperaturas superiores (860 °C). Se ha observado que
estos grupos de fosforo estan presentes, mayoritariamente, en los carbones activos

tratados térmicamente a 900 °C y/o activados a elevadas temperaturas (800 °C).

Se ha estudiado la eficacia de un carboén obtenido por activacion quimica de
hueso de aceituna con H3POy (relacion de impregnacion 2:1 y temperatura activacion de
800 °C) en las reacciones de descomposicion (deshidratacion y/o deshidrogenacion) de
metanol y etanol en fase gas, en un reactor continuo de lecho fijo de laboratorio. La
formacion de dimetil éter (DME), olefinas ligeras y formaldehido durante la reaccién
térmica programada de metanol (TPRS-MeOH) sobre el catalizador preparado y el
analisis de adsorcidn de piridina, 2,6-dimetilpiridina y NH; confirmaron la presencia de
sitios activos acidos y centros redox en el carbon estudiado. Se ha analizado la
conversion en estado estacionario en funcion de la temperatura, la presion parcial de los
distintos alcoholes, la velocidad especial y la presencia (distintas presiones parciales) de
otros compuestos como vapor de agua y oxigeno. Asi mismo, se ha examinado el estado
transitorio hasta alcanzar el estado estacionario y la posible desactivacion de los

catalizadores.

Los resultados mostrados en el Capitulo 4 indican que el carbon acido preparado
es activo para la conversion catalitica de metanol, obteniéndose una selectividad

superior al 80 % hacia dimetil éter, a 350 °C, y una conversion de metanol del 60 % en
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las condiciones de operacion analizadas. Por otro lado, los resultados obtenidos al
utilizar distintas atmosferas de reaccion (aire o helio) indican que el oxigeno juega un
papel muy importante en la actividad de este tipo de catalizadores. En ausencia de
oxigeno, se observa una progresiva desactivacion debido a la deposicion de coque en los
centros acidos de tipo Bronsted de mayor fortaleza y a la reduccion de los grupos de
fosforo del tipo C-O-POs (a C-POs), los cuales mostraron tener acidez de tipo Lewis de
menor fortaleza. Sin embargo, cuando la reaccidon se lleva a cabo en presencia de
oxigeno no se observa desactivacion del catalizador. A partir de los resultados de
actividad y de la caracterizacion de los carbones usados en reaccion tanto en atmdsfera
de aire como de helio, indican que la actividad del catalizador en presencia de oxigeno
esta relacionado con la presencia de los grupos superficiales de fésforo muy estables
térmicamente. Estos complejos pueden producir la disociacion de oxigeno molecular,
creando un posible spillover de oxigeno sobre la superficie del carbon, donde la
disponibilidad de un oxigeno 1abil podria detener la formacion de especies carbonosas
que ocasiona la pérdida de actividad del catalizador en atmosfera inerte e incluso
regenerar los centros de fosforo, de C-P-O3 a C-O-P3, como se describi6 en el Capitulo

l.

En el caso de la descomposicion catalitica de etanol sobre el catalizador acido
preparado (Capitulo 5), genera principalmente productos de deshidratacion,
mayoritariamente etileno (selectividad >91% a 325 °C), aunque a conversiones bajas se
puede obtener una alta selectividad a dietil éter y a acetaldehido como producto de
deshidrogenacion. En este caso, en ausencia de oxigeno el catalizador sufre una
progresiva desactivacion, mas o menos rapida en funcion de la condiciones de analisis.
Al emplear aire como gas de reaccion se produce un aumento significativo de la

actividad y no se aprecia desactivacion del catalizador.

Se han analizado las cinéticas de los resultados experimentales obtenidos en la
descomposicion de los alcoholes y se han planteado modelos mecanisticos basados,
inicialmente, en los ya propuestos en la bibliografia y se han formulado nuevos
modelos, se ha estudiado la validez de éstos en base a la bondad de los ajustes vy,
finalmente, se obtuvieron las constantes cinéticas y termodinamicas para cada uno de
los procesos ensayados. Para la descomposicion de metanol se ha supuesto un modelo
cinético que considera que la reaccion superficial se produce entre una molécula de

metanol adsorbida y otra molécula de metanol en fase gas, SN,, obteniéndose una
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energia de activacion proxima a los 85 kJ/mol. En el caso del etanol, los resultados
experimentales se han ajustado a un modelo cinético que incluye una reaccion de
eliminacion tipo E2, en un Unico paso, para la formulacién de etileno y acetaldehio, y
una reaccion de sustitucion tipo SN, para la formacioén de dietil éter. La energia de
activacion de la formacion del etileno, producto mayoritario, es de alrededor de 165

kJ/mol.

Los 6xidos mixtos son materiales que se utilizan en muchas aplicaciones, tales
como catalizadores en reacciones de oxidacion parcial, sensores de gases,
electrocatalizadores para pilas de combustible, etc. Los 6xidos de vanadio y fosforo
(VPO) se enmarcan en este grupo de materiales, y son interesantes puesto que son
catalizadores capaces de activar hidrocarburos saturados, por ejemplo, se usan

industrialmente en la transformacion de n-butano en anhidrido maleico.

En el Capitulo 6 se ha preparado un carbén activado de hueso de aceituna con
acido fosforico y se ha usado como soporte de especies de 6xido de vanadio y zirconio.
De esta manera se ha identificado la presencia de fases VPO soportado en el carbon
activo y se ha estudiado su uso en la reaccion de oxidaciéon parcial de propileno. La
incorporacion de vanadio y zirconio al soporte de carboén activo disminuye la
temperatura de oxidacion de éste, pero, en cualquier caso, los catalizadores son estables
en las condiciones de operacion estudiadas. Se ha comprobado que variando el
recubrimiento podria modularse el estado de oxidacion de las fases activas de vanadio,
y, por tanto, su actividad. El catalizador obtenido es activo y selectivo en la oxidacién
parcial de propileno a productos oxigenados. Ademads, se ha observado como la
incorporacion de zirconio como dopante en este sistema mejora la actividad redox de

estos catalizadores.

Por tultimo, en el Capitulo 7 se ha descrito un material de carbon usando celulosa
como material de partida mediante tratamiento hidrotermal con acido fosforico y
posterior carbonizacion. Los analisis SEM de este carbon mostraron que estd formado
por esferas de hasta 2 um de diametro. Este material carbonoso fue impregnado con
precursor de vanadio, obteniéndose asi un material VPO soportado sobre carbon con
morfologia esférica. Ademas, se obtuvieron catalizadores masicos de VPO con
morfologia esférica y estructuras huecas tras una etapa de calcinacion a 450 °C. Una de

las principales caracteristicas de estos sistemas cataliticos es la elevada area superficial,
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tanto de los O0xidos soportados como masicos lo que los hace muy interesantes para
aplicaciones cataliticas. A partir de los analisis de Raman y de XRD se identifico
principalmente la presencia de la fase pirofosfato de vanadilo ((VO),P,07) y el 6xido
V,0s. La presencia de la fase de pirofosfato de vanadio hace que estos materiales sean
prometedores catalizadores, puesto que dicha fase ha sido descrita como la fase activa
en catalizadores comerciales VPO para distintas reacciones de oxidacion parcial de
hidrocarburos. Ademas, la presencia del 6xido V;,0s, en el cual el vanadio se encuentra
como V', es posiblemente beneficiosa para la actividad catalitica; puesto que la
actividad de estos catalizadores redox esta relacionada con la presencia de fases en las
cuales el vanadio se encuentre con estados de oxidacion IV y V. Los datos de actividad
fueron interesantes, especialmente en este caso de la reaccion de deshidrogenacion
oxidativa de propano, que resultaron muy préximos a los valores mas altos reportados
para esta reaccion, lo cual hace a estos catalizadores prometedores para su uso en
reacciones de oxidacion parcial de hidrocarburos, a la vez que abre una nueva
posibilidad a los carbones activos para ser usados como soportes cataliticos en presencia

de oxigeno a elevadas temperaturas.
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